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Foreword

The surprise with this very first book on Pharmaceutical Salts is that it
has appeared so late. Problems concerning the physical form of drug sub—
stances have been with us for nearly 10 years at the interface between the
disciplines essential to the development of new drugs: chemical process de-
yelopment, analytical chemistry, pharmaceutical sciences, pharmacokinetics,
toxicology, and clinical studies. These problems have for many years figured

‘ prominently in the nightmares of industrial chemists and pharmacists, not to
mention those of their quality assurers, regulatory writers, and project man—

agers. “ ,
The answer to the question ‘Why has this book appeared so late?’ may

perhaps. have something to do with the fact that pharmaceutical crystal and
powder engineering should be founded on crystal and powder science. But
such a science does not yet exist as a single concept since knowledge in this

field is scattered among different disciplines such as crystallogenesis, crys-
tallography, the physical chemistry and thermodynamics of multiphase” sys:
tems, powder flow-characteristics and mechanics, piezo—electrostatics, the
physics of complex rnicellar systems, etc.‘ ’

Academics, whose vocation it is to edit this type of book, therefore, heard

about the specific problems related to pharmaceutical crystal and powder
engineering fairly late from industrial colleagues who are often reticent to air
their difficulties in public. Thus, it is only now that efforts at unification have
begun. _ _.

This book is perhaps an attempt to found such a science, but in the sen—
se of a market—driven effort bringing together contributions from academics

and industry. The book deals not Only with the problems raised by salt selec-
tion strategies and process scale-up, but also with the industrial property and
regulatory aspects at the heart of the highly regulated pharmaceutical indus—
try. .

I cannot end without emphasizing that further exploration is required in

areas where theoretical and practical knowledge is still lacking. For instance,
the mechanisms involved in crystal-logenesis need to be elucidated since we

.still .cannotpgedict thesohtbiiity .ofa given salt. Will it be, oily or solid? Will
it show several polymorphs? The crystal chemistry of crystalline surfaces -
regulated by specific interactions between functional groups enpcgi on the
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surfaces and very small amounts of impurities — impacts with other factors

on the preferential development of one face rather than another, but is still in

limbo. We still know nothing precise about the factors governing the electro—

statics of drug substances. We are still unable to predict the relations between
crystalline forms and the compressibility of powders. I hope that the prelim—

inary basis of an answer to some of these questions will be found in a future
version of this book.

Prof. Bertrand Castro

Director of the Chemical Development

8 anofi— Synthelabo
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Preface

The origin of this book goes back to a proposition made by one of us
(C. G. W.) at a meeting of the A/Iediciml Section ofDi'visiorz VI] of ZURaC to
write useful handbooks for medicinal chemists. Among the topics suggested,

the preparation of pharmaceutically acceptable salts was rapidly considered as
important and timely. As a matter of fact, an estimated half of all drug mole—
cules used in medicine are administered as salts. The salt formation of chug
candidates has, been recognized as an essential preformulation task, as the se—

lection of a suitable salt prior to the initiation of dosage form development has
become a decision point in the netplans of the Preclinical Phase of modern
drug development. Surprisingly, however, a chemist in search of a book deal—
ing with the preparation, significance, and selection of pharmaceutically ac—
tive salts will fail to find one, and also the scientific literature on this topic is
rather limited and scattered across many journals and patents. On the other

_ hand, the majority of medicinal chemists working in the pharmaceutical in—
dustry are organic chemists whose main conCern is to design and to synthe-
size novel compounds as future drug entities. While they focus on this chal—
lenging primary goal, salt formation is often restricted to a marginal activity
with the short term aim of obtaining nicely crystalline material. Moreover,

chemists are not explicitly trained in the various aspects of pharmaceutical salts
and their inherent opportunities. By bringing together the necessary theoreti—
cal foundations and a lot of practical experience, the objective of the present -
book is to fill this long felt gap in the pharmaceutical bibliography. '

A concise introduction reviewing the various objectives pursued in form—

ing salts is followed by contributions presenting the theoretical background
of salt formation: dissociation and ionic equilibria, solubility and dissolution
(Chapt. I and 2), basics and the evaluation of solid—state properties (Chapt. 3),
safety and biopharmaceutical as well as pharmaceutical-technological as—
pects (Chapt. 4 and 5). Chapt. 6, 7, and 8 reflect the practice of salt forma-
tion in an industrial research and development environment. They describe

salt selection strategies, industrial large scale aspects of salt production, and
~ the significance of salt formation in industrial processing. The involvement

———49Lauthoiéities;is;dealtfiwjthiniC]mpL_9 and 10a wars; are devoted to patent

wam...iN..........‘.M.....‘.m.....r..=.m—n.
and regulatory issues, respectively. Addressing the practitioners at the lab
bench, the last chapters of the book feature practical examples of preparation
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of salts presented in the style of model procedures (CT/rapt. If) and a compre—

hensive annotated compilation of the individual salt—forming acids and bas-

es with their relevant properties (Chapt. .72): followed by an Appendix con—

taining tables with the acids and bases sorted alphabetically, and by pKfl val—

ues and supplemented with other useful facts and data. .

Altogether, these chapters reflect the multidisciplinary character of for—

mation and selection of suitable salt forms of drug substances. An attempt is

made to esrablish an up—to—date guide and source of information not only

serving medicinal chemists, but also all the other scientists who are involved

pin the research and development of drugs and their pharmaceutical dosage
forms.

A book dealing with such a truly interdisciplinary subject relies on con-

tributions of a well-coordinated team of authors from industry and academia

representing the various disciplines involved in the process of drug—salt for-

mation and selection for pharmaceutical products in an industrial environ—

ment. The editors Wish to thank all the authors for their engaged cooperation

and their patience during the revision procedures that were necessary .to

arrive at this comprehensive and well—balanced handbook; Thanks are also

due to F O. Ajayi, H. Asche, and C. Hajj“, who accepted to contribute to the

book in the very last moment. The editors wish to acknowledge the smooth

and excellent cooperation with Verlag Helvetica Chimicd Acta in the prepar—

ation of the Volume: Thomas Kolitzua Assistant Editor, for his patient and
attentive handling of all the practical details of the'e'ditorial process, and

Dr. M. Volkan Kisakiirek, Managing Director and Editor-in—Chief,. for his

inspiration and for his untiring scrutiny in bringingvhis considerable com—
prehensive knowledge into this project. Thanks are also expressed to Larry

Lesko of the US. Food and Drug Administration for establishing helpful

contacts. One of the editors (HHS) gratefully acknowledges the support

granted by Novartis AG, Basel, and the permission to use their Scientific

Library facilities.

Camille G. Wermurh and P. Heinrich Siam
Strasbourg and Freiburg,‘ January 2002'
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Introduction

by Camille G. Wermuth and P. Heinrich Stahl

When the first ‘vegetable alkalis’, those nitrogen—containing bases later
termed alkaloids, were extracted from plant mate1ials, they were isolated and

punfied as well-crystallizing salts In contrast to the free bases, the salts were
found to be water—soluble and also more stable. Such properties qualified the

salts of these biologically highly active compounds as the preferred forms for
use as therapeutic agents (morphine hydrochloride, atropine sulfate, quinine
sulfate, pilocarpine nitrate, codeine phosphate, to name only a few of them).
if we turn to endogenous biological agents, we see that almost all neurotrans—
mitters, which a1e biogenetically derived from amino acids, are also nitro—

genous bases able to form salts Nitrogenous functional groups are present in
many synthetic drugs that mime the neurotransmitters and account fo1 the old
adage‘no medicarnents without nitrogen’. This assertion is certainly exag—
gerated as it excludes therapeutic agents such as the steroids, the prostaglan-
dins and their derivatives also the fibrates and acidic anti-inflammatory

drugs like aspi1in, diclofenac, and ibuprofen. Many of these classes of drugs
contain a carboxylic function, and, therefore, salt formation can evidently
also be considered. .

’ An estimated half of all thedrug molecules used1n medicinal therapy are
administered as salts and salifioation of a drug substance has become an 63- '
sential step in drug development. The solid-state properties of a drug, as well
as its properties in solution, can bemodified by salt formation. Therefore the

4 search for a suitable salt form is important, and salt selection may have far—

reaching. consequences and can open new opportunities. In modern pharma—
ceutical research and development, a variety of objectives are pursued in the
formation of salts. The most important of these objectives and points to be

considered, as they become significant along the pathway of the development_
of a new drug, are reviewed here.

‘ Imriroving solubility. .
' Before undergoing pharmacological evaluation and other preclinical

studies, synthetic or natural active principles must usually be dissolved. In '
the majority of cases, the objective is to render the compound water-soluble.
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Sufficiently high solubility in H30 eases molecular pharmacology screening

for drug candidates. Thusin-virro studies (receptor binding, enzyme inhibi-

tion, cell cultures) and studies with isolated organs are facilitated. The com—

mon pIOCedure1n testing piactically insoluble compounds in such assays is

to prepare stock solutions in an organic solvent (DMSOWpolyethylene gly-
col, EtOI—l, etc.) and to p1oceed to appropriate aqueous dilutions. In doing so,

there is often the risk that the compound can precipitate during dilution, and

precipitation may even go unnoticed if the assay is performed in plastic tubes

where the precipitate can adhere to the tube wall.

Most organic acids and bases are only poorly soluble in H20, whereas

many of the corresponding salts render the drug substances ionized in H20,

and, as a consequence, water—soluble. Salts that are soluble in H20 are also

ideally suited for the preparationof injectable sterile aqueous solutions. Fast

dissolution of the active principle contained in solid dosage forms, 6' g., for

immediate—release tablets and hard——gelatine capsulesIS also dependent on the
aqueoussolubility.

Considering i—n—vivo testing, solubility inl-IZO facilitates all studies in

I which parenteral administration is required. In pharmacokinetics, reliable
determination of absolute peroralbioavailability is possible in comparison

with the amountadministered intravenously, because a dose entering the Sys—. . ’-

' tem by this parenteral route is a precisely-known reference. Aqueous solubil- , .. .

ity .becomes particularly important in acute and in chronic toxicity studies _' ,
where the gavage of the animal with-an insoluble compound always leaves. ;

some doubts as to whether the molecule under studyis non—toxic 'or just in» 1 i =
completely absorbed.

Finally, one has to remember that the pharmacological effects of hydro—
philic compounds are much more comparablefrom one animal species to the
other than those of lipophilic substances [1]. I . ,

On the therapeutic level themaj or interestofwaterwsoluble drugs resides
in the possibility of intravenous administration. Solubilityin H20 represents
an indispensable requisite for drugsin emergency treatments permitting ther-

apeutic plasma levels to be reached within one minute. This route is imposed

' when the oral route is excluded, as in patients undergoing surgery or lying in
coma. Finally, several other pharmaceutical dosage forms are based ,on water—

soluble active agents: Apart from parenteral injections and infusions, there

are nasal drops and eye-drops,l-syrups for oral administration, etc. Water-sol- .
i ‘ uble drug entities should a priori also be lesstoxic. Thanks to their easier re—

. nal clearance they have a lesser propensity for accumulation in the organism

"and thus avoid an overload of the hepatic microsomes responsible for phase-
one and phase-twometabolism (e. g., hydroxylation, conjugation).

However, one must keep inmind that making a drug molecule more

water-soluble can also be a drawback. There is a general tendency that the
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more water-soluble a compound is, the more difquible it is. This causes it to
be less specific. in' its aciivity, and'more liable to rapid elimination and, there- -
fore, shorter acting. I ' ' " '

, , It may also be pointed out here that-the simultaneous presence of an
‘ ionized hydrophilic group on one ”end of a nonpolar lipophilic Chain: confers
' to the molecule an amphiphilic, ‘soap-hke’ character. Suchcompounds can .'
show a detergent behavior towards numerous membranes, and, in particular,
they can induce hemolyS‘is‘oferythrOCytes. ' ' ‘ A

Obtaining .3 Solid Aggregation State andlnCréwing ‘
Chenfihal-Stabili‘ty‘ ' y ‘ - ‘ r

 - . Some of the bio—active bases are oiiy'opiowanetnag oliii's‘i‘an-d are liable
to oxidation. Appropriate? salt'fOImatiorr-can yield pro u that arec‘rystal—
line, easy to purify, more resistantvtoWards oxidation,“and;"'ihencei,' generally .

"havealongershelflife., ‘ _ ' , * , "

 

“14:52rawfivrqm-acfianew
Polymorphism .53:75:aveflwsmmamrvfl

rwetness: . Selecting a salt suitable for a certain route of administration or a particu-
lar dosage form of a. drug substance requires that all the relevant solid-state
properties of the salt candidates be thoroughly investigated. Polymorphism
and pseud'op'olymorp'hism are frequently critical points in determining pref—
erences for one salt to another. Polymorphism is a widespread phenomenon
observed in more than half of all drug substances [2']. The choice of the most

appropriate solid—state form is of considerable importan'Ce. Here, the most
prominent aspect to be considered is stability. First of all, this means thermo-
dynamic stability of the solid—state form, but also Chemical stability and re—
activity (eg, compatibility, i. 6., the stability in the presence of excipients)
may vary from one polymorph to the other. In most cases, the modification
thermodynamically stable at room temperature is the most appropriate one.
This is the solid—state form into which, sooner or later, all other forms Will

eventually transform. However, high—energy mechanical processes such as
milling or compression can induce transformation to a form not stable at

room temperature. Such transformation processes may lead to either another
crystalline form or result in an amorphous material and do not necessarily fun
to completeness. Several techniques have been proposed and are applied to
determine the thermodynamically stable form. These include measurement of
Solubility, equilibration of a mixture of forms in suspension. andobserving
any changes of their mass ratio over time, thermoanalytical data such as the
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melting points of the pure polymorphs or the behavi01 of eutectic mixtures
at reduced temperatures, and enthalpy—tempeiature diagrams [3] A variety

of techniques is at hand for characterizing and identifying polymorphs: X—ray
powder diffraction, IR and Raman spectra. solid—state NMR, and various
temperatuie scanning techniques.

Salt Formation as a Means to Industrial Processing

Salt formation is an established means for the isolation and purification

of substances. This applies not only for~ the final step in the synthesis of a

drug. Also, along a synthetic route, salt formation can afford an economic
means to separate an intermediate from side products.

As with crystallization in general, also crystallization of salts is associated
with the realm of polymorphism Crystallizations in the pharmaceutical indus—'
try are mostly carried out batch-Wise The techniques used are cooling, evap-
oration, drowning-out, and reaction crystallization Normally, the process will
be carried out as unseeded crystallization, relying on spontaneous nucleation
and the modification it entails. In a large number of cases, this will be an un-

“stable modification, as is predicted by Ostwal’d’s 1ule of stages. However, an

unstable form is prone to a phase transformation eitherwhile the product is
still in suspension, during workup, or even during storage. The latter case is
not acceptable, since this would question reproduCibleproduct properties.

The growing number of chiraldrugsrequiies efficient methods f01 pro?
ducingthese. Compounds in an en-antiomeiically highly pure form. Despite
the available alternativetechniques opticalreSolution via diastere'oi'someric

  
,diastere01somer1 . salts

Adaptationto the Therapeutic Use and Pharmaceutical
. Dosage Form

For a new chemical entity considered for development as a drug candi— . '
date, it is important to achieve optimal physical and chemical stability. The
form to be chosen must be chemically and physically compatible with exci—
pients and adjuvants in a pharmaceutical formulation, it must be able to resist
the micro--environmental and macro-environmental factors during processing ' V
and storage, and must have properties compatible with the technology applied
in the manufacture of the corresponding dosage form.
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Although a substantial aqueous solubility is generally a highly appreciat—
- ed quality for a drug substance, there are certain circumstances in which lipo-
solubility may be desirable. Highly ionized. drug substances usually lack suf—
ficient lipophilicity for good penetration of biological membranes. Formation '

. of salts with lipophilic salt—forming counter-ions may be a means of obtain-
ing better absorption of such drugs..The design of implants, sustainederelease
oral formulatiOns, dermal and transdermal products can benefit from use of
less- soluble or more lipophilic salts. ‘ '

Safety Aspects and Modification of Biological Properties

‘Nil nocere’ is one of the oldest and the topmost requirements for a ther-
apeutic treatment. For this reason, the step next to the detection of a desired
biological activity of anew chemical entity is to initiate toxicological and .

' pharmacological investigations on the safety of a potential drug candidate.
.' Because the salt form of an" active compound may modify its biological per-

formance, in viva, toxicological and safety considerations also play a role in
Salt selection. I ' ' I ‘ p "

Pharmacokinetic properties. may be modified by choosing salts with dif-
ferent solubilities. Oral absorption may so be accelerated or retarded as com— ’
pared to areference form. Selection of a sparingly soluble salt can be an al-
ternative .to complicated release retardation. by technological measures.

1 With proper choice of a pharmacodynamically activecation or anion as
re counter—ion for an ionizable drug molecule, it is sometimes possible to

achieve a synergistic effect» to counteract side effects or to facilitate the de—
toxification of the main active principle. .

_ Finally, salt formation sometimes offers solutions to biopharmaceutical
problems such as- suppression of pain on injection, avoidance of local irrita—
tion, taste—masking (bitterness etc.) or avoiding causticity (e.g., corrosion of
manhfacturing equipment).

Extension of the Patent Protection

 
As already mentioned above, the salt form, as well as a particular solid-

state form of a drug substance, can influence a variety of important proper—

ties, e.g.&the solubility and rate of dissolution, the chemical stability or com—
patibility with excipients, etc. A new salt of a drug substance already in use
may, for example, allow a simpler manufacturing procedure of the dosage
form or may be more stable than the salt hitherto in use; it may have a pro-
file of properties that make it suitable for a new route of administration, or
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the new salt may even Open a new field of therapeutic application. Any

one of such advantages may, therefore, constitute new claims for an exten—

sion of proprietary rights. The same can apply for the detection of a new
polymorph

Regulatory Considerations

Along the route of a new drug product to the market, the final step is to

obtain marketing approval from the regulatory authorities. Nevertheless, the

regulatory aspects need to be taken into account right at the initiation of a de—
velopment project involving a new salt. A new salt of an approved drug sub-
stance is, in principle, a new chemical entity which would require a full dos—
sier to be submitted for marketing approval. However the regulatory treat—

ment of new salts of approved drugs may relyin some details on the facts al—
1eady known about the active entity of the new salt within its prior thera- '

peutic use.

Both, different polymorphs and different salts, and again any polymorphs
of those, may alter the peiformance of a drug. For this reason, the regulato—
ry authorities require an exhaustive, search for polymorphic forms of a drug 1
substance. The manufacturer is required to make a Substantiated choice for

one of the forms, or a defined mixture of forms. Changes in the polymorphic

- form of the batches produced are seen as indicative of changes in the produc—
tion process, also requiring the reproducible crystallization of a certain solid
state form. ' ‘ '

Salt selection" ,

Many aspects need to be considered when .a salt of a drug substance is
selected for the development of a drug candidate. Such a decision must be

thoroughly prepared by well—timed and coordinated investigations followed
by the intelligent weighting and comparison ofthe available alternatives. The
points addressed above make it ciear that all the various disciplines that are
involved1n the drug development process should likewise participate in the

salt selection. Moreover, a rational strategy should be followed1n order to

guide the selectionprocess in an economic way, and the final decision should
be made transparent and acceptable to all units involved downstream the de-
velopment path. The present——day situation ofindustrial drug development
makes the salt-decision an almost irreversible one, because a change of the

salt form during later stages of the development of a drug candidate entails
high additional expenses and loss of valuable time to be spentgfor repeating
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preparative work and numerous costly investigations. This faet, in addition.
underlines the importance of a Careful selection of the most suitable drug salt.
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1. Introduction

The properties of the solid state are critical factors that determine the
choice of an appropriate salt form of a drug molecule, especially because
most pharmaceutical products are solids, in particular, tablets and capsules.
A satisfactory salt form of a drug molecule must be technically feasible and
suitable for full—scale production and its solid-state properties maintained
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batchwise as well as over time [1] [2]. These considerations add to, and do ‘
not replace, considerations of pH—solubility profiles that depend on the pKa
value(s) and the solubility of the unionized drug, as described in Chapt. 2, in
guiding the choice of salt form. The present chapter focuses on those char—
acteristics of the solid state that depend on the crystal structure. Within the
crystal, the drug molecule, in ionized form(s), interacts with other drug ions,
with the oppositely charged counter—ions, and with solvent molecules, if pre—
sent in the crystal lattice [3 -5].

Comparisons of the solid—state properties of different salt forms of a drug
molecule may be quite complicated, especially when the salt form(s) exist as
different solid phases. Different solid phases may arise during crystallization
and pharmaceutical processing and include polymorphs, amorphous forms,
and solvates (often termed pseudopolymorphs). Polymorphism is often de—
fined as the ability of a substance to exist as two or more crystalline phases
”that have different arrangements and/or conformations of the molecules in -
the crystal lattice [3 L 6]. Amorphoussolids, unlike polymorphs, are not crys—
talline [7] because the arrangement of the molecules is disordered. Solvates
contain molecules of the solvent of crystallization in a definite crystal lattice
[8]. Solvates, in which the solvent of crystallization is H20, are termed hy—
drates. Because H20 is a constituent of the atmosphere, hydrates of drugs
may be formed rather easily, especially with salts, on account of the dipolar

awe—mw-Amwintermdmmmamwnmfim ?
- H20 molecules and the constituent ions, Many compounds can 'eXist as erys- j

tals with different morphologies (habits, shapes) by preferential growth of f i
' certain crystal faces, the Crystal lattice arrangement remaining Unchanged. E

Fig. I summarizes various possibilities of crystallization of a molecule, as.
stated by Haleblian [6]. p -' ‘ ‘ p ’

Because effects associated with temperature, pressure, humidity (H20.
and its vapor), solvents, and excipients are involved‘in processing solid forms ' .,
of the active drug molecule, it is important to understand the detailed param—

. eters relevant in the choice of its appropriate saltuformCs);"Furthermore, in the p 7'
manufacture of the drug substance, it is necessary to know the thermodynam-
ic relationships between drug substance and solvent(s), and the factors that
govern the final crystallization process for the reproducible manufacture of
the required solid phase of the drug. ' _ ' _ ‘ I ,

Different salt terms, polymorphs, and solvates have different values of
virtually all the physico—chernical properties of the solid state [5— 10] [18].
These properties have been classified-as crystal packing, bulk thermodynam—
ic, spectroscopic, kinetic, surface, and mechanical properties [9].

The most relevant of these properties are molar volume, density, refractive
index, color, conductivity, heat capacity, melting and sublimation temperatures,
solubility, dissolution rate, hygroscopicity, stability, reactivity; crystal habit,
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Fig. 1. Possible solid phases of a chemical compound accmrling to Haleblian (modified [6])

crystal hardness, and compactibility. Of major concern are the influences of salt

form, polymorphism and pseudop’olymorphism on therapeutic efficacy, toxic-

ity, and bioavail'abil-ity [5] [6]-[lO— 13] and on pharmaceutical processing [14]

[15] of pharmaceutical products. Polymorphism and pseudopolymorphism are

known to influence every stage in the manufacture and storage of pharma—

ceuticals. The International Conference on Harmonization (ICH) requires in—
vestigations and analytical procedures for new drug substances and pharma-

ceutical products according to a decision tree [16] [17]. The polymorphism and

pseudopolymorphism of many pharmaceuticals have been reviewed [18 — 20].

 
‘new;assure.tar
 2. Thermodynamic Background

2.1. Phase Diagram of a Single Component Exhibiting Polymorphism

Polymorphism, as defined above, recognizes that the polymorphs (often

referred as crystal modifications) of a given substance possess different crys—

tal structures and are therefore distinct phases of that substance, which con—

stitutes a single component. In the liquid state (126., melt or solution) or gas-

eous state, polymorphic differences disappear, because the structure of the

solid state no longer exists. In the solid state, the atoms, molecules, or ions 
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may be arranged in one of the fundamental crystal systems: triclinic, mono-
clinic, orthorhombic, tetragonal, trigonal, hexagonal, or cubic. Each crystal

system is characterized by unique relationships existing among the crystal
axes and the angles between them. The most widely known example of poly—

morphism is the element carbon, which can exist in the form of graphite
(hexagonal), diamond (cubic), or as fullerene-s (C60 and C70). Among the dif—

ferent forms of paracetamol, one is a monoclinic polymorph and another is

an orthorhombicpolymorph. Three forms of cortisone acetate are orthorhom—
bic and two forms are monoclinic.

The relationships between different phases e. g. polymorphs, of a sub—
stance are governed by Gibbs’ phase rule:

P+F=C+2 (l)

where C is the number of components, P is the number of phases that exist

in equilibrium, and F is the number of degrees of freedom, i.e., the variance,
of the system. The integer, 2, in Eqn. 1 recognizes that two of the variables,

namely temperature and pressure, are not associated with the relative amounts
of the components, in contrast to the other variables, termed concentrations,
which do reflect the relative amounts.

In the case of a single substance, such as a drug, exhibiting ,polymor—. :

phism, C equals unity. If one phase, i. e., one polymorph, is present, P: 1,
therefore, F=2. Eqn. 1 reveals that the variance, F=2, meaning that both -
temperature and pressure may .be varied without changing the number of

phases; If two phases, i.e., two polymorphs, are in equilibrium,“ P=2, in
which .case the variance F = '1, meaning that, at a chosen pressure, usually at—
mOSpheric pressure, the temperature of the system is fixed at the- so-called
transition temperature, Tt. The conclusion from the phase rule is that only one

phase can exist at .any given temperature and pressure, except at the transi-
tion temperature at a defined pressure, usually atmospheric, in which case A';
two phases, e.g., polymorphs,-exist in equilibrium.

The process of transformation of one polymorph into another is a phase ‘
transition, which, according to the phase rule, may occur at a given pressure

by changing the temperature. If the phasetransition is reversible, the two

polymorphs are enantiotropes, and the energy of the transition on heating is
endothermic. If the phase transition is irreversible, the two polymorphs are

‘ monotropes, in which case only one form is stable whatever the temperature,

and the transformation of the unstable form to the stable one is exothermic.

For kinetic reasons, an unstable form may exist for a time outside the region,

aSsigned by the phase diagram and the phase rule, and is then termed a ‘
metastable form. Fig. 2 presents the two types of phase diagram of a single

component with polymorphic behavior, 0) representing enantiotropy, and
[9) representing monotropy. '
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Temperature . ‘ Temperature,.

Fig. 2. Phase diagram ofpressure vs. temperature for a single compound, showing a) enam—
tiom‘opy, and b) monotropy (after S. C. WallWork,‘ D. I. W. Grant, ‘Physical Chemistry for Stu—

dents of Pharmacy and Biology’. 3rd edn.. L011g1na11,_ London, U. K., 1977, p. 42)

 
’ Energy (G, H) . ‘ V EHETQY (G, H)

  
Temperature Temperature

Fig. 3. Energy diagrams showing plots of enthalpy, H, and Gibbs free energy, G, vs. temper—
ature, T, for the solid and liquid phases of a single compound, showing a) enantiotrop)’, and

' b) monotropy (after [22])

The ability of a system to peiform work and to undergo a spontaneous
change at constant pressure is measured by the Gibbs free energy, G, which
is given by

G = H — TS (2)

In general, the thermodynamic relationship between two polymmphicfiphas-
es is represented by plotting the Gibbs free energy as a function of tempera-
ture for each form (Fig. 3). If the two curves intersect below the melting
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point of each polymorph, a reversible transition occurs at the temperature Tt
of the intersection. At temperatures below T, polymo1ph A has the lower free

energy and is, therefore, the thermodynamically stable form, while at temper-

atures above Tt polymorph B is stable. In the case of monotropy, the higher

melting form is always the thermodynamically stable form. 7
Burger [21—23] proposed to plot energy diagrams (Fig. 3) showing the '

free energy and the enthalpy as functions of temperature. As shown in Figs. ‘3,a

and b, a notable difference between enantiotropy and monotropy is the melt—

ing enthalpy of the higher melting form. In the case of enantiotropy, the high-

er—melting form has the lower—melting enthalpy. In the case of monotropy, the

higher—melting form has the higher-melting enthalpy. A detailed discussion of

phase diagrams has been presented by Toscani [24].

2.2. Phase Diagrams of Binary Mixtures

Solvates show interesting contrasts, because there are two components,

the host and the solvent. The phases to be considered are the solvate, the un—

sclvated host, and the solvent. In the more complex cases of several solvates, .

the different phases with different compositions have their lesPective do- "
mains of stability Fig 4 shows some typical phase diagrams of bina1y mix—

tures. When manufacturing salts, the possible occurrence of such phase dia- -

grams needs to be considered. Besides the pure compound (i.e., the salt), 3
eutectic mixtures between the acidic and'basic components can result. Con- .

gruent or incongruent melting of the solvate (or of the salt) may be observed
(Fig 4 ,cl and 3), leading to a mixture of the two componentsafte1 melting ' if
For example, the eutectic between the anhydrous fo11n and the hydrated form , .

g 'of terpin has been desmibed [25]. Furthermore, polymorphism can occur be— 'i f
tween solvated forms [18]

Several hyd1ates of a substance may be possible and stable at ambient
conditions. For example, ouabaine was obtained as an anhydrous form, dihy-V'. -‘

drate, trihydrate,tetrahyd1ate, octahydrate, and even as a nonahydrate, de— .
pending on the conditions of manufacture [6] ,

Because drug substances are usually dried befo1e analysis, the crystal— .
lization of a solvated formis often ignoredor overlooked, especially if the .

crystals had been obtained by fast cooling'ln this reSpect, the water activity

in organic solvents is the critical parameter for the formation of hydrates

[26—28]. By drying hydrates or other solvates, metastable forms are fre-

quently obtained. Because process development aims at a robust process, it
' is mandatory to evaluate the tendency of solvate formation during the crys- ~

tallization piocedure. If solvent mixtures, e. g., aqueous alcohols, are used,

the formation of the anhydrous salt, a solvate and hydrate(s) have to be con— ,

1 . M. . _.__._.._._—--——1
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(6)

Fig. 4. Phase diagrams of binary mixtures of Temperature vs. composition (e.g., mole fraction)
of two chemical compounds, A anti B, showing the following behavior: a) simple eutectic; with
negligible I-niscibility in the solid state, b) continuous range of solid solutions (miscibility in the
solid state as well as in the liquid state), c) eutectic with partial ziiiscibility in the solid state,
(1) formation of a compound with a congruent melting point at C, 1:) formation of a. compound

‘ with on incongruem melting point at P

 

  
wwwmwweemmi

sidered, as well as the formation of various salts or the crystallization of the

free acid or base. In addition, the stability zones, with respect to temperature

and solvent composition, have to be determined.

As mentioned above, the formation of multiple hydrates of a given com-

pound frequently occurs. If the temperature is varied over a wide range, a se-

ries of equilibria will be observed. Soustelle [29] discussed the implication

of water vapor pressure on the system comprising the hydrates of copper(II)

sulfate as illustrated in Fig. 5,a.innermost:WiriitWWWWWWWWV
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Pw,2

pw,1 
Mass change corresponding to n mol water

n n n - ‘

5 5 5 ;

) 1 1 . .' t

T T T k

b) PW < Pw,1 3) pw.1< p.w< pw,2 d) pw> pw,2

' Fig. 5. Influence ofpressure and temperature on the composition of the stable phases formed .
between copperfli’) sulfate and watez; CuSO4 - nHZO [29]. Phase diagram of pressure vs. tern— i
perature. a) showing the equilibrium curves of the anhydrate 01:0), monohydrate (n: 1), tri— "
hydrate (11:3), and pentahydrate (11:5), and thenhogravimetric curve obtained at different p
values of water vapor partial pressure (pw): b) below Pm; c) between pwJ and pw'z', d) pw .j

above pm.

0 At pressures below Pw,1a only one equilibrium is possible, that between
the pentahydrate and the anhydrate. The corresponding curve represent— j
ing the water content as a function of the temperature, determined by"‘{
therrnogravimfltry, is shewn ianig. 5,19. A mass loss of. 36.05%. corre— "-3
sponding 105 mol H20 occurs. I I

0 At pressures between 'Pw.1 and pw'g, the corresponding thermogravimetric :
curve shown in Fig. 5,c, involves the phase transformation from the pen—
tahydrate to the monohydrate, followed by the transformation of the
monohydrate to the anhydrate with the corresponding mass loss of
28.84% and of 7.21% referring to the pentahydrate. At the triple point at
the pressure level of pm, both equilibria occur simultaneously.

0 At pressures above Pw,2= the thermogravimetric curve corresponds to the
' three successive monovariant transformations, pentahydrate —-> trihydrate
amonohydratea anhydrate, (Fig. id) with the mass loss of 14.42,.
14.42, and 7.21%, respectively.

/

(4
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I 2.3. Amorphous State

The amorphoug state is characterized by scfiidification in a disordered,
random manner, structurally similar to the liquid state. If a physical proper-
ty of a crystalline substance is plotted against temperature,’ a sharp disconti—
nuity occurs at the melting point. For amorphous substances, there is no melt-
ing point,'and a change of slope occurs at the so—called glass transition tem~
perature‘ Tg. The glass transition is characterized by a change of heat capac-
ity. Below this temperature, the amorphous phase has certain properties of a

t crystalline solid (e.g., plastic deformation) and is termed ‘glassy’. Above this
E temperature, the substance retains some of the properties of a liquid, e.g., mo-
; lecular. mobility, and is termed ‘rubbeiy’. Above this temperature, the in—
; crease in molecular mobility facilitates spontaneous crystallization into the
E , crystalline form with an exothermic enthalpy change after the glass transi—

‘ tion. The use of amorphous forms-is attractive, particularly for sparingly sol—

E: uble Compounds because of the enhanced Solubility and dissolution rate over
g. '- the‘crystalline state leading to increased bioavailability. However, the amor— ‘
E phous state is thermodynamically unstable. The glass transition temperature,
g Tg, is lowered by H20 or other additives, facilitating conversion to the rub-a bery state and hence facilitating crystallization [30]. Moreover, uncontrolled

crystallization can occur at any time, and is accelerated by the presence of
I H20, The effect of additiveson Tg can be described by a modified Gordon—

% Taylor equation (Eqn. 3) where '
E ngmix= (wngl+K-w2Tg2)/(w1+K-wz) (3)
E. . where T3, mix is the glass transition temperature of the blend, W1 and w2 are
E ‘ the weight fractions of the components 1 and 2, and-K can be calculated from
E the densities Q and the glass transitiOn temperatures of the components:
E K: (Tgl ' 01) / (ng ' 92) (4)

3. Physicochernical Properties 
As mentioned above, the fundamental physico—chemical properties are

consequences of the underlying crystal structure. In contrast, properties mod—
ified by milling are related to reductions of crystallinity and particle size,
while properties modified by manipulating the crystal habit are related to the
nature of the crystal faces that are expressed. Methods for characterizing
polymorphs and solvates have been recently reviewed [31].Wtwttmmmmmmmm'
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3.1. Melting Point

The melting point of a new organic substance is one of the first prOper-
ties measured. A number of techniques are available, from immediate melt

ing to the capillary method described in the various pharmacopoeias, in
which the substance is heated and the transition to the liquid phase is ob

served visually or by hot—stage microscopy. Kulmert-Brandstc‘z’rter studied
the melting behavior of many drugs, including their eutectic melting with
several reference substances for identification purposes [32]. If fusion is

reversible, the equilibrium is monovariant (116., F: l), and the enthalpy

change accompanying fusion (formerly termed the latent heat of fusion) is
positive, because fusion is endothermic. Fusion can be accompanied by dis—
sociation or by decomposition. The vapor pressure of H20 plays an impor-
tant role in the dissociation of hydrates [33]. Differential scanning calorim-

etry (DSC) allows the change of enthalpy duringmelting to be followed and
the thermal processes involved to be determined quantitatively. Because
processing and milling involve the evolution of heat, the melting point is- an
important property in the choice of the salt candidate. As discussed by Wells
[2], the counter—ion plays a dominant role in determining the melting point ’ I.
of the salt. For example, small counter—ions such as chloride increase the

melting point, because of their large charge density. This situation is illus-
trated by various salts formed by a basic chemical entity of melting point
98 °C; the melting points and enthalpies of the crystalline salts are listed in
Tablel[4l]. ' ' " ' ' ‘ ' ' ‘

Table l. Melting Point: and Enthtzlpies of Fusion. of Some Salts of a Drug Candidate [4l]

Salt form Melting point p Enthalpy 'of fusion
'[°C] AHf [cal/g]

  

  

 
  Hydrochloride
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3.2. Solubility
/

The process of dissolution involves the breaking of interionic' and/or
intermolecular interactions in the solid solute, the separation of the solvent

' molecules from each other to provide space for the solute, and the formation

of interactions between the solvent molecules and the solute molecules or -

ions. The intermolecular bonding ferces in solids include Van der Waals forc—

es, H-bonds and ionic interactions. Van der Waals- forces include dipole——di-

pole forces, dipole-—ind11ceddipole forces, and induced dipole-induced dipole
forces (i. 2., London dispersion forces). H—Bonding is the most directional of . '

the intermolecular interactions.The polarity of a molecule can be expressed
in terms of its dipole moment In general, the solubility of a substancein H20
increases with mcreasmg dipole moment, other factors such as melting

point,being equal. If the solute'in a solution consists of molecules with a
small or ze1o dipole moment, it is said to be nonpolar and the interaction bet-
ween solute and solvent is dominated by dipole--induced dipole forces and

London dispersion forces. ,— '

In the case of a sa],,t the attractive force, F, between oppositely charged

particles or ions is expressed by Coulomb’3 law:

F=q+-q-/“D-cz.2 ’ ' (5)

where q+ and 4" represent the electric charges on the particles or ions, d is
the distance between them. and D is the dielectric constant of the surround-

ing medium with respect to vacuum-for which D = 1. .
The ion-dipole interaction is the force that dominates the dissolution of

salts in polar solvents. In aqueous solution, the ions are surrounded by (i.e.,

hydrated by) as many H20 molecules as poSsible. The amount of H20 of

crystallization affects the heat of- solution. In a crystal hydrate, the ions are

already largely hydrated in the crystal lattice and, consequently, the ion-di-

pole interaction energy liberated on dissolution is considerably less than that
of the anhydrous solute during the dissolution process. More considerations

of solubility are discussed in Chapt. 2.

In the case of a solid salt, for which the stoichiometry is represented by

AWE”, dissolution may be accompanied by dissociation of the ions which
causes the ions to separate; thus.

 
Am B” === m A’1+ + n B’"‘

The apparent, concentration—based, solubility product, K5, is given by:

= [Aim [3]” (6)

In the absence of added ions, the solubility of the solid, defined as the ionic

molarity, i.e., the number of moles of electronic charges of each ion dissolvedHarem“"Twwnmmswmmmmwmthwmsenmmsfl'wtiwamssm
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per unit volume of solution is:

C =71[A]-= 17133] = (Ks)l/(In+n) _ Inn/(mwi) _ nm/(m.+n') (7) , ‘

If dissolution occurs without dissociation, the solubility, CS, is directly given

by the concentration of the undissociated species, thus,

cs=tAmBni (a;

The changes in the energy of the interactions as a solute dissolves is mani—
fested as the enthalpy-of solution, AHsol, while the standard free energy Chan?
ge, AGG, is related to the solubility cs.

A6301: —RT ln c, ‘ (9)

where R is the gas constant and T is the absolute temperature. According to
the vent Hofi‘ equation,_the logarithm of the equilibrium constant (e.g., 501— 3 l
ubility product) is a linear function of the reciprocal of the absolute temper— l i
ature, as follows,

1n KS =1n K0 —‘ AHSOI lRT
'01"

_AHsol .:

.er K5=KO-e RT , (10),;

 

The Solubility of polymorphs'is related to their thermodynamic activity, to i: ‘
. the escaping tendency of their molecules, and hence to their melting point.

For riboflavin [2] a linear relation was found between the log of the solubi1—' ,; 1
ities and the melting points of the three polymorphic forms. The thermody- f ,
namically stable form at a given temperature and pressure is the form with ‘ i
the lowest free energy and the poorest solubility. '

For each polymorph, wemay apply the van’r Hajj” Eqn. 10 in the form:

' 1ncs=—AH,,1/Rr+c . (11)?

where c is a constantand theother quantities have'been defined above. The. ‘

solubility curves obtained are shown‘in Fig. 6. In the case of enantiotropy,;1
there is a. transition point at which the solubility of the two polymorphs is .

identical. In the case of «monptropy, the curves do not intersect. However, if.
a solvent—mediated transition occurs, it would result in spontaneous precipi?
tation of the thermodynamically stable form. Plotting 1n cs vs. 1/T for each,
modification (polymorph or solvate) allows the determination of the transi-
tion point and the calculation of AHsol for each modification. The difference
of AHsol between two forms is the transition enthalpy. The same-applies to
the transition between a solvate and an unsolvated form. In the case of dif—

ferent hydrates, different transition points can be observed (Fig. 7). This sol—
ubility vs. temperature approach is frequently applied for determining the re—
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Fig. 6. Plots of solubility c: vs; tgnpemture T (solubility curves) for aliaittiotl'opic and mono-
- tropic systems
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Fig. 7. Solubility curves of solvates, exemplified by the dihydrate, tetrahydrate and hem/1y-
dmte of calcium chloride

lationship between the polymorphs of anhydrous forms and even for solvates
or hydrates [33]. -

When comparing the solubilities of salts, the impact of polymorphism has
to be taken into account as for nonelectrolytes. Dissolved concentrations
should be measured as a function of time when determining the solubility of
the different forms because transformation during the measurement may oc—
cur. Furthermore, for proper interpretation of the results of solubility measure—
ments, the temperature has to be maintained constant and accurately defined.
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Solubility can be measured by phase solubility analysis, where an excess
of the solid remains in equilibrium with the saturated solution [34 — 37]. The

solutiOn is analyzed by gravimetry, high performance liquid chromatography

(HPLC), or spectroscopy. High throughput methods of solubility determina-
tion have been developed based on the measurement of the appearance of the

solid phase by nephelometry or by ultraviolet spectrophotometry [3 8] [39]. In'
all solubility determinations, soluble impurities can significantly influence
the measured solubility. For example, in the case of a single-point measure—

ment on a supersaturated solution, if the relative amount of a drug substance

of 98% purity is 20 mg/ml in the suspension, 0.4 mg of the impurity may be
dissolved. If the solubility of the drug substance is 1.0 nag/ml, an apparent

solubility equal to 1.0 + 0.4: 1.4 mg/ml will be found, whereas, if the solu—
bility of the drug substance is 0.5 rug/ml, the apparent solubility will be
0.5 + 0.4 20.9 mg/ml. This discussion highlights the relevance of the condi-
tions used by comparing solubilities. Figs. 8 and 9 emphasize the influence
of both impurities and polymmphism [35].

In the case of salts, the relationships are more complex because a salt may

be partially dissociated. By measuring the solubility in buffers, the possibil-

ity of the salting—out effect (and less frequently, the saltingvin effect) must
also be considered. For polybases or polyacids, there are pH domains of
stability for each species, and the pH—solubility profiles should be measured.
The pH profile of a base or an acid maybe calculated on the basis of the\ .

N CD

24

Concentrationyofsubstancein solution(mg/gsolvent). 
o '20_ ‘40, 60' '80 .100 -120 140

Total conCentration X. of substance added (mg/g solvent)

Fig. 8. Phase solubility analysis of 742-113151103quropyl)rheophylline in AcOEt, showing the in-
fluence of impurities in increasing the total solubility. Increasing impurity content of the five
samples used in the study is indicated by the increasing gray intensity of the data points. BB—
low saturation, the data points lie on line y =x indicating complete dissolution of the sample

added to the solvent (redrawn from [35]).
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Concentrationyofsubstancein solution(mg/gsolvent) 
O 20 4O ‘ 6O 80- 100 .. 120 140

. Total concentration x of substance added (mg/g-solvent)

Fig. 9. Phase solubility aridlysisrtmnsformation ofa higher soluble into a less solubleform cle-
‘ pending on the time allowedfor equilibration. A: 20 h; El: 63 h; 0: 115 h (redrawn from [35]).

known intrinsic solubility (the solubility ’of the undissociated species) and the

pKa (see Chapt. 1 and 2) [38] [39]; By means of recently introduced automat— _
ed titration methods, the pH profile of the solubility can be obtained quite
fast (see Chapt. 2). The-pH; domains of stability, mentioned" above,'are differ—
ent in H20 or in water+liquid media used as pharmaceutical" formulations,
as well as in the solvent(s-) of crystallization as defined by the phase diagrams

of each specieswith the solvent. Here again, polymorphism and pseudopoly—
morphism must also be taken into account. Generally, the solubility in H20
increases in the rank order: hydrate < anhydrate < solvated form, but excep-

tions exist, especially when the transition temperature lies below the ambient
temperature. In organic media, e. g., in alcohols, a hydrated form is usually
more soluble than the anhydrous form. For nedocromil magnesium, the rank

order of the pentahydrate, the heptahydrate, and the decahydrate was not ex—
actly the same for the solubility and intrinsic dissolution rate (IDR) [40], be—
cause the metastable higher hydrates transform to the stable pentahydrate

during contact with H20 in the solubility measurements

3.3. Dissolution Rate

The dissolution rate of powders is often measured by the'flow—through
cell method as described in Chapt. 2. When comparing different salts, this
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Fig. 10. Influence of particle Size on the dissolution process of reserpine hydrochloride in j ‘
0.1M HCZ. a) Particle size: 99% <49 um, 90% <40 urn; Vb) particle size: 99% <67 um, 90% 1

<52 urn; c) particle size: 99% <158 um, 90% <120 pm.
I

_ method has the disadvantage that the dissolution rate depends on the particle
size. On the other hand, this dependency is utilized for a given form to evalj' 1;
uate the effect of particle size, as demonstrated in Fig. 10 [41]. As for solu— ..; ,
bility measurements, the pH of measurement and the salt effect of the buffer
have to be taken into consideration. ' -

The transformation of an anhydrous form into a hydrated form and the:

l

transformation of a saltinto the free base or acid is often observed. Fig. I] ._

is an example of the observed dissolution rates in the case of transitions dur—
ing the course of the experiment:

I: The" anhydrous form dissolves without change; L
I]: the anhydrous form transforms into a hydrate;
III: instantaneous change of the anhydrous form into the hydrate and disso—L

lution of the less soluble hydrate.

The difference, [9, between the curves II and III results from the concurrence

of the dissolution process and the transformation process. ’
Fig. 12 deals with a drug substance with polymorphic behavior [41].. The/

dissolution rate of two samples of the chug substance, representing two poly—

morphs of almost the same particle size, is reflected in the dissolution rate of
the drug product as capsules. ' '

The dissolution rate per unit surface area, termed the intrinsic dissolution
rate (IDR; see Chapt. 2) is independent of the particle size. In the ‘disc’ meth—
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Time

7' 'Fig. 11; Plots of the dissolution of a compound that: forms an cinhydrate and a hydrate.
I) Anhydrate dissolves withoutphase c11a11ge;-.11) anhydrate dissolves followed by phase-change
into the hydrate; the-hydrate, being less soluble, dissolves more slow1y; III) instantaneous phase

change into the (less soluble) hydrate occurs, folloWed‘ by the dissolution of the-hydrate.

    
   

Amount dissolved (mgimi) I Amount dissolved (% oidose) I '
10 i i 100

‘8 so

5 ‘ so

4 40

2 20

O ’ O a ‘
O 20 ' 40 60 80 100 i 20 140 O 10 20 30 40

Time (min) Time (min)

. Figalz. Dissolution curves (left) of two crysralline modifications (A and B) ofa drug substance
and the corresponding curves (right) the drug products (capsules). A: polymoiph A; O: poly—

morph B.

0d, the powder is compressed by a punch in a die to produce a compact disc
or tablet. Instruments are now commercially available for this purpose [42].
Only one face of the disc is exposed to the dissolution medium, and the eu—
mulative amount dissolved per unit surface area is determined by ultraviolet
spectrophotometry until 10% of the solid is dissolved. The slope of the plot
of mass dissolved per unit surface area vs. time gives the IDR in appropriate
units, e.g., mg/min/cmz. If a change in the slope is observed during the cour—
se of the experiment, then a change in the solid phase exposed to the solvent
occurs during the experiment. A solid phase with different state of ionization
(e.g., the unionized form) as well as a polymorphic change can occur. For ex-
ample, the initial dissolution rate for a drug substance was 0.05 mg/min/cmz.
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After several minutes, the dissolution slowed down in order to continue with

the lower rate of 0.01 ing/min/cmz, resulting from the formation of a hydrate,

A separate measurement of the IDR of the hydrate indeed reproduced the

same rate of 0.01 mg/min/crnz.

3.4. Heat of Solution

The enthalpy of the solution process, i.e., the heat of solution, AHSO], can

be calculated from the temperature dependence of the solubility as discussed

in Sect. 3.2. This method has been widely used, for example, for etoxadrol

base and its hydrochloride [43]. However, Hollenbeck [44] and Burger [23]

consider that the SIOpe of the linear relation predicted by Eqn. J 0 is too var—

iable, and is subject to systematic errors of several percent due to nonideal-

ity of the saturated solution, resulting in inaccurate determination of both the

heat of solution and the transition point of two forms. The heat of solution of '

substances can be measured directly by solution calorimetry, which clearly

provides more significant values [18] [45]. The difference between the heats
of solution of the two polymorphs is equal to the transition enthalpy of the

polymorphs at temperatures close to ambient. The results providean alterna—

'tive to DSC for the discrimination between enantiotropy and monotropy,

when the substance decomposes upon melting. Quantitative analysis of poly—

morphs, solvates, and amorphous forms in mixtures has been performed us-
ing solution calorimetry. Studies of polymorphismby solution calorimetry
have been reviewed [18]. l l

V 3.5. Interaction with Water Vapor

Water vapor is an omnipresent component of the atmosphere. The vapor

pressure of H20 at different temperatures has been tabulated. At a given tem—
perature, the ratio, actual water vapor pressure/saturated water vapor pressure

at that temperature is termed the relative humidity (r.h.), given as percentage of
saturation. The environmental humidity depends on‘the weather and climatic

zone and may vary from 10 to more than 75%. This variability has to be taken

into account when determining the storage conditions of a salt candidate.

'When a solid is exposed to a gas, some of the gas molecules, termed the

adsorbare, become attached to the surface of the solid, termed the adsorbent.

. This process, which is divariant, is called adsorption. When water vapor is

adsorbed, the H20 molecules may undergo any type of interaction (Van dér
Waals, ion—dipole, and specific H—bonding interactions) with the functional
groups on the surface of theadsorbent; they may cause swelling of hydro—
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, Relative humidity (°/q) ' '

Fig. 13. Examples of water sorptiOH/desorption isotherms. a) Sorption/desorption is rever—
sible; b) Desorption exhibits hysteresis.

philic polymers, may induce a phase transformation of the adsorbent to form
a solid hydrate, or may cause a hygroscopic adsorbent to form a pool of sat-

urated solution by the process-known as deliqu‘es'cence. Water sorption and

desorption isotherms of drug substances should be determined, especially if

the solid undergoes a phase change. Hygroscopicity and sorption kinetics
have been reviewed [46] [47], and the use of water sorption isotherms for

comparison of salt candidates has been discussed [48].
In the case of certain drugs and excipients as adsorbents for water vapor,

the sorption and desorption isotherms may not coincide, giving rise to hys-
teresis as illustrated in Fig. 13. Limiting the sorption of water vapor from am—

bient air is crucial for maintaining the quality of some pharmaceuticals dur—

ing their manufacture. The behavior of drug substances at different tempera;
tures and humidities for different climates is generally studied by gravirne—

try. The humidity for gravimetric studies of water sorption and desorption
can be controlled by saturated salt solutions [49] or by humidification of a

stream of air or N2 to which the solid sample is exposed. In the so—called ‘dy-
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Masschange(%ofdrymass)   
O '10 20 30 V 40 5O 60 70 V 80 90

. Relative humidity ("/o)

Fig. 14. Two polymorphslA and B) transforming into the same hydratedform. The metastable
form B takes up H20 at lower relative humidity than the stable form A. The hydrate form

loses H20 at r.h. values below 20%. .

namic water sorption’ system [50], the sample is placed on a microbalance

and exposed to a continuous flow of air or N2 with constant, predetermined
relative humidity. By these methods, samples as small as 1 mg can be accu-

rately studied. ‘

Solid-state hydration may "occur. leading to the formation of hydrates.

X—ray diffractometers may be equipped with special sample cells for ex—

posing the sample to controlled temperature and humidity. The structural

changes in the solid can be monitored, and the extent of their reversibility

can be studied. The powder X—ray diffraction patterns collected during heat—

ing allow dehydration steps, brother desolyatiqh steps, to be followed effi—
ciently. Because sorption and desorption phenomena are accompanied by

heat exchange, miCrocalorimetric techniques are valuable for monitoring pur—

poses [51] [52]. '

Fig. 14 shows the sorption isotherms of two crystalline modifications of

a drug substance both of which transform into a hydrated form at 25 °C [53].

Under ambient conditions, the thermodynamically stable form is less hygro-

scopic. The critical humidity at which the mass changes abruptly, corre-

sponding to the humidity at which the formation of hydrate begins, depends '

upon the temperature. The higher the temperature the lower is the criticalvhu—

midity. The formation of theophylline monohydrate at the surface of tablets

containing anhydrous theophylline is an example that has been thoroughly

studied [54—56].
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Different polymorphs usually behave differently [18]. A metastable poly-
morph may transform into a crystalline hydrate, whereas the stable poly—
morph may not (e.g., see Table 3). Solvates may transform into hydrates
by direct displacement of a solvent guest by H20. This process suggests a
method for obtaining hydrates that cannot otherwise be manufactured [57]. - _
.When several hydrates are formed, the kinetics of the dehydration pro— -

H - cesses may be different from the kinetics of the hydration step, as in the case
of iiafragel hydrochloride [S8] for whiCh the sorption of H20 occurs in two
steps via the hemihydrate. The resulting rnonohydrate loses H20 in one step
yielding the anhydrate. Due to the different kinetics of their transformations,
the anhydrate, hernihydrate, and monohydrate can co—exist for an appre—
ciable period of time. Hydrates have been the subject of several reviews
.(e..g., [59]). , -
; Fig. 15 illustrates the com 'lexity of hydration and dehydration processes
in the‘water—sorptiOn isotherms of three salts of a basicdrug [41]. The hydro—
gen malonate salt takes up moisture reversibly corresponding to a weight

'change that exceeds 22% "at saturation The hydrogen tartrate salt is also
hygroscopic exhibiting a slight hysteresis. For the hydrochloride salt, a
strong'hysteresis is observed due to the formation of a stable hydrate. The
base and the hydrogen maleate salt were not at all hygroscopic.'This exam—
ple illustrates the importance of the study of the hygroscopicity of salt can-
didates. ' '

Masschange-(0A:ofdrymass) 
Relative humidity (%)

Fig. 15. Water vapor sorption isotherms of three salts of a basic investigational compound.
0: Hydrochloride, A: hydrogen tartrate, El: hydrogen malonate (sorption and desorption with-

out hysteresis); black symbols: adsorption; empty symbols: desorption.
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3.6. Density

For solids, different expressions of density have been defined and are

considered to be of practical importance for powdered solids. The tapped
density and the bulk density (also called poured density) describe the bulking
properties of a powder and are an indirect measure of the flow properties of ~
the powder resulting from the distributions of particle size, shape, and sur-
face area. On the other hand, the true density as a theoretically derived pa—

rameter depends on the packing of the molecules in the crystal structure. It
is determined by the volume of the unit cell, the number of molecules con—
tained therein, and the molecular weight. Thus, the true density can be cal-

culated if the crystal structure has been determined by X—ray analysis. Ex—

perimentally, the true density is measured in a gas pycnometer with He as -
displacement gas, as described in USP XXIV. According to one of the four
thermodynamic rules for polymorphs established by Burger [23], under the
conditions of measurement the more densely packed form is the more stable

form at O K. For example, the densities of three crystalline modifications of
the purine derivative, MKS 492, are 1.422, 1.411, and 1.400 g/cm3 [60]. A
complete study of the polymorphic behavior of MKS 492 demonstrated that
two less dense forms are monotropic in relation to the crystalline modifica-

tion with the highest density. HoWever, while the density rule is obeyed by
MKS 492, it fails for some polymorphic Systems. Of the four thermodynam—
ic rules, the heat of fusion rule and the heat of transition rule are found, to be
mere reliable. ' I ' ' ' V '

3.7. Morphology

Crystal morphology is an important consideration when selecting a salt
form. Generally, needle-shape crystals are not desirable beCause of their poor
flow properties [61]. Therefore, it is usual to examine and to compare the
crystals under a magnifying glass, light microscope, or scanning electron mi-
croscope (SEM). The microscopic techniques have been augmented by im-
age analysis for comparing the morphology of different .salts [62] [63]. Mor-
phology of anisotropic crystals may be modified by the conditions _of crys—
tallization (crystal engineering) [65.]. '

 
4. Kinetic Aspects ' “

If phase transformations were based solely on thermodynamic rules, sta—
ble crystal forms should be obtained quite easily. However, kinetic factors
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,cause metastable states to be encountered. A considerable activationenergy
barrier may have to be overcome in moving from ametastable state to a sta—
ble state. The activation energy, E, is related to the rate constant, k, of the

' transformation by the well-known Arrhenius equation: ' '

k=A e—E/RT - . 4 ('12)

where A' is the frequency factor, which is related to the entropy of activation '
according to Eyring and Polanyi, and-R and T have been defined previously
(Eqn. 9). The activation-energy barrier may be reduced by catalysts, impur—
ities, and/or crystal" defects. Most transformation processes in the solid state
involve nucleation, progression of a growth zone, and regression of an unre—

' acted core. When comparing the stability of solids during storage, many fac—
tors play a role, such as. temperature, particle size, the presence of seed nu.—

- clei of the product, actiV'ation energy for the change, and diffusion of the
molecules. " _ _. . . ‘ ’ . .' ,

, The‘influence Of nuclei (seed crystals) of the stable form in a sample of
' a metastable form is demonstrated in the following eXample. For the sub— ,

stance exemplified in Fig. 12, two batches of the metastable form were sto—
red under different. conditions for stability testing. The DSC scans showed .
that the second batch contained traces of the stable form, whereas no stable
form could be detected. in the first batch. After 5 years, the second batch had
transformed to the stable form at a rate that depended on the temperature,
whereas no tranSformation of the metastable form to the stable form was ob— '
served in the first batch at all storage temperatures. After storage of the sec—
ond batch for 3 years at30 “C, 50% of the stable form was found by X—ray
diffractometry and by TR spectroscopy [41] [64]. However, no trace of the
stable form was found by X—ray diffractometry in all samples of the firSt
batch. Samples of the second batch, when stored in a deep—freezer for 5 years,
contained ca. 5% of the stable form (estimated by X—ray diffractometry). The
different behavior of the batches is explained by the presence of the small
amount of seed nuclei of the stable form in the second batch. This example
emphasizes the need for sensitive methods to differentiate and to detect poly—
morphs in mixtures.

Transformations may be accelerated by the presence of a solvent, such as

H20. Solvent-mediated transformations occur by a continuous dissolution—
crystallization process. This type of transformation may occur during crys—
tallization or granulation. Hydrates may be formed by this process in mix-
tures involving moisture. Solvent—mediated transformations may occur when
measuring solubilities, such that, after some time, recrystallization of a more
stable state may be complete (Fig. 16).

Table 2 summarizes solubility measurements on four forms, A, B, C, and
D, of MKS 492 as functions of time and at different temperatures [60]. After
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/ metastable
\ 

t* Time

Fig. 16. Concentration vs. time plots showing the possible solubility behavior of stable (A)
and metastable (B) polymorphs or pseudopolymozphs, respectively. At the time indicated t*,
the saturated solution of the metastable form, which is supersaturated with reference to the

stable form, starts to crystallize, thereby approaching the concentration of the lower solubility
of the stable form. Crystallization may occur by spontaneous nucleation or can be induced by

' ' seeding with the stable form.

Table 2. Solubility Measurements ofMKS 492 Polymmpbs, and ofMixtures ofEach Polymorph
with the Stable Form B, in H20 [60]

Temperature Time A C. A + B C + B D + B
l°Cl [min] . . ‘_

-I

  
    

  

 

. 10

20

4O

10 _ .

20

4-0

10

40 20

40

equilibration, the aqueous phase was analyzed. Form B is the least soluble
form and is, therefore, the most stable form. After 10 min or 40 min, no ob—

vious differences were observed among the measurements. The same experi-
ment was repeated with forms A, C, and D, each containing some of the less
soluble form B. The decreases in the solubilities demonstrate the influence
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- Fig. 17. Influenceof temperature on the kinetics of a. solvent-11iecliated transfornmtion infor-
nmlations of an investigati'onal drug substance in two crystalline morly‘ications, monitored by
the concentration of dissolved snbstcmce after one day of storage. Full symbols and broken
lines: stable form; hollow symbols and full lines: metastable form; solvents: O: Miglyol 812,

O: soybean oil, A: mixture of equal parts of Miglyol 812 and soybean oil.
 

of seeds of the stable form, which accelerate the solvent—mediated transfer?
mation [60]. . I 7

The influence of temperature on the phase transformation is demonstratw
ed by the example shown in Fig. I 7 for an investigational drug of which the
stable crystalline form was obtained for the first time only after storage of
liquid formulations [41]. A great difference in solubility between the stable
and the metastable forms has been observed in this case. In suspensions pre-

pared with the three solvents, it was found that the higher the storage tem-
perature is,'the faster the solubility decreases, departing from the initially
high value of the metastable form. The rate of transformation is accelerated
by increasing the temperature. The transformation is almost complete after
one day in suspensions held at 30 °C, whereupon the concentrations of sub—
stance in solution remain unchanged after a further week of equilibration.
This example illustrates that the identification of the stable form of a drug
substance and the knowledge of its solubility facilitate the prediction of the

physical stability of a pharmaceutical formulation.
There is a metastable zone of supersaturation with respect to the stable

polymorphic form, which is important in crystallization processes driven by
cooling (Fig. 18). If the solubility curve of a metastable form is in the meta—
stable zone, the first crystal obtained Will be the metastable form. Thus, this
metastable form will crystallize, and the stable form will not appear, if the 
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Fig. 18. Ciystallz'zationfi'om. supersaturated solution by cooling. Plots of solubility cS vs. tem—
perature of two polymorphs, stable A and metastable B with the solubility curve of form B lo-

cated within the crystallization metastability zone. Cooling starts at X.

transformation into the stable form is limited by the kinetics of dissolution

and g10wth [65] [66] Difficulties in obtaining crystals of a particular form, .
which were obtained at an earlier time are discussed by Dunitz and Bernstein
[67]

Amo1phous or partially anterphous solids may result from very rapid pre-
cipitation, drying, milling fieeze drying, or shock cooling from the melt.
Often, the presence of seedsof a crystalline form in the amorphous bulk rep-
resent a ‘memory’ of the crystalline state especially after drying solvated

forms. Amorphous substances are generallyhygroscopic they have high sol-

ubility and bioavailability, and good tableting properties, but are difficult to
mill. Amorphous forms are usually less stable chem1cally and physically due

to their molecular mobility; they tend to transform into crystalline forms
upon storage, humidification, and heating .

Crystallization of an amorphous solid proceeds generally fast at temper-
atures above the glass transition temperature, which is depressed by the pres—

ence of H20. .The amorphous form may crystallize into one or another of dif—
ferent polymorphs depending on the temperature and humidity, as was ob-

served in the case of indomethacin [7] [68]. The amorphous content of mi—
cronized solids is important, because recrystallization p1oduces agglomerates
and consequentlyincreases the particle size as demonstrated by Otsuka [69].

The hygroscopicity 0f brequinar sodiumis related to the amorphous content
[70]
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Dehydration and hydration processes largely depend on kinetic factors,

such as diffusion of H20 molecules, as well as diffusion and transformation
in the solid state, and, therefore, depend on the particle size [71]. Processes

involving a high input of mechanical energy, such as the shear created dur-

ing milling and the pressure applied during tableting [73], are capable of in-

ducing or accelerating phase transformations. As demonstrated by Takahashi

for fostedil [72], the types of mill employed and the added excipients great—I

' ly influence the transformation.

5. Study of Transitions between SOlid Phases

' The solid—state properties of the drug substance, its salt forms, poly-
morphs, and s-olvates, such'as the'5solid‘-sol=id, sOlid—liquid, liquid—liquid, and
solid-gas equilibria andtranSformations, are derived from the thermodynam—

ic phasediagrams, which express the influence of temperature and pressure. ' 1
Expeditious product development requires rapid recognition of the form
that is thermodynamically stable under a range of relevant temperatures
and water vapor pressures. The characterization and study of polymorphs

, and pseudo—polymorphs is quite Complex. It is usually important to know .
whether the solid. under study is a mixture of phases, a'metastable form, or a

stable form at the temperature and other conditions of interest. However, the

kinetic factors in solid—Solid transformations complicate the interpretations.

Therefore, several methods should be applied to the study of solid phases and

their transitions. These methods have been described in' Sect. 3. Chemical

analysis after transformation avoids misleading inteipretations that could
arise from isomerization, dimerization, and/0r decomposition. Thermal ana—

lytical methods in which a physical property, such as the flow of heat ener-

gy or weight, is measured as a function of temperature, or as function of time,

while the substance is subjected to a' temperature program, are especially

valuable for the study of polymorphism and pseudo—polymorphism [18] [S3]
[74] [75].

Differential scanning calorimetry (DSC) measures the heat flow, dq/dt,

into and out of a sample cell relative to a reference cell in a controlled at—

mosphere over a defined temperature range within an available range be-

tween —50 to >300 °C. Fig. 19 shows typical events in DSC, i.e., Change of

heat capacity at glass transition, and changes in enthalpy, namely exothermic

crystallization, endothei'r‘ruc melting, and exothermic decomposition. Every
DSC study should include scans at different heating rates because DSC is a

dynamic method, and solid—state transformations, [while being thermodynam—
ically driven, are kinetically controlled. The DSC scans will differ if the sam-

ple under study is stable or metastable at ambient temperature, as shown in
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”inO m.m. ¢ 9r.

EXO $5 % 9) 12)

Temperature ———-————————-—

Fig. 19. TheOIetical DSC scans. Following a period of isothermal equilibration the tempeiature,
T, is increased at a constant rate dT/dt. The heat flow output dq/dt is plotted vs.ternpe1ature

Figs. 20,51 and b [77]. The scans illustrate the polymorphic relationship of
two forms A and B.

Case of enantiotropy (Fig. 20a) ,

- Scanl

Scan 2.

Scan 3.

Scan 4.

Scan 5.

The sample studied13 the stable form A, which gives the endother-
mic solid phase transition A——>B (see Fig 3Ha) follOwed by the

melting endotherrn of form B. . .

The sample studied is the stable form A, but for kinetic reasons,
the solid transformation AaB does not occui. Instead, form A
melts

The sample studied1s the stable form A which melts. Form :B crys-i
tallizes from the melt with an exothermic peak, and form B melts at
a higher tempe'iature.

The sample studied is the metastable form B which becomes
stable at a higher temperature above the transition temperatuie.

An exothermic peak corresponds to the solid transformation

B a A, followed by successive transformation A a B and melting V
ofB.

The sample studied18 the metastable form B. The DSC scan shows
its melting endotherrn.

Case of monotropy (Fig. 20[7)

Scan 1. The sample studied15 the stable form A and its melting endotherm
is observed.
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Temperature ——‘——>

Fig. 20. Theoretical DSC curves of polymorphs: a) encmtiatropically-related polymorphs;
b) monotropically-related polymorphs. For details, see text.

Scan 2. The sample studied is the metastable form B, which transforms exo—
thermically in the solid state into the stable form A. Form A melts

. at a higher temperature.

Scan 3. The sample studied is the metastable form B, which does not trans-
form into A but melts endothermically. From the melt, the stable

crystalline form A appears with an exothermic peak. Then, A melts
at a higher temperature.

Similar interpretations apply to all methods that involve heating (e. g.,
hot—stage optical microscopy, hot—stage IR or Ramcm microscopy, tempera—
ture—resolved or variable-temperature X—ray diffractometry).

Fig. 2] shows an example of a DSC curve, which is observed in the case
of enantiotropy. This is not the case for the hydrochloride salt of a drug can-
didate presented in Fig. 22. The form A melts, and variousother forms grow
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Fig. 2.1. DSC Curves of two polymorphs, A (a) and B (b), of orvbuprocaine [18]. Polymorph B
undergoes an enantiotropic transition to polymorph A at 140—150 °C. .

fiom the melt, although they may not be present in the Oliginal solid samples
studied as 1esulting f1om the X--ray diffraction analysis.

Itis difficult to distinguish between monotropy and enantiotropy in the
case of Fig. 20,a, Scan 5, and Fig. 20,19, Scan 1, as well as Fig. 20,a, Scan 3
and Fig. 20,19, Scan 3.'The interpretation of the DSC curves 'is facilitated-by

the Burger’s enthalpy of fusion rule [21]: if the higher-melting form has the

lower melting enthalpy, both forms are related enantiotropically. As demon-

strated in Table 3, for a benzisoquinoline hydrochloride [18], the melting en—

thalpy of the higher-melting form B is lower than the melting enthalpy of A.

Therefore, the two forms are enantiotropically related,- with form A stable be—
low the transition point. Modification B is hygroscopic and undergoes a sol-

vent—mediated transition to A in alcohols at ambient temperature.
' In thermogravimetry (TG, TGA) the change of the mass of a sample is

determined in a thermobalance as a function of temperature and/or time.

Most instruments record the percentage of mass change and the derivative

curve (DTG), which shows the rate of the mass change with respect to tem—

perature or time. Fig. 23 shows the DSC and TG scans of a salt obtained as

hydrate or as an EtOl-l solvate depending on the ratio EtOH/HZO1n the sol-
vent and on the temperature of crystallization.

Solution microcalorimetry and isothermal microcalorimetry are comple—

mentary techniques. The larger volumes of the sample cells and the higher
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—-—»Endo

Exo<———Heatflowrdq/dt) 
h'l—r—fi'u—l—

75 100 125 -1 50

Temperature [°C] __‘»

Fig. 22. DSC Scans of three batches of a drug candidate, Code 205—397 hydrochloride, of
similar quality according to powder X—ray dififi-act‘ion (form A) but showing difierenr behavior
following melting [18]. 1) After melting of form A, the enantiotropic form C is obtained from
the melt; 2) a metastable form B, monotropic to the stable form A, is obtained from the melt;

3) only the melting peak of the form A‘ is observed.

sensitivities of the instruments facilitate the study of phenomena with chang—

es in energy much smaller than can be measured by DSC. Calorimetric anal—

ysis of different polymorphs permits the determination of the enthalpies of

transformation. By this technique, the form with the lowest enthalpy can be

identified [18] (see Sect. 3.4).

Modern DSC and TG instruments are sensitive and can be equipped with

robotics for rapid and accurate output. However, both of these techniques are

relatively unspecific. Therefore, DSC instruments may now be coupled to

other analyzing instruments, such as FTIR and Roman spectrometers, and mi-

Yedltepe Unwashed
Bilgl Merltélil
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Table 3. Some Physical Properties of Two Crystalline Forms of a Benzisoqiiinoline Hydro—
chloride ThatAre Enantion‘opically Related [18]

Property
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Fig. 23. Left: DSC curve ofa hydrate (curve a) and a solvqte (curve b). Right: the correspond-
ing 'TG curves. enabling the position of the dehydration and desolvation peaks to be compared

‘ [18].

croscopes, and to temperature—resolved X—ray powder diffractometers, for in—
creasing specificity and easing the interpretation of results. The instruments
may be combined, or the sample may be studied in a temperature—program- '
mable cell within the spectrometer. TG Instruments may also be interfaced
with similar instruments such'as DSC or with a gas chromatograph (GC),

mass spectrometer. (MS), or IR spectrometer. Optical thermomicroscopy
(hot—stage microscopy) with a videorecorder provides a visual study of melt-
ing, desolvation, crystallization, and dissolution. Fig. 24 shows the DSC
trace and the X—ray diffraction patterns obtained by temperature-resolved
powder X—ray diffractometry, of two polymortlhs involved in a reversible
enantiotropic transition [18] ['60].

The equilibration of saturated solutions of the polymorphs in different
solvents, by the slurry techniques, offers the advantage of accelerating sol-
vent-mediated transformations. If a mixture of two forms is equilibrated with
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Fig. 24. DSC Curves and temperature resolved X-my difiracrograms 0f the purine derivative
MKS 492

a solvent, careful observation of the remaining solid is a direct and efficient

way to study the phase transformation. However, as emphasized by Byrn
er al. [76], the clearest indication of the existence of polymorphs and solvates
is derived from X—ray crystallographic examination of single crystals.

Studies of hydrate formation with water—sorption isotherms have been
discussed in Sect. 3.5. The example given in Fig. 25 for tetracaine hydrochlo—

ride illustrates the complexity of investigations of polymorphism. To obtain
the relationships between six polymorphs, a tetrahydrate, a monohydrate, and
a hemihydrate of tetracaine hydrochloride [78], several techniques were nec-
essary: DSC, TG, IR spectroscopy, regular'and temperature resolved Xeray
diffractometry, and solubility studies in different solvents. N0 polymorphism
was observed for the tetracaine base itself.

 
at
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Heating 140°C / 140 Jlg
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Fig. 25. Relationships between six mysmlline forms an amorphous f0]m, and fluee 11deatec]
f01777s of zenacaine hydzoc‘hlmide. Am. amorphous form, T: tetrahydlate M. monohydrate,

H. hemihyd1ate

X-Ray diffraction, DSC, and TG are very useful when deciding upon a
salt form. By these techniques typical questions, which can be answered by

suitable investigations, are: is the solvent retained or released under certain

conditions; are the salts equally crystalline; arethey hygroscopic-,‘are they

stable during storage; what is their polymorphic behavior; is the inanufac—'

tured salt a true salt or a eutectic mixture; does the salt remain undissociat—
.ed in the solid state in the pharmaceutical formulation? [53]. The experi—

ments described for the study of polymerphs allow to establish the relation—

ships between several salts to be studied. Fig. 26 shows DSC curves of two
salts, 3:2 and 1:1, formed by a drug base candidate with furnaric acid. Both
salts could be crystallized from the same solvents, depending upon the con—

ditions of crystallization. Equilibration of .1:1_ mixtures of the two salts in
EtOH or i—PrOH showed the preferential crystallization of the 1:1 fumarate

salt [53].

6. Stability Behavior

Solid—State reactions fall into three categories: solid—solid reaction, solid-

gas reactions, and solid transformations. Solid transformations have been dis—
cussed inSect. 5. For example, tolbutamide Can undergo an enantiotropic

transition at 40 °C [75]. If the chosen polymorphic form is sensitive to a

change of temperature, pressure, or moisture, methods for quantification of
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Exo<4—Heatflow(dq/dt)————>Endo 
60 80. 100 I 120 3140
Temperature (°C) ——>

Fig. 26. DSC Curves ofmixtnres of two difierentfitmarate salts nfa basic investigan'onal drug
substance. 0) Fumarate salt A (base/acid 1:1); b)‘fumarate salt B (base/acid 3:2); 0) 1:1 mix—
ture of A and B, equilibrated in EtOH or i-PrOH; d) 1:1 mixture of A and B, ground; 3) 1:1'
mixture of A and B, placed directly in the sample pan; f) 1:1 mixture of A and B, equilibrated

in AcOEt. ’

the changes need to be developed. For this purpose, phase-pure modifications

have to be produced. Valuable methods for quantitative analysis are powder

X—ray diffractometry [79] [64], Raman spectroscopy [80], diffuse reflectance

IR Spectroscopy [80] or attenuated reflectance spectroscopy [82], solid-state

13C-NMR spectroscopy with high—power proton decoupling, cross—polariza—

tion (CP) and magic angle spinning (MAS) [76] [83] [84]. The limits of de-

tection and the quality of the results obtained depend largely on the sensitiv—
ity and on the selectivity of the signal assigned to eaCh form. For all meth-

ods, the preparation of the samples is a critical factor. It should be ascertained

that the prepared forms are phase-pure and stable enough, if metastable, to

survive the experimental conditions employed. The methods used should

take into consideration the availability of suitable references, such as the in-

dividual polymorphic forms, internal references, external references, orpeak
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ratios. Powder X—ray diffraction is the technique most often employed and its
limit of detection (LOD) can attain 1% or lower [64] [79]. Powder X~ray dif~

fraction patterns, calculated from the known crystal structure may be used
fo1 purity analysis of samples Fur,tl1ermore diffraction patterns obtained at
higher temperatures can be used for the detection of higher-melting enantio—
tropic forms'in samples of lower—melting fo1ms. Thermogravimetry is quite
useful for the determination of the amounts of hydrates in solid samples. The

amorphous content of a solid sample may be determined by X—ray diffrac—
tion, DSC, or microcalorimetry. Determination of the amorphous content by
X—ray diffraction is generally based on the deviation from the baseline, ter—
med the ‘halo’ of the amorphous fraction [85] [86]. The DSC method is ba-

sed on the crystallization peak observed after the glass transition. The micro-
calorimetric method is based on the measurement of the exothermic crystal—

lization peak of the amo1phous form accele1ated by the presence of humid-
ity [86] [87]. X—-Ray diffraction and microcalo1imet1ygGive comparable re—
sults, but the microcalorimetric method15 more sensitive and provides repro-

ducible results1n the 1% range of amorphous content [86]. Solution ca101irn—
etry is also useful but is less sensitive [18]. Analysis of the stability of the
drug product is less easy and depends on the excipient matrix and on the dose
strength

The salt form may influence. the chemical stability of the solid state. I
Walkling [88] studied the solid-state stability offan salts and the free base
of xilobam and observed a salt dependent stability behavior. The counter—ion ' “ 1
can react chemically'with the molecule of- the drug substance by esterifica—

tion, amidation, and/or the Michael reaction. For a drug substance candidate

sensitive to epimerization, a correlation was‘found betWeen the stability in
the presence of moisture and the pH of the salt [41]. Furthermore, if the salt
form is very soluble, dissociation, and variations in the localized micro—pH
with the excipients can .occur in the formulation, resulting in variations in
stability behavior with the excipients. When comparing salt candidates, it is

advisable to compare the pH of solutions or suspensions of the salt forms
taking into. account the influence of pH of the stability profile of the com—
pound (stability—pH profile).

Chemical reactivity in the solid state is correlated with the nature of the
crystalline modifications. Walkling er al. [89] found that the two crystalline
modifications of fenretinide behave quite differently. After 4 weeks at 25 °C,
the stable form showed no detectable degradation, whereas the unstable form :-
showed 8% degradation. In a serious example, the hydrolysis of an investi—

gational compound led .to a toxic degradation product for which one solid
form was much less stable than the other [90]

The amorphous state is very reactive Acco1ding to Zogmfi [7] [30] the
chemical reactivity in the liquid state should enable us to p1edict that of the
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Table 4. influence of Temperature, Light, and Humidity on the Stability of the Amorphous and
Crystalline Forms of a Peptide Drug Candidate

——— '

—m-—

    
 
 
 

 

  

 
  

 
 

amorphous state. Table 4 illustrates the differenceof reactivity between the
crystalline and amorphous states of a peptide drug candidate. In the amor-

phous statel'both the base and its hydrochloride were very unstable. Howev—
er, the base could be obtained as a crystalline material with a substantial gain

in stability [41]. '

When performing accelerated or stressed stability tests on a drug, it is

common to employ chromatography as a stability-indicating and purity—indi-

cating assay of the drug, after isothermal exposure of samples to eleVatecl tem— -

peratures with or without an elevated humidity. If solid-phase transformations
occur under such conditions, the results may not reflect the behavior under

real storage conditions. For example, at a high temperature and high humid—
ity, a transformation of an amorphous form to a crystalline form may result in

erroneous evaluation of the chemical stability of, the amorphous form. If the

temperature is too high, melting can occur leading to reaction in liquid state

at a higher rate than in the solid state. Microcalorimetry may be used to ex-

amine the different stability behaviors at moderate temperatures [91] [92].

The stability of polymorphs under the influence of light can be different

as demonstrated for chloroquine diphosphate [93]. Even for ethoxycinnamic

acid, different photolytic degradation products were obtained for each crys—

talline modification; the oc—fonn gave one degradation product, whereas the

fi-form gave a second degradation product. No degradation product was

found in the y—form [94]. The above examples emphasize that the stability

behavior of salt candidates in the solid state needs to be carefully evaluated.

7. Molecular Modelling and Solid-State Prediction

Molecular modelling by computational techniques plays an increasingly

important role, not only in the design of drug substances but also in the
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study of their solid—state properties. The objective of these predictive meth—
ods is to reduce significantly the otherwise increasing amount of experimen—
tal efforts required. While prediction of crystal structures and their thermo-
dynamic stability remains the long—term goal [95] [96], a brief summary of
the present status of this rapidly developing field is given here.

> Different types of intermolecular forces are present in the various struc—
tures adopted by molecules in the solid state. These intermolecular forces in—-
clude: Van der Waals attractive interactions, H—bonds, electrostatic interac—

tions, non—classical CH - - - OH—bonding, and short directional contacts repre—
senting the repulsive forces. The lattice energy, or crystal binding energy, is
calculated assuming that the interaction energy between two molecules is the
sum of the interaction energies between the constituent atom pairs. The cal—
culated lattice energy can be broken down into the Specific interactions along
particular directions and further partitioned into the atom-atom contributions.
The calculated intermolecular interactions can be further examined using the
vast amount of data available in the Cambridge Structural Database (CSD).

It is possible to interpret solid-state properties in terms of packing and inter—
molecular interactions. Attachment and slice energies can be calculated from

the single—crystal structure, and the crystal morphology can thereby be pre-
dicted. By indexing the different faces of the crystal, morphological manip—
ulations, based on the growth of defined faces, can be predicted for the
choice of solvent or for the choice of additives in the final crystallization, .
From the single-crystal structure, powder X—ray. diffraction pattern may be,
calculated and compared with the experimental pattern.The use of Rierveld
and MonteCarlo algorithms with suitable software can provide the genera—
tion of approximate crystal structures. Polymorph Predictor is a module of
the Cerius software package offered by Accelerys (formerly Molecular Sim-
ulations Ina, MSI). Predictions of this type are based on lattice energy, and
ignore the entropy component. The thermodynamic stability is, of course, de—
termined by the Gibbs free energy, which depends on both the lattice energy
and entropy. Predictions of the relative stability of polymorphs are, therefore,
expected to be more accurate when the entropy relationships are included in
the calculations. Molecular dynamics may provide a useful method for deter—

mining lattice entrOpies. MS] presented the commercial software package
‘PowderSolve’ at the International Union of Crystallography (IUCr) in Glas-
gow, August 1999. This software is designed to determine the crystal struc~
tures of flexible molecules or complex crystals, such as salts or hydrates,

from the powder X—ray diffraction pattern [97]. Software of this type lshould
facilitate comparisons of the solid-state structures of salts. The short time
allowed for today’s drug development requires the use of advancedtools
which enable fast and well-founded decisions.
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1. Introduction

Because of the introduction of combinatorial chemistry and high-

throughput screening (HTS) during the past ten years, the pharmaceutical in-
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dustry is going through a revolutionary change in the way it has been discov—
ering and developing drugs [1]. Larger, more lipophilip, and less water-solu—
ble leads are being selected as a result of the quest for more potent and high—
ly specific molecules. The widespread use of dimethyl sulfoxide (DMSO) in
HTS also favors the selection of lipophilic, water—insoluble compounds,
which are easily solubilized in this solvent. Since some of the attributes of
newer drug molecules are unfavorable to their development as dosage forms,
the ‘developability’ is becoming a critical consideration for the transition of
a chemical entity from the discovery phase to the development phase [2] [3].
There is now a greater collaboration between discovery and development sci-
entists in evaluating such developability criteria as solubility, dissolution rate,
stability, permeability, and so forth, for the selection of optimal—development
candidates. Since, as mentioned in Chapt. 2, salt formation can improve sol—

ubility and dissolution rate of basic and acidic drugs, thus increasing their ab—
sorption rate and bioavailability, we will present in this chapter various strat—
egies for the selection of optimal salt forms for new drug candidates. The
physicochemical principles to be described in this chapter will also be help-
ful in identifying acidic or basic drug candidates that can form more devel-
opable salts.

The salt selection should be viewed as a part of the overall objective of

selecting the ‘optimal form’ of a drug candidate for development. When one
refers to the optimal form, it involves both chemical and physical forms. A
new chemical entity can be an acid, a base, or a neutral species. If it is a neu-

- tral species, there are no options for chemical manipulation to make it more
developable other-than possibly preparing- prodrugs. On the other hand, if it
is an acid or a base, .one can select the free acid or base form,.or, alternative—
ly, one can select a salt form. In the selection of free vs. salt form, questions
that need to be answered are: Is the acid or base form preferred because of
biopharmaceutical considerations?ls the salt form more suitable? Is the prep!
aration of stable salt forms feasible? Among various potential salt forms of a

particular drug candidate, which'has the most desirable physicochemical and
biopharmaceutical properties? _ .

Along with the evaluation of chemical form, the strategy for the selec—
tion of physical form must also be considered. One needs to determine
whether the compound exists in crystalline or amorphous form, and, if crys—
talline, Whether it exhibits polymorphism. One also needs to investigate:
Does the compound exist in hydrate or solvate form? If so, how is such a
form affected by temperature and moisture? How stable is a particular form
in solid state and in solution? The ultimate selection of the ‘optimal form’

of a new drug candidate for development depends on‘a balance among the
physicochemical properties of its various available chemical and physical
forms.
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Another critical element of a salt-selection process in any drug-develop—

ment program is the timing. Here, the critical questions are: When does one
start salt selection? Should a new drug candidate be selected after consider-
ation of its feasibility for salt formation? Or should any such consideration

' be postponed, until the new candidate has been selected and forwarded to the
development stage? How can the salt selection be integrated in the develop-
ment process such that it does not become a rate—limiting step or does notex—
tend development time? i ' . .

The success of a salt—selection program also depends on how various dis—

ciplines Within drug discovery. and development interact and collaborate. The
composition of a salt—selection team and the responsibilities of individual
team members may have profound effects on time and resources spent on a

salt—selection program. '

) Based on the above considerations, salt-selection strategies for new drug
candidates may have the following components: '

i) selection-of chemical forms of salts,

ii) selection of physical‘forms of salts,
iii) salt—selection timing,
iv‘) composition of salt-selection team

In the present chapter, strategies for the selection of chemical forms of
salts will be described in detail. Strategies for the selection of physical forms
will be discussed in less detail, since Chapt. 3 and 7 will also Cover several

aspects of these strategies. Salt—selection timing and composition of salt-se—
lection teams will be discussed only briefly, since no clear picture of how

these are practiced in various drug companies has emerged yet.

2. Selection of Chemical Forms of Salts

At the outset of any salt—selection program, it is important to determine

whether a particular acid or base is amenable to salt formation. If the salt for-
mation appears to be feasible, the question then arises is which one of the
many available counter—ions would be most suitable for the purpose. Some
of these issues will be addressed in this section.

2.1. Feasibility Assessment for Salt Formation

No predictive procedure to determine whether a particular acidic or basic
drug would form a salt with a particular counter—ion has been reported in the
literature. Anderson and FZora [4] reported that successful salt formation gen-
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erally requires that the pIQ1 value of a conjugate acid should be smaller than the

pKa value of the conjugate base to ensure sufficient proton transfer from the
acidic to the basic species. Thus, relatively stronger acids like HBr, HCl, {2!
H2504, or one of the sulfonic acids (pKa < 2.0) would be suitable for the prep-

aration of salts of weakly basic amines having pKa <4. Other investigators also

provided similar but rather general guidelines for the selection of counter—ions.

Wells [5], and also Tong and Whitesell [6] recommended that, for the prepara-

tion of salt forms of a basic drug, the pKa of the acid used should be at least

2 pH units lower than the pKa of the drug. Although these are valuable guide—

lines, a more predictive method for assessing the feasibility of salt formation

would be necessary to minimize trials and errors in a salt-selection program. . . {1
As described in Chapt. 2, the pH—solubility interrelationship and the 10— -

cation of pme in the pH scale play critical roles in determining which salt,

if any, can be synthesized for a particular free acid or base. Ditterz er a1. [7]

reported as early as in 1964, although not for the specific purpose of salt se—

lection, that whether a basic drug would exist as the free base or as a salt un—

, der certain pH conditions can be determined by studying its solubility vs. pH
relationship. Later, Kramer and Flynn [8] demonstrated that the pH—solubil-

ity relationship of a basic drug could be expressed by two independent cur—

ves, and the point where the two curves intersected was the pHm-ax, the pH of

maximum solubility. Thisis shown1n Fig. 1, and the relevant equations are
given below. '

 

At pH>pHmax: ST— [BH*]+[B]

_ _ . =t131. (1_+[H30+l/Ka) . ‘ , I (1)
At pH<pHmax2 . ST: [BH+]S.+[B] '

' = [BH+]S-(1+Ka/[H3O+]) . . ‘ (2)

In both Eqns. J and 2, ST is the total or equilibrium solubility under a partic-

ular pH condition, [B] and [BH+] are concentrations of freeiand protonated

species of the base,’ respectively, and the subscript s represents the concen—'

tration in equilibrium with the solid phase. Fig. 1 essentially illustrates that

. a salt would not be formed in an aqueous medium, unless the pH of the sat—

urated solution of a basic drug is not lowered below the PHmax= and any salt

formed would be reconverted to its free base form, if the pH of a saturated

* salt solution is raised above the pHmax. In other words, solid phases that re-

main in equilibrium with solutions at pH below and above pHmax me a salt
and the free base respectively.

Similar pH—solubility relationship also exists for acidic drugs [9] [10]. As
illustrated in Fig. 2, for a monoprotic acid, the free acid would be, the equi-

librium species at a pH below the pHmaxT and a salt would be formed only if

the pH is raised above the pHmax by using suitable counter—ions. The relevant

 
|PR2020-00770

United Therapeutics EX2008

Page 63 of 183



IPR2020-00770 
United Therapeutics EX2008 

Page 64 of 183

ww~.~.~_..._._ A.._,_,_c,, , . . . . . . A, . . ....._ ,~._-.N...... . . ,.... . . 7 .. ..._“., ,.._.__,,__.

PROPERTIES, SELECTION-AND USE _ 139' 

Solubility
3T = [BH*]+[B]S

= [81.11 +iH3041 I K3}. 

Solid Phase: 3 Solid Phase:
Salt‘ _ , Base

p‘H

Fig.1. Schematic representation ofthe pH—solubil-ity'profile of a mon‘obasic compound, show-
ing that solubilities of bas‘e and salt can be expressed by two independent curves‘correspondJ

ing to two independent equations. The point where the two curves intersect is the pH

 
max-

? .

 Solubility
ST: [AH]S+ [A'] _

=- [AH]s (1 +Ka/[H30+]) ‘ ST=[A_]S+[AH]
: , =[A 15(1 +[H30+]/Ka)

Solid Phase: : Solid Phase:
Acid . Salt

 
Fig. 2. pH—Solubilizy profile analogous to Fig. 1 of a monoprotic acid

equations are given belpwz

At pH < pHmax: ST 2 [Al-HS + [A‘]

= [AH]s - (1+Ka/[H3O+]) (3)

At pH > pme: ST = [A] + [AH] . '

= [A1s - (1 + [H30+]/Ka> (4)
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In Eqns. 3 and 4, ST is again the total solubility under a particular pH condi-
tion, [AH] and [A‘] are concentrations of free and ionized species of the acid, ,
respectively, and the subscript 3 represents the concentration in equilibrium fl
with the solid phase. "

Solubilities of salts, as described by Eqns. 2 and «El, can be influenced by
excess counter—ions present in solution. However, counter—ions influence sol-

. ubilities through solubility products only after salts are formed and, therefore,
might not adversely affect the'feasibility of salt formation. The issue of sol-
ubility product on the salt—selection strategy will be discussed in a later sec—
tion of this chapter.

Semjuddin and co—workers [10—14], and numerous other authors [8] [9]
[15 _ 18] confirmed the application of the above—mentioned pH—solubility re—
lationships in determining under which pH conditions salts of particular acid—
ic and basic drugs can be formed.

2.2. Application of pH—Solubility Relationship: Case Histories

The application of pH—solubility relationships in determining the feasibil—
ity of salt formation can be explained by a few case histories.

2.2.1. Case History '1: REV590] '

Todetermine the feasibility of salt formation for REV—5901 (Fig. 3), a
base with the pKa value 3.7, Serajucldirz et til. [14] determined. its pH—solu--
bility profile as shown in Fig. 4. An identic-al profile was obtained, when
either the free base or the hydrochloride salt was used as the-starting solid
phase. The pl-Imax of the compound was 1, indicating, as mentioned above, a,
salt'form would exist only at pH, below 1.0. Indeed, only two salts, a hydro—
chloride salt and a sulfate salt, could be prepared for REV—5901, since only
strong acids like HCl and H2804, could lower the pH of a saturated solution
below the pHmm of 1. A salt formation with relatively weaker acids like phos-
phoric acid, acetic acid, lactic acid, tartaric acid, and so forth, would not be
feasible, since such acids would be unable to lower the pH below 1.0. Thus, '
just from the pH—solubility relationship, one can narrow down the type and
the number of salts that can be prepared, saving much efforts and resources
that could otherwise be wasted in attempting to synthesize many different salt
forms. Based on Fig. 4, one would even question the suitability of hydro
chloride and sulfate salts for development, because such salts would be con—
verted to the free base form, when the microenVironmental pH in presence
of moisture rises above 1.0. It was, indeed, observed that both of these salts
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OH

wow/
N

‘pKa = 3.6

80 = 0.002 mg/ml

Fig. 3. Chemical structure of REV590], the componndusetl in Case Histmy 1 ‘

1.0 .

, E

r 0.8 E
E e
E 0.6 E

'—‘ B

e. w,

E 0.43

6
U)

0.2   
Fig. 4. pH—Solubility profile ofREV5901 (A), where triangles represent the solubility obtained
with the free base and circles the data obtained with the hydrochloride salt. In the insert (B),

the solubility is shown on an. expanded scale. Either HCl or NaOH was used to adjust pH.

did not have acceptable properties for development, and the free base form
of REV—5901 was ultimately selected.

2.2.2. Case History 2: GW1818

Tong and Whitesell [6] studied the feasibility of salt formation of a basic
drug GW1818, which had the pKa value of 8.0 and the intrinsic free base sol—

ubility of 0.0044 mg/ml. For this compound, the pHmax was ca. 5, and, as a
result, the formation of stable salts with both strong and weak counter—ions,
such as hydrochloride, methanesulfonate, phosphate, and succinate, was fea-

sible. This is because all of these counter—ions could lower the pH below 5.
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2.2.3. Case History 3: Phenyz‘oin  
The feasibility of salt formation for an acidic drug can be illustrated by

the pH—solubility profile of phenytoin (Fig. 5), a compound with a pKa value _
of 8.4 and the intrinsic free acid solubility of 0.02 mg/ml at 37 °C [19]. The -;_i_'E
sodium salt is the commercially available salt form for phenytoin, and there ' V. 1 ’
are numerous reports in the literature demonstrating that the free acid form
of phenytoin precipitate out of salt solutions depending on pH. There is also
the propensity for the conversion of salt to free acid in solid dosage form. It E
is apparent from Fig. 5 that the salt formation for phenytoin is feasible only ‘ ‘
with strong alkalis like NaOH because it can raise the pH above the pHmax
value of 11. Since relatively weaker bases like Mg(OH)2, Ca(OH)2, em, and

the commonly used amine bases like arginine, lysine, etc, would not raise
the pH of an aqueous solution above 11, they will not form salts with phen-
ytoin. Fig. 5 also indicates that any salt formed would be converted. to the
free acid if the microenvironinental pH were below '11. If, unlike phenytoin,

the pHmax of an acid were, for example, around 8, there would be a much
better option for salt formation,-because "the pH could be raised above 8 by
using a larger selection of alkalis and bases. ’

 

Solubility[mg/ml]
pKa = 8.4

$0. = 0.04 mg/ml

0 Free Acld

A ' Sodium Salt. 
o 2 4 e" 8 10- .12 14

Fig. 5. pH—Solubility profile of phenyroin at 37 “C indicating 17H,,m. at 11. Identical profiles
were obtained when either free acid or the sodium salt of the drug substance was used. pH was

adjusted Using either NaOH or HCl.  
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2.3. Theoretical Modeling of pH—Solubility Relationship

In the case histories mentioned above, pH—solubility profiles, which ‘were

determined expe1imentally, have been used to identify the pHmax and to de—
termine the feasibility of salt formation. However at drug discovery and
early development stages,when thesupply of drugsubstances is limited, it

might not be practical to d‘etennine-pH—solubility: profiles experimentally. In

such a situation, the-pH—solubility relationships“corresponding to Eqns. J and
3 for basic and acidic drugs; respectively, can-be generated theoretically, if
pK and SO values are available Then an estimate of pI-lr‘mr1x values can be
made by assuming certain values for salt: solubihties ~

Fig. 6 shows pH—solubi-lity profilesof a bas10 compoundgenerated theo—
. .retically accmding to Eqn’. 1 by us21ng a fixed pKfl value of 8.0 and various
' SO values ranging f10m 0.0001 to 10 mg/ml. In this case, solubilities of salt _

forms corresponding to various theoretical curves are unknown. Anypartic— '
111ar value for the salt solubility can be assumed for the purpOSe of estimat-
ing pHmax values. If, for example, a salt solubility of 20 mg/ml1s assumed
corresponding to each curve in Fig. 5, the estimated pme values corre-
sponding to S0 values of 0.0001, 0:001, 0.01, 0.1, l, and 10 mg/ml would be . ,
3, 4, 5, 6, 7, and ‘8, respectively. The pHmax values wouldnot differ much

even if the solubility of salt form somewhat differs, because, as mentioned in

» ' Chapt. 2, for a ten-fold difference in salt solubility, the pHmax differs by one

unit only. Thus, from the theoretical analysis: of pH—solubility relationships

in Fig. 6, it may be concluded that the salt formation of a base with the pKa‘

value of 8.0 might be feasible with most commonly used acids when SO val—

 

50

 

  
 

4o—

301
so = 0.000120 —Solubility[mg/ml]

10  
0 2 4 6 10

Fig. 6. Theoretical pH—mlubilirv profiles (lemonsnming The efi‘ecr of intrinsic solubilizjv (SO)
ranging from 0.000] to 10 mg/ml of a basic drug with the 12K" = 8.0
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ues are ca. 0.01 mg/ml and higher. This is because pHmax values in these cas—
es would be around 5 and higher, For SO values of 0.001 and 0.0001'mg/ml,
however, relatively stronger acids would be required to form salts because
pHmax values would be ca. 4 and ca. 3, respectively.

The theoretical analysis in Fig. 6 will change if the pKa value of a basic

drug is lower. As shown in Chapt. 2, there is a direct relationship between
pK,L and pHmax; the pHmax decreases by 1 for each unit decrease in the pKa
value. Thus, if the pKa value in Fig. 6 would be 4.0 instead of 8.0, the pHmax
would be 3 and lower for 5.0 values of 1 mg/rnl and lower. In such a situa—
tion, the possibility of salt formation becomes limited, because only relative-
ly stronger acids like HCl, methanesulfonic acid, ethanesulfonic acid,petc.,
can lower the pH of saturated solutions below 3. The salt formation may not
at all be feasible if the SO is below 0.01 mg/ml because the pHmax in this case
would be less than 1.

A confirmation of the validity of above theoretical analysis may be ob—

, tained from the work of Lakkamju et al. [20], where the authors studied
pH—solubility relationships of two structurally similar compounds, avitriptan
and BMS~181885 (Fig. 7‘). The compounds were dibasic in nature, each of
them with pKa values of 8.0 and 3.6. However, the SO values of the com-
pounds differed; they were _0.006 and 0.0007 mg/ml for avitriptan and EMS—
181885, respectively. Because of this difference in SO values, the pHmax val-
ues, due to the effect of the higher pKa (8.0), Were ca. 5 for avitriptan and
ca. 4 for EMS-181885. As a consequence, salts with many different counter-

ions, including acetate, lactate, suCcinate, and taitrate, could be synthesized
for avitri-ptan. But, with EMS-181885, it was not possible to lower the pH of
a saturated solution below 4 by using acetic acid, lactic acid, succinic acid,

0 .
\ / 0

H30 aN—s
NH Hac

[CH3 [CH3
0 o

“N / /"\ —— HN\// /—\ \—
N \\ /N ‘—N N \ Nu_/ N_/ \_/ N_//

Avitriptan , EMS-181885
pKa_1= 8.0; pKa,2= 3.6 me = 8.0; pKa‘2= 3.6

80: 0.006 mg/ml- So: 0.0007 mg/ml

Fig. 7. Chemical structures of avitriptan and EMS-181885
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or tarta11c acid, and, therefore, the salt formation with any of these counter—

ions was not feasible for this compound. However, BMS—181885 formed
- salts with stronger acids like H31304 and HCl

. It should be noted here that self-association of drug moleculesin solu—
tions may sometimes lead to deviations in pH—solubility profiles predicted
fiom pKa and solubility Nevertheless the theoretical modeling can still ser—
ve as a useful method of predicting the feasibility of salt formation because
a pme value may be estimated within a reasonable range. Also, the self—as-
sociation often shifts pHmax in favor of salt formation.

' 2.4. Feasibility of Disalt Formation

‘ Eqns 1— 4 me applicable to compounds With only one pKEl value and,
therefore, the discussion in this chapter has so far focused primarily around
the feasibility of salt formation for bases with one protonatable moiety and
acids with one ionizable species. Such compounds can form only mono--salts
(e. g., mono——hydiochloride, mono—sodium, etc”) In addition, acompound may
have both basic and acidic moieties. Such a compound can also be classified
as one forming a mono--salt, because only one of these groups can be used at
One time for salt formation In contr,ast drugs can also be polybasic or poly-

protic, which might be able to formpolys.alts Examples of disalts, such as
dihydrochloride, disodium, etc” are Common in the literature. Some of the
questions that aiise for compounds with multiple basic moieties or multiple
acidic moieties a1e: Should mono- or poly——salt be synthesiZed for such com—

pounds? Is theformation of poly- salt feasible? If the synthesis of both forms
of salts is feasible which one is preferred for aparticular drug candidate?
Some of these issues are addressed below

 
2.4.1. Feasibility of Salt Formation for Dibasic Compounds

Serajuddin and co—worlcers [20] [21] have demonstrated that the feasibil-
ity of salt formation for a dibasic compound can also be predicted from its
pH—solubility relationship. As illustrated schematically in Fig. 8, the solubil—
ity of a free base increases with a decrease in pH, and, after the first pHmax

(or pHmaX, 1) is reached, a mono-salt might be formed. The solubility of the
mono—salt formed then increases because of the protonation of the second ba—

sic moiety, thus reaching pHmax,2‘ Below pme, 2, a disalt could be formed.

Depending on pH and counter-ions used to prepare salts, there could be three
distinct solid phases (free base, mono—salt, and disalt) in equilibrium with

aqueous solutions. The equations corresponding to solubilities of these three
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= [BH2++]S (1 + Ka_2/[H30+])Solubility
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’ ST: [BHfl + [BHdS
= [BH+]S (1 + [Ham/KM}

/pHmaxJ'
ST: [BH+] + [B15

=[Bls (1 + [H30+]/Ka.1)

Solid Phase: Base

l 3,: [BH2++]S+ [3+]

  

Fig. 8. A schematic representation of the pH—solubiliry profile of a clibasic compound, show-
ing that solubilities of the base and its mono— and climb? forms can be expressed by three in-
dependent curves corresponding to three independent equations. The profile indicates that two

pme values, 13%,“, and pme_2, may exist for such a compound.

phases are given below:

. ST =' tBH+i + [Bis . -
. , = [Blsll +tH30+1/Ka,1) _. , <5)

"At pH < PHmax, 1 and > pHmaxfli - . . I I
“ ' . ST =[BH§+] + [BH+]S'

' I At PH > pHmax, l:

'= [Buns - (1 + [HM/Km) (6)
At pH < pHmax, 2: ST = [BH;+]S + [13+] - z

. = [BHris-<1+Ka,2/ngo+i> (7)

For the sake of simplicity, no censideration of the common-ion effect and the
solubility product was made in deriving the above equations. It should also
be mentioned here that distinct regions in the pH—solubility profile corre—

sponding to IllOIlO- and disalt forms may not be obtained if pKa and/or pHmx
values of the compound are not far apart (ca. '2 units). If two pHmax values
are indistinguishable, only the disalt may be isolated in pure form.

. Avitriptan (Fig. 7),,a dibasic compound, was used as the test compound
for salt formation. As shown in Fig. 9, protonation of the piperazine N—atom

and the pyrimidine N—atom was responsible for pKa values of 8.0 and 3.6, re—
spectively, for the compound. By using HCl to adjust pH, it was established
that the compoundcould have two pHmax values, one at pH-S (pHmax, 1) and
the other at pH ca. 2 (pHn,fl,,,2). This is shown in Fig. 10. lit-is evident from
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H30

pK ' =B.O
CH3 5“ CHaI _..—__>. ' I

o 0‘
_ HN ' __

N _ fl . N
\N—// , - \N—//

\\ O ’/pKa2 = 3.6
uN—s

Hac ‘

[CH30

HN / H‘ /—\ _‘
. I N. N \ N+—H"\__/ N_/N

Fig. 9. Proronazion- of avirripran corresponding to its two 19K“ values

P a}

‘l Solubility i

Solubility[mg/ml] 
1 3 5 7 9 11

Fig. 10. pH—Solubility profile of avitriptan at 25 °C where HCl was used to adjust pH, indi-
cating two pH"W. values. Solubility profile at pH above 5 is shown in the inset.-

Fig. 10 that both mono— and dihydrochloride salts can possibly be prepared

for avitrlptan; the monohydrochloride salt would be the equilibrium Species

at pH between 2 and 5, and the dihydrochloride salt would be the equilibii-
um species at pH below 2. Among various acids used by Laklcaraju er al. [20]
to f01m salts with avitriptan, only HCl could lower the pH of a saturated av—
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(ISOOH
HCID—OH  Solubility[mg/ml] O’Q—OO’O—O——    

1 3 5 7- 9 11

Fig. 11. pH—Solubilizy piofile ofavirriptan at 25 °C where tmtaric acid was used to adjust pH,
indicating the presence of only one pHnm value

itriptan solution below2 and thus could form a disalt. The pH of an avitiip-
tan solution could be lowered below 5 (pHmax, 1) but not below 2 (pl-1mm: 2),
when methanesulfonic acid, acetic acid, lactic acid, tartaric acid, and succin—

ic acid were used, indicating that these acids would form only mono-salts

with avitriptan. As a typical example, the pH—solubility profile of avitriptan

lowered below 2.5 by adding excess amount of tartaric acid. In agreement

with these pH—solubility considerations, the salt—selection program of avitrip—
tan yielded mono——salts for all counter-ions used except for hydrochloride, al-
though the existence of two basic moieties in the molecule intuitively sug—
gested that attempts for the synthesis of disalts using various counter-ibus
should bemade. Thus, conducting a feasibility analysis based on pH—solu-

bility relationships can save considerable time and efforts1n a salt—synthesis
program.

2.4.2. Feasibility of Salt Formation for Diproric Acids,

Equations analogous to Eqns. 5 —7 above can also be derived for acids
with two ionizable groups in order to study the feasibility of mono— or disalt

formation. For such a compound, the solubility of the acid initially increas—

es. with an increase in pH due to the ionization of the first ionizable group

(116., the stronger ionizable group with lower pKa value). At a certain pH, the

first PHmax (pHmaX, 1) will be reached, and above that a mono—salt will form.
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With a further inerease .in pH, the solubility of the mono-salt will increase

due to the ionization of the second ionizable group in the molecule and the

seCond pHmax (pHmax 2) will be reached. A disalt will be fmmed above
pHmax 2 The relevant equations are given below:

At PH‘<pHmax, 1: ST: [AI—us + [A]
=1AH1S (1+K. 1/1H30+1> ‘ . (8)

At pH>pHmax1 but<pHmax 2: ' -
=1A1,+1A"1

= 1A-1s-11 + 1H30+1/K.,1> <9)

AtpH>pH....x.2: ' 1A"1.+1A1 . . ,
=1A--1--<1+1H30+1/Ka 2) ' . (101

In any salt-screening program fOr diprotic acids, the pH—solubility relation—

ships can be'studied' either experiment-ally or by theoretical.considerations

using Eqns. 8 and 9. Then, Whether'a compound will at all form a salt, and,
if it forms a salt, Whether it will form a mono— or disalt can be ascertained

by studying the effect of counter-ion on the pH of a saturated solution. If the

pH'of a saturated solution cannot be raised above pI-lma'm by adding a; par—
ticular counter-ion, a salt would not be formed. If the pH remains between

pHmax,l and pHmax‘ 2, a mono—salt would be formed. A disalt would be formed

only if the pH rises above pHmmfl. In other instances, when pKa values of

two acidic moieties are closer, and, as a consequence, pHmax.l and pl—lnmm2

are also closer or indistinguishable, it might be difficult to isolate mono—salts

in pure forms; either a disalt or a mixture of mono— and disalts might be for-

med. Under such a. situation, the preparation of only disalts may be consid—

ered, and, if acceptable disalts are notavailable, due consideration to the free

form of the drug should be given.

2.5. Effect of Counter-Ions on Salt Solubility

It has been reported extensively in the literature that aqueous solubilities

of different salt forms of a compound may vary depending on counter—ions

used [9] [16] [17] [22—25]. Streng er al. [16] attributed the difference in

aqueous solubilities of lactic acid, methanesulfonic acid, HCl, and H3PO4

salts of terfenadine on the difference1n their K51] values with diffe1ent coun—
ter—ions. Andaman and Flora [4] leviewed the 11te1ature for this aspect of salt

. formation; however, no predictive relationship emerged. It is often difficult

to predict a priori how solubilities of different salt forms of a particular drug

will differ from each other. The reported differences in salt solubilities could

sometimes be due to artifacts; some possible difficulties in the determination
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of accurate salt solubility have been discussed in Chapt. 2 of this volume and

also by Anderson and Flora [4]. It is possible that, fora particular salt, the
excess solid present in equilibrium with a saturated solution during the solu-

bility determination may not be a salt, because the salt may dissociate into
its free form, and thus the ‘apparent solubility’ may not reflect the true solu-

bility of the salt form. This can lead to an inaccurateand misleading solubil-
ity value. Other factors such as crystal lattice energy, solvation energy, com-
mon—ion effect, hydrated state of crystals, and so forth, could also be re3p0n—

~ sible for differences in solubilities of different salt forms of a particular com—

pound. Anderson. and F10m. [4] noted that contributions of salt—forming coun—
ter—ions on salt solubility must be considered in terms of their separate con-

tributions to crystal-lattice and solvation energies. Since crystal—lattice and

hydration energies increase with an'increase in cation or anion charges and
decrease with an increase in ionic radius, the overall effect of a change in salt

form on water solubility will depend on which term, the ionic charge or the

ionic radius, is most sensitive to the change in structure. Lakkamju er al. [20]

' reported that aqueous solubilities of-niono—rsalt forms of avitriptan with five
counter-ions, namely, acetate, lactate, methanesulfonate, succinate, and tar—
trate, were similar and ranged from 14.7. to 16.5 mg/ml, while the solubility

of the monohydrochloride salt was 3.4-mg/ml. However, no analysis of con—

tributing factors leading to the similarity in solubilities of certain salts and
the difference with another was made. ‘ '

2.5.1. CominoitJon Efiecr an SaltSolubiliZy and Dissolution

When a basic drug forms a salt with a relatively strong acid, namely, HCl,

the aqueous solubility of the salt is strongly influenced by the common-ion
effect [11 — 16]. In such a case, Eqn. 2, which "depicts the solubility of such a
salt, becomes » V '

55.: (1+ Ka/[H30+i> R; (11)

where, for a hydrochloride salt, the solubility product, Ksp, is defined by

' Ksp=tBH+LatCri

It isevident from Eqn.]1 that as the chloride ion concentration increases

with a decrease in pH, the solubility of the salt would decrease due to the

common-ion effect and in acCordance with the Ksp value. This fact should
carefully be considered in selecting a hydrochloride salt for development, be—

cause, under the acidic pH condition of stomach in the gastro—intestinal tract,

the=solubility and the. dissolution rate of the salt will decrease. The common—

ion effect due to a decrease in pH is relatively less pronounced in case of salts

...__-..._._.__, __.._,_,.......7._._..,_..'—~_
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of basic drugs with relatively Weak acids. such as acetic acid, lactic acid, are,
because the ionization of such acids decreases With the lowering of pH. .

Solubilities of alkali salts of acidic dings are also governed by the solu—'

bility product (Ksp) and decrease with an increase in common—ion Semjud— -
din et al. [26] reported that the solubility of the sodium salt of an experimen—
tal drug REV3164 decreased from 7.8 mg/ml1n distilled water to 1-. 1 mg/ml
in a 0 1M NaCl solution. This common—ion effect on solubility adversely in—

fluenced the development of REV3164 as a solution dosage form. Such an
efiect of KSp on the solubility of the salt form of an acidic drug can be stud
ied using the following equation:

ST; (1+[H3O+]/Ka) 7K5]. ‘ (12') -

where, for a sodium Salt, K315:[Na+] [A]. The possible effect of KS‘p‘on 'salt -
‘ solubility and its influence on dosage form design should, theiefore, be care—
fully analyzed during thesalt-ferm selection for acidic drugs. Althoughno ,
systematic study has been reportedin the literature, it is usually assumed that '
organic counterrions (3 g., amines) exert relatively less effects on solubility
as compared to the inorganic ones -‘

The use of counter—i—o'us other than hydrochloride may also provide high—
er dissolution rates fOr salts of a basic drug as compared to its hydrochloride

salt formin the gastric fluid where the presence of chloride ions is prevalent
Indeed, Bogardus and Blackwood [27] reported that the dissolution rate of
doxycycline hydrochloride in 0 1M HCl was adversely influenced by the
chloride—ion concentration, whereas a hyclate salt was not Similarly affected.

Unless the non——hydrochloride salt forms of a particular drug are converted to

the crystalline hydrochloride salt du1ing dissolution, no common—ion effect
on the dissolution rate is expected. Since the dissolution is a dynamic pio—
cess, the hydrochlo1ide salt may- not readily form on surfaces of dissolving
non-hydrochloride salts. Also, any dissolved drug may not crystallize out in
the gastric fluid as the hydrochloride salt, unless the solubility of the hydro—
chloride salt is extremely low. When solubilities of different salt forms for a

particular drug are relatively low, such a lack of common-ion effect on the
dissolution rate may result in higher bioavailability for a non—hydrochloride

salt. Recently, Engel er al. [28] reported that the methanesulfonate salts of
two basic drugs had 2.6 and 5 times higher bioavailability in dogs than their

corresponding hydrochloride salts.

2.5.2. in—situ Screening of Counter-Ion Efiecrs 071 Salt Solubility

Since salts with different aqueous solubilities can be produced for a par-
ticular compound by using different counter-ions, Shanker er al. [29] report—

 
|PR2020-00770

United Therapeutics EX2008

Page 76 of 183



IPR2020-00770 
United Therapeutics EX2008 

Page 77 of 183

15 2 PHARMACEUTICAL S ALTS : ‘___..‘_.;:.Jmi.._~_4"
ed a method whereby salt solubilities can be screened in situ using small

amounts of drug substances. In this method, small volumes of concentrated

dlug solutions using different counter—ions are prepared, and the solutions

are then set aside for the crystallization of salts. In such solutions, the coun—

ter-ion concentrations are usually in stoichiometric ratios (or slightly in ex—

cess of stoichiometric ratios) with drugs. Once the crystals are formed and

equilibria are established, drug concentrations in the solutions are measured.

Tong and Whitesell [6] later used this method for the in-siru screening of salt

solubilities for a basic drug having a pKa-value of 8.02 and the free base

solubility of 0.00441ng/ml. However, care must be taken in any routine use

of this method for determining solubility and assessing the feasibility of salt

formation. Supersaturated solutions with pH around the pHmax are often

formed, when a free acid or base and its counter—ions are mixed together

[10] [12] [l3] [18]. Unless crystal forms of salts are produced and equilibria

are reached, any measurement of drug concentration may lead to erroneous

conclusionsregarding salt solubility. It is alsodifficult during the initial set—

up of such experiments to ascertain whether adequate amounts of drugs and

counter-ions have been added. A salt would not crystallize, unless the drug

concentration is adequate and the pH of solution is favorable for salt forma—

tion (for example, its position with respect to pHmax in the pH—solubility

profile). _ , . i _ .

One, should also keep in mind that a negative result with respect to crys—

tallization during in-Situ screening in aqueous media does not necessarily
mean that a salt would not be formed. When salts are not produced in aque-

ous media, it might still be-possible to crystallize them from organic solvents

or water/organiccosolvent systems. For. this reason, there is a recent trend

' where multiple counter-ions and multiple solvent systems are used in an at-
tempt .to prepare salts for a particular compound. In addition to a greater ef—
fort in salt synthesis, this makes the number of samples for subsequent phy-
sicochernical characterization verylarge..For example, if 10 counter—ions are
tested for a compound, and for each counter—ion 10 solvent systems are used,

the total number of samples generated would be 100. Salt—selection strategies

based on pH—solubility principles, as reported in the present chapter, may
greatlyreduce the number of such samples and thus accelerate the salt-selec-

‘ tion process.

 
I?!

 
2.6. Effect of Organic Solvents on Salt Formation

The pH—solubility relationships in aqueous media and their influences on

the salt formation of acidic and basic drugs have been the primary focus of

this chapter. However, organic solvents or water/organic cosolvent systems
.ataéaaaeaaauaamaur‘2‘*"*‘"
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are frequently used for the preparation of salts. Althot1gh not much has been

reported in the literature, it has been the experience of present authors that-

pH—solubility theories may also be applied in assessing the feasibility of salt

formation fromorganic systems. .

. An organic solvent may influence the solubility of a compound in sever—

al ways: 1’) increase solubility of unionized species, ii) decrease protonation
or ionization of the molecule, and iii) decrease solubility of salt formed.

Kramer and Flynn [8] postulated that the pHmax of a basic drug can increase

‘ due to an increase in 30 value in a cosolvent system. Similarly, the pHmax of

an acidic drug may decrease because of an increase in SO value in the medi—

um. As indicated in Figs. 1 and 2, such an effect may favor salt formation.

HoWeVer, this will be true only if the ionization behavior, that is, the 1an2, val—

ue, of the cempound remains unchanged. It has been extenSively reported in
the literature that an organic solvent may adversely influence the ionization

of drug due to a decrease in dielectric constant. as comparedto H20 [30 —_ 32].
For example, alcohols weaken both acids, and bases. Albert and Serjeant [30].
noted that the pKa value of'fan acid was raised by ca. 1 and that of a baSe is

lowered by ca. 0.5-in 60% MeOH in H20. A greater depression in ionization

or protonation can be observed in mixtures of acetone, dioxane, etc, with

H20. Thus, any positive effectof an organic, solvent on pHmax due to an in-

crease in SO of a drug molecule may be negated by the depression of its ion—

ization. The net effect might be such that the pHmax of the molecule becomes

even less favorable to salt formation. The most positive effect of organic sol—

vents on salt formation is the decrease in salt solubility, when suitable organ-

ic solvents with relatively low dielectric constants are used [33]. This favors

crystallization and isolation of salts.

While assessing the influence of organic solvents on the salt formation of

drugs, one should also consider their effects on the ionization of counter—ion

Species used. For example, in forming. salt of a basic drug with a carboxylic

acid, the organic solvent may not only decrease the pKa of the base, it may

also increase the pKa of the conjugate acid as compared to its value in H20.

This will have a negative impact on salt formation.

Thus, due to conflicting effects of organic solvents on SO, pKa, pHmax,

salt solubility, etc, the study of pH—solubility relationships of drugs in aque—

ous media remains the most useful tool in assessing the feasibility of salt

formation. Organic solvents may, however, be conveniently be used to iso—

late salts. If, under certain circumstances, a salt is obtained from an or—

ganic solvent despite an unfavorable pH—solubility relationship in an aque—

ous medium, one should keep in mind that such a salt would be prone to dis-

proportionation in presence of H20 or moisture to produce its free acid or

base form. Therefore the 'salt may not be optimal for dosage form develop-
ment.
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3. Selection of Physical Form

In the above section, we discussed how a rational strategy for the selec-

tion of chemical forms of salts can be developed based on the application of

pH—solubility principles. Whether certain counter—ions have potentials for
salt formation with a particular drug can be determined from a pH—solubil—

ity profile of the drug and the location of pHmax values in the solubility pro.—
file. If it becomes obvious from such an analysis that a stable salt would not

form, no attempt should be made to synthesize such a salt, thus saving time

and efforts in the salt—selection program. However, many drugs can still 'form

multiple salts, and the number of potential salts depends on pKfl and SO val—

ues. When the synthesis of multiple salts is feasible, it is important to narrow

down the'number of salts and ultimately select the optimal salt form based

on physicochemical characterization of solids.

. 3.1. A Multi-Tier Approach

Morris et iii. [34] reported a multi—tierapproach whereby salts can be

screened for their optimal physical form. An updated Version of this approach

is shown schematically in Fig. 12. In this approach, certain physicocherniCal

propertiesof salts are studied at each tier, and critical "Go/No Go’ decisions
are made based on the results of those studies. The number of tiers usually

Tier 1 I Crystallinity (visual. microscopy)‘
. . Crystallizationfromdifferent solvents

. AqLIeous solubility.including
' microsbopic examination Of suspended solid

Tier 2 I Evaluationof crystalline form
. (powder X-ray diffraction, hot-stage micrdseopy)

Thermal properties (DSC, TG)
Hygroscopicity

Tier 3 I Humidity/temperature-dependent changesIn

l crystalform(powder)(-ray, DSC, TG VT-XRD etc.)
Tie,— 4 I Bioavailability screening (optional)

I Stress stability V
I Scale-up considerations .

Final Form

Fig. 12. Schematic representation of a 11'Iulti~tier cipproach for the selection of optimal salt
form for a drug
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depends on the number of salt forms available for a compound. VariOus

methods for the characterization of phy'sicoehemical properties of salts have

been described in Chapt. 3 which can be applied in a systematic manner in

the salt-selection process as discussed here.

In Tier I, the crystallinity of salts is examined by simple visual or micro-

scopic method. If the results of visual and microscopic examinations are inc0n~'

elusive, powder X-ray diffraction may be USed. Equipment is' now available'for
the use of relatively small sample in powder X—ray diffraction studies. If a par—
ticular salt is found to be noncrystalline, attempts are made to crystallize it from

alternate solvents. In many cases, more than-one solvent is tried for the-crys-

tallization of drugs. Aqueous solubilities are then determined for those. salts that

are found to beICrystalline.“During the determination of aqueous solubility,

excess sclids in equilibrium with solutions are exarriined to determine- any

Lchange inery‘st‘al? form. Based on these studies, salts that are deemed to have
acceptable crystallinity "and aqerus solubility are elevated to ,Ti'er2; Which

aqueous solubility is'acceptable for a particular drug often depends on the;
scope of the drug—development project. If a salt'needs to be administered as a '
solution, a certain minimum solubility might be necessary depending on the

close. For a salt designed specifically for oral administration as a solid dosage

ferm, it is not necessary that a s'altwith the highest aqueous solubility must be
chosen; a salt with a relatively low solubility Can also provide, adequate disso—.

lutionrate for the product. Since many salts and their solid forms may possibly

be produced at: this stage, any attempt to conduct full physicochemical charac-
terizati’On of all those forms should be restricted at this time, because the re-

sults would be useless if the salts are not elevated to the next higher tier. For

this reason, the microsCopic examination of salts is recommended in Tier 1, and

powder X—ray diffraction should be used only ifmicroscopic studies are incon—

clusive. It should also'be mentiOn-ed that an amorphous form of drug should be

elevated to Tier 2‘ only in exceptional situations.

In Tier2, an in—depth characterization of crystal properties are conducted

by, using such techniques as powder X-ray diffraction, hot—stage microscopy,

differential scanning calorimetry, thermal gravimetric study, and so forth. Hy-

groscopicity of salts as a function of relative humidity is also studied in this

tier. Based on crystal properties and hygroscopicity, certain salts are then ele—

vated to the next higher tier. If any salt selected in Tier 2 is feund to exist as a

hydrate or solvate, or if it is found to be hygroscopic, further studies in Tier 3

are conducted to determine the effect of temperature and humidity on the crys-

tal form. In this way, the number of salts elevated to Tier 4 can be minimized

Salts selected in Tier 3 are subjected to accelerated stability testing in Tier

4. Effects of temperature, humidity, and light are usually studied. If neces-

sary, any potential incompatibility of salts with selected excipients and the

effect of processing conditions on salt properties may also be studied” at this

  
|PR2020-00770

United Therapeutics EX2008

Page 80 of 183



IPR2020-00770 
United Therapeutics EX2008 

Page 81 of 183

156 PHARMACEUTICAL SALTS: 

tier. Since the stress stability testing of salts is labor—intensive and require
much time, conducting this study in Tier 4 with a limited number of salts

avoids the generation of unnecessary data with other salt forms Screening ‘
for the polymorphism of salts may also be conducted1n Tier 4 by orystalliza-
tion from different solvent systems Again time and effo1t are saved by con—
ducting polymorphism screening in this tier rather than with a larger number
of chemical forms at an earliei tier

Salts are usually preparedin test tubes and beakers during salt screening.
However, prio1 to selecting a salt for development, appropriate consideration

must be given in Tier 4 whether the manufacturing process can be scaled up,
and what would be the relative ease or difficulty1n the scale—up of different ‘
salts studiedin this tier. In many cases bioavailability testing of different salt f, i
and acid/base forms of drugs1n animal models15 also conducted at this sta- I

ge. A dog model is commonly used. However, to save developmental time
and resources, one must be judicious in determining whether the bioavailabil—

ity test should be conducted or not. The salt formationIS an additional step
in the manufacttne of a drug substance. If a freeacidorbase has acceptable
physicochemical pioperties and has comparable bioavailability to its salt'
f01ms, the free form of the compound might be preferred for development.
Prior to reaching such a decision, a comparative bioavailability testing bet—
ween a salt and the free form might be necessary. However, if the physico-
chemical properties clearly indicate that a salt form would have superior bi~
oavailability (for example, the free fo1rn is extremely water-insoluble) a
compa1ative bioavailability testing will not be necessary for the selection of
a salt f01m. Similarly, a compa1ative bioavailability testing of different salt
forms would not be necessary if the salts have acceptable dissolution rates,
even though thei1 aqueous solubilities might diffe1 to a considerable extent.

Morris et al. [34]applied the above multi—tier approach for selecting the
optimal salt form for an HMG-CoA 1eductase inhibit01 containing a carboxv
y1ic gioup as the acidic functionality. Seven crystalline salt forms, namely,
sodium, potassium, calcium, zinc,magnesium, arginine, and lysine, were
synthesized and the arginine salt form Was ultimately selected for develop-
ment The authors suggested that with such a systematic approach the entire
salt—selection process can be completed in 4— 6 weeks. Engel er al. [28] has
recently adopted this multi—tier approach in selecting the methanesulfonate
salt fo1rn for a basic drug.

’4. Salt-Selection Timing

Morris er al. [34] pointed out that the selection of suitable chemical forms

of new dnig candidates, which includes salt selection, must be done at the
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early stage of drug development. This is because any later change in salt form
may require repeating many of the developmental studies conducted prior to
the change, with the consequent negative impact on the development time
and cost. To prepare salts with good biopharmaceutical properties, certain at-
tributes must be-built into drug molecules. Therefore, the most appropriate
time to start thinking about salt selection of any potential development can-
didate is in the drug discovery phase. Due to the pressure of bringing new
drugs from discovery laboratories to the marketplace in the shortest possible
time, the traditional discovery—development interface is getting blurred and
more and more development scientists are participating in drug discovery
working groups [35]. As a part Of the overall developability assessment of

' new? drug candidates, it is during this time that the developmental scientists
should make assessment for the feasibility of salt formation. When a selec—
tion is made from among many potential candidates, some of the molecules
maybe more suitable for salt formation than the others. Also, when the me—
dicinal chemists are still in the discovery mode, they might be able to make
chemical modifications in molecules to facilitate Salt formation,

Much of the assessment at the drug—discovery stage for the feasibility of
salt formation can be'done in Silica based on physicochemical principles out—
lined in the present chapter, and any experime, 'tal work needed might be
minimal. The actual synthesis and characterization of salts for the purpose of
selecting an optimal form for development'should preferably start as soon as i
a developmental candidate is identified. In many cases, the selection begins
through prospective researchbefore drug molecules are officially handed
over to development groups. Morris et al. [34] noted that the salt selection
can be removed from critical development path by completing the selection
when the chemists are still involved with the sealing up of the synthetic pro-
cess. According to them, a systematic salt selection may be completed in as
little as 4—6 weeks. '

 

 

 

5. Salt—Selection Team

It, The selection of optimal salt forms of new drug candidates involves a
E, multi—disciplinary team approach. The team may even decide that a salt is not
if " warranted for a particular drug, and a free acid or base form should be used
i, instead. Since the ultimate use of a salt is in a dosage form, the formulation
g needs must carefully be addressed in the selection process. At the same time,
i a salt, as a drug substance, must be easily synthesized and manufactured. In
_: addition, various analytical tools and techniques are required to characterize
if different salts prepared during the salt selection. For these reasons, in most

pharmaceutical companies, representatives from pharmaceutics, chemical
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process development, and analytical research form core salt—selection team.
Medicinal chemists from drug discovery make the original synthesis of drug

molecules and can provide valuable input towards the synthesis of salts. Rep-

resentatives from drug metabolism/pharmacokinetics address various bio—

availability issues and, if necessary, conduct experimental work in animal

models to compare absorption and bioavailability of different chemical and

physical forms. Therefore, representatives from these two disciplines partici—

pate in the expanded salt—selection team. Inputs from drug safety and mar-

keting are also necessary for the selection of certain salt forms. '

6. Summary and Conclusions

In this chapter, a systematic strategy for the selection of optimal salt

forms for acidic and basic drugs has been described. The selection of an op-

timal salt form for a drug involves the selection of both chemical and phys—

ical forms. At the end of a study, it might also be concluded that a salt form

is not suitable for a particular drug, and the free acid or 'base form is pre4
ferred. Based on physicochemical principles described in this chapter, it is
hoped that some of the ‘trials and eirors’ usually associated with salt selec-

tion can be avoided, thus saving valuable time and resources in a drug—devel—

opment program. ' ' . 7 f ,
Several topics of experimental, physicochemical, and procedural nature

as described in this chapter are summarized below;- They: should be regarded

as essential building blocks of any effective salt—selection strategy.

1. The first consideration 'in any salt-selection program is to determine

whether a compound is amenable to' salt formation. The presence of an

ionizable moiety for an acidic drug and aprotonatable moiety for a basic
drug does not necessarily mean that a salt-would be formed. To form a
salt, the pH of the aqueous solution (er suspension) of an acidic drug

must be adjusted above its pHmax value, and, for'a'basic drug, the pH of

the solution must be below its pHmax. Counter-ions used to form salts

must be suitable to achieve such pH conditions. Otherwise, salts would

not be formed. From this consideration, it can be determined whether the

salt formation might be feasible for a particular compound, and, if so,
which counter—ions should be tested. '

2. The pHmam principles have been discussed in detail in Chapt. 2 of this

volume. The pHmax value for a particular drug can be determined experi—

mentally from the pH—solubility study. It can also be estimated theoreti-

cally form a knowledge of pK,1 and solubilities of free and salt forms of

the compound. It is not necessary that pH—solubility profiles for a partic:
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ular compound should be determined with all counter—ions considered for

salt formation. A' profile of the compound with only one suitable counter—
ion can give-a fairly good idea of its pHmax value. A reasonably good es-

. timate of the pHmax value can also be obtained from a theoretical pH—sol—

ubility profile generated from SO and pKa' values even without the solu-

bility Of a salt form.

3. Multiple pHm,1X values might exist for compounds with more than one
' ionizable or p1otonatable groups. pH~Solubility and pHmax principles are;

also applicable in determining whether such a compound would form a

mono-salt or multi—salt (e.g., disalt) with a particular counter—ion. Mono—

or multi-salts may selectively be synthesized by using appropriate coun—
ter—ions. v

4. It is granted that aqueous solutions alone are not always uSed to prepare

salts, and mixtures of aqueous and organic solvents are often used. The-
re are, however, conflicting effects of organic solvents on SO, pKa, and

salt solubility, and, asa consequence, the pH-max may be positively or neg-
atively impacted; The major advantage of using an organic solvent is to
lower dielectric constant of the solvent system used, which generally de-

creases solubility of salts and thus facilitates their crystallization and iso—

lation from solvents. In certain situations, a salt that wOuld not normally

exist in an aqueous medium might be formed in a cosolvent system due
to a more favorable pHmax value. However, such a salt might dispropor-

tionate into its free- unionized or nonprotonated form, when it contacts an

r, aqueous medium. For these reasons, pH-solubility relationships of drugs

in aqueous media remains the most useful tool in assessing the feasibil—

ity of salt formation.

5. In selecting counter-ions for salts, the fact should be considered that cer— A

tain counter—ions can exert significantly more pronounced common-ion

effects in aqueous solubilities than others. Salts formed with relatively

stronger counter—ions (e.g., hydrochloride salt, sodium salt, etc.) are rel—

atively more affected by counter-ion than the salts formed with relative-
ly weaker counter-ions (e.g., salts with carboxylic acid, amine, etc).

6. When several salts for a particular compound are synthesized, physico—

chemical tests to characterize solids can be conducted at different tiers

with a cGo/No Go’ decision at the end of each tier'of testing the salts. By

a systematic multi-tier approach, many different salt forms can be screened

for their physicochemical properties with the minimum of experimental

effort. ,

7. Finally, the salt selection is a team approach with representatives from

pharmaceutics, chemical process development, and analytical chemistry

forming the core salt—selection team. Representatives from drug discov-

ery, drug metabolism/pharmacokinetics, drug safety, and other disciplines
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participate, as needed, in an expanded team. Through such teamwork and

with preper planning, the salt selection can be removed from the critical

development path, thus accelerating drug development.
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Chapter 7

'A'Proc’edure for Salt Selection andeptimization

by Michael J. Bowker
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1. Introduction

Until ca. 15 years ago the drug discovery processes adopted by pharma-
ceutical companies involved the screening of large numbers of compounds
that had been synthesized by the company’s research laboratories over many
years. Alternative sources of compounds were also available to some compa—
nies from university laboratories, .or as extracts from .a multitude of natural

sources. In the last 15 years,» there has been a rapid change towards the use.

of combinatorial—chemistry techniques which are now being used routinely
to prepare many thousands of compoundsper year. .As described in Chapt. 6,
these compounds are generally dissolved in dimethyl sulfoxide (DMSO) to
enable screening for activity in an enzyme— or receptor-based assay system.
Initial screening usually involves a highly automated ‘high throughput screen’
(HTS). If the number of ‘hits’ found is large, the numbers are‘us'ually refined I
by a more involved and specific ‘low throughput screen’ (LTS) and 'other se—

lection processes, until a manageable number of , ‘leads’ is available; Often,
several of these ‘leads’ show only moderate activity, and further structural re— ‘
finement and optimization is invariably necessary, using a mixture of com—

putational techniques and intuition by the chemistry team, until a smaller,
number (usually l~ 5) of highly active potential ‘candidates’ remain.

These ‘candidates’ are usually relatively impure free bases, free acids, or ‘
neutral molecules, and are often amorphous. Because they are dissolved and
stored in DMSO'prior to being used in screening procedures, there is no need

to ensure that they'are crystalline. Also, the preparation of any salts of these

compounds is rarely necessary as the neutral/covalent molecule usually ex—
hibits better solubility in both DMSO and the assay system to be used by the
pharmacology group. As can be seen readily, these new procedures favor lipo-
philic molecules, whereas the majority of marketed drug substances are hy-
drophilic. The need for water-Soluble candidates for use in drug development
and the vast majority of dosage forms has been recognized [1—4] for many
years before the advent of ‘combinatorial chemistry’.

Because drug substances are designed to bind with a receptor, enzyme,
protein etc., they normally possess several functional groups capable of hy—
drogen bonding. Some of these functional groups may give potential for salt
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formation and thus increased hydrophilicity. This salt formation also gives

the pharmaceutical chemist and formulation scientist the opportunity to mod-
ify the physicochemical (e.g., melting point, hygroscopicity, chemical stabil—_
ity, dissolution rate, solution-pH, crystal form etc.) and mechanical (e. g.,
hardness, elasticity etc.) characteristics of the potential drug substance and to -

develop dosage forms-With good bioavailability, stability, manufacturability,
and patient compliance. ,

For weakly basic drug substances, salts of an inorganic acid (e. g., hyd1o- I
chloride, sulfate 01 phosphate) a sulfonic acid (mesylate, esylate, or isethion-
ate), a carboxylic acid (aCetate, maleate, or fumalate), a hydroXy acid (citrate.
or tartrate), or possibly an amino acid (arginine or lysine) could be Consid-
ered. In the past, hydrochloride salts have often. been the first choice for
weakly basic drugs, s‘inCe,'-as 'a Censequence of the. low counter-ion pKa, salts
can nearly always be formed, and recrystallization from organic solvents is
normally straightforWard. HoWever, the potential disadvantages of hydro—
chloride salts include unacceptably high acidityin formulations (e. g., paren—

teral products), the riSk ofcorrosion of manufacturing plant and equipment,
less than optimal solubility due to the risk of salting out, and the potential fo1
poor stability, if the drug1s acid labile and hygroscopic [2].

' Historically, prior to the severe regulato1y constraints that abound today,
it had been possible to develop the neutral species (free acidor free base) to—
gether with one or more different salts. These differentcher‘nical forms were
often used for specific purposes. An excellent example of this concerns the

phenothiazine drug substance, prechlorperazine. The free base Was used in
suppositories, as it was the most lipophilic form, the mesylate salt was used
in injections and in sachets for the preparation of an oral solution, whilst the
less soluble maleate was used fer the manufacture of tablets.

Occasionally, salts were also prepared in former times to decrease drug

substance solubility for use in suspension formulations where very low sol—

ubility is necessary to prevent ‘Osrwald ripening’, for taste masking (e.g.,
dextropropoxyphene napsylate suspension), or to prepare an extended release
product. Embonate salts have been used in suspension formulations to in—
crease the duration of action (e.g., chlorprornazine embonate). On some oc-

casions, the selection of a salt with only modest aqueous solubility may be

more suitable for use in tablet products prepared by wet granulation, since

the use of highly soluble salts can be detrimental to the granulation pro—

cess. Depending on the dose required, aqueous solubilities in the range of
0.1 — 1.0 mg/ml will normally be sufficient to satisfy the dissolution require-
ments for standard, solid, oral dosage fonns of drugs with good—to—moderate

potency However, for parenteral solution products, higher solubilities, per—
haps 10 mg/ml or greater, depending on the required close and dose volume,
may be required. For parenteral formulations, the pH of solution (normally
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within an acceptable range of 3—10 for intravenous solutions) should be
monitored to help ensure that the formulation will be well tolerated.

Manipulation of drug substance solubility by selection of salts may also
be employed to modify the pharmacokinetic profile of the drug (e.g., benza—
thine penicillin and insulin zinc complexes used in parenteral formulations).
Salt formation may be also advantageous where the melting point of the ac—

tive moiety is low, and it is necessary to mill or micronize the active ingre-

dient to achieve adequate homogeneity. A suitably stable salt may have a

melting point that is 50 — 100 °C higher than that of the free acid or free base.
Also, being more ionic. the crystals are likely to be less plastic and more
easily deformed by brittle fracture.

Chapt. 6 describes some of the theoretical aspects behind salt formation.
This chapter desc1ibes some of the procedures adopted by the Prefer/mild-

tion team at the Aveniis Pharma (previously Rhéne-Poulenc Rorer) Degen—
ham Research Centre (DRC). These procedures are similar to a systematic

approach proposed by Morris, et al. -[3] but were devised empirically with one
aim of how to obtain the maximum amount of information from the minimum

amount of precious candidate batch. The outline of the process is shown in the

Figure.

Where possible we prepare a range of salts for .each new candidate and

' compare their properties in our preformulation program, which is designed
' to give us the relative suitabilities of each one. Only one salt form15 devel—
oped, and its prope1ties should be appropriate to the primary route of ad—
ministrationand the intended dosage form proposed for initial marketing.

The properties of the drug substance required for one dosage form may be
quite different from those required for another. An understanding of the in-
fluence of drug substance, or its salt, properties on the finished product is '
essential to ensure selection ofthe optimum salt form. Some of these aspects
are dealt with in more detail in Chapt._4. The procedures demonstrated here

are also described in outline form in [5].

2. Salt Formation — Is It Necessary, Is It Feasible?

Each new molecule synthesized within the Discovery Chemistry group

has an entry prepared in the compound database. Among the first informa—
tion added as an entry into this database for each compound is the calculat-

ed pKa value of each ionizable group in the molecule [6— 9]. Another early

entry is the calculated log P value. Immediately, a small amount of material

is made available, the values are determined experimentally on 1—2 mg of

sample by potentiometric titration (e.g., Sirius Model GLpKa apparatus,

Sirius Analytical Instruments Ltd), and the values determined experimental—

' ”1"“!l
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1 Microscale screening for
possible salt formation

Primary Salt
Screening 

Confirmation of successful

salt crystallizations by preparation
at 10-50 mg scale

 
  

 

 
  

 

Feasibility

First Scale-Up Batch
50—200 9
Discovery Chemistry
Several salt candidates

3

Optimization
First Phase

 

 
 

First Batch by
Process Development

‘ 250—500 9
One salt candidate

. Preclinical form ulations. .
Safety testing

4

Optimization
Second Phase

5

. Optimization
’ Third Phase  

  
 

 

Bulk Synthesis for developing
clinical material

Several kg

6

Optimization
Fourth Phase

Bulk Synthesis
Full scale for

marketed product
 
 

  

Figure. Process of salt selection and optimization

1y are again entered into the database. The logP value is usually determined
concurrently by chromatography using an octanol-loaded HPLC column

[101- _

Synthesis of a working quantity of each new candidate is rarely under—
taken at a scale that exceeds 5 g; the primary synthetic aim is to provide suf—

ficient compound for activity screening in both cell and animal models. Once
activity is confirmed in these screens, the material remaining from this first
batch is usually further sub-divided across a small number of Departments.
The amount of drug substance made available to Physical Chemistry and the
Preformulazion teams together rarely exceeds 1 g and is often less than 0.5 g.

With the pKa value of each ionizable group in the molecule known,
either by experimental determination or by calculation, a list of potential salt
forming agents (counter—ions) can be selected, for each candidate, based on
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lists that are available in the literature [2] [11—13] (see also the tables in

the Appendix). Based upon studies on numerous candidates over more than

10 years, it is our considered opinion that, for the formation of a stable salt,
there, should be a minimum difference of ca. three units between the pKa

value of the ionizable group and a possible counter-ion. This is especially so

when the drug substance is a particularly weak acid or base where dispropor—

tionation back to the component parts often occurs in solution. This then re-

sults in precipitation of the free acid or free base. Occasionally, an exception

may be found where a salt has an acceptable stability, despite there being a

smaller difference in the pKa values.

To maximize the amount of data obtained from small quantities of can-

didate drug substances, micro and semi-micro techniques have been devel—

oped and are used regularly within our groups. A microplate technique has

been devised by the Aventis Physical Chemistry group for rapidly and qual-

itatively screening whether solid salts can be prepared. This involves dissolv—

ing ca. 50 mg of sample in a suitable, volatile solvent and adding a fixed vol— '

ume of this solution, containing ca. 0.5 mgof sample, :into each glass micro—

plate well. Concentrated solutions of each potential counter—ion in equimolar

proportion, or (if the molecule could form double .or triple salts) other appro-

priate stoichiometric ratios, are prepared, and a few microlitres of each is

added sequentially to each well. Thus, all the wells in linel (‘x’-direCtion)

will contain the same combination of sample and counter—ion 1; all the wells

in line 2 contain the same combination of sample and counter-ion 2, etc. Dif-

ferent, potential crystallizing solvents can be investigated systematically in

the ‘y’—direction. The wells are inspected using-an inverted microsecpe
(Leica, model DMIRB) at regular intervals for the appearance of Crystals or 1

solid. Occasionally, crystallization can be promoted by evaporation of any
excess solvent in some wells using a slow stream of dry N2 gas.

Once the possible combinations of counter—ion and .solvent(s) are identi— ‘

fied, studies at aslightly larger scale (usually 10—50mg) can be initiated to

confirm the formation. of a crystalline salt or an amOrphous solid and initiate

a study of any polymorphism. These studies give a lead to the chemist and

can help in the identification of future problems. Melting points are deter-

mined by hot—stage microscopy, and samples showing evidence of hygrosco-

picity can be evaluated using adynamic vapor sorption (DVS) analyzer

(Model DVS—J, Surface rMeasurement Systems Ltd.) There is usually suffi-
cient material for a preliminary powder X—ray study using an environmental

chamber (model D8 Advance, Bruker Instruments) to qualitatively determine

the presence of crystalline or amorphous: material. Frequently, thesestudies

can also give information on the existence of solvates and hydrates, especial—

ly if differential scanning calorimetry (DSC; 'Mettler Toledo DSC, model

820), thermal gravimetric analysis (TGA; Mettler Toledo TGA, model 850),

Wasp/tat: '
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and hot—stage microscopy are also used in the evaluation prOcess. Most of

these studies can be accommodated, if care is taken, on 20 —25 mg of sam—
ple. .

In parallel with these studies, a preliminary HPLC method is developed
within ca. one week, and, after completionof minimal validation, it is used
to give an estimate of the purity of the original sample, whilst IR and other

spectroscopic techniques may be used to define the salt and the stoichiome-

try. Knowledge of the approximate purityis important at this stage, as the

presence of high levels of some impurities can often hinder crystallization
by ‘poisoning’ crystal growth or promote the formation of a specific poly—
morphic form. Immediately after-the development of'thisHPLC method for

use in the assessment'bf the main manufacturing impurities, the analytical
chemists turn their attention to the development of the corresponding stability-

, indicating method. The development and partial validation of this method1n—
volves the use of(degraded solutions of the drug substance producedin ac—

celerated stress studies. This method takes ca. three weeks to complete and

‘ can then be used1n the early stability evaluation of salts, theirsolutions and,
ultimately, simple formulations.

Thds, by carefully planned studies using a small quantity of drug sub?
stance, it is possible to identify quickly the pos'sibilities for the chemist to in-
vestigate, once larger quantities of drug substance are made. These studies

may point to a small group of potential salt formers for initial evaluation;

they also give the chemist ideas on possible recrystallization solvents that can
be tried.

3. The Salt-Optimization Process —- First Phase

 
3.1. Choice of the Salt Former (Counter-Ion)

_ The choice of salt former (counter—ion) depends on several factors. Ob—

viously the primary factor is that it should yield a crystalline salt. Crystallin-

ity in a salt affords a means of purification and removal of unwanted impur-
ities. Lack of crystallinity (125., the salt is amorphous) normally would be ex—

pected to lead to severe problems and uncertainties, if the product intended

to be developed is a solid, oral dosage form. The prospect of unexpected and
uncontrolled crystallization at some stage with just one batch, creating a
product recall, is something that the Quality, Regulatozy, and Marketing
groups could not live with. Absence of crystallinity is often less of a prob-
lem if the dosage form intended is a liquid.

The choice of salt is also governed largely by the acidity or basicity of
the ionizable group, the safety of the counter-ion and the drug indications.

 
Yeditep'e WWW“

Bit‘gl Marked

|PR2020-00770

United Therapeutics EX2008

Page 92 of 183



IPR2020-00770 
United Therapeutics EX2008 

Page 93 of 183

168 PHARMACEUTICAL SALTS:___—____________________________.————-———

Table 1. Classification. of Common Pharmaceutical Salt Fowners

Inorganic acids Hydrochloride. Hydrobromide,
Sulfate, Nitrate, Phosphate

 

  
 
  

Sulfonic acids Mesylate, ESylate, lsethionate,
Tosylate. Napsylate. Besylate
 

  
  

 

Carboxylic acids Acetate, Propionate, Maleate,
Benzoate, Salicylate, Fumarate
 

  

 

Anionic amino acids Glutamate, Aspartate
 

  Hydroxy acids Citrate, Lactate, Succinate‘
Tartrate, Glycolate
 

  

 

Fatty acids Hexanoate, Octanoate, Decanoate,
Oleate, Stearate
 

  
Acids for Pamoate (= embonate),
insoluble salts Resinate (e..g., Polystyrene sulfonate)

Cations

Organic Amines

  
  

Sodium, Potassium,

CalciumMagnesium, .Zinc

 

   
 

 Triethylamine, Ethanolamine, Triethanolamine,
Meglulnine, V
Ethylene diamine, Choline

V Bases for Procaine, Benzathine '
insoluble salts ‘

 
 

 
 

  

' Toxicological and pharmacological implications of the selected salt former
must be considered, as well as the effects of the parent drug. Salt formers can

be subdivided into a number of categories depending upon their functional—

ity and purpose. Some of the most frequently used examples are listed in
Table 1 . ‘

3.2. Scaling Up the Preparation of Salts

In parallel with the preliminary evaluation of opportunities for the forma—

tion of crystalline salts, the Process Chemistry group start to investigate the

possibilities for economic manufacturing routes for each of the candidates re-

maining (usually one or perhaps two at most). The manufacturing route may
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be the same as used by the Discovery Chemistry group, but usually is quite
different as less expensive reagents with greater commercial availability start
to be used The aim is to manufacture 1apidly 50— 200 g of each candidate to

permit thei1 evaluation by teams from various departments, including Toxi-
cology. A significant portion of this batchlS destined for the preparation of
3 4——g of each of the salts that were considered viable from the early studies
on the smaller batches. An equivalent portion of the free base/acid is also
taken for compaiison purposes. The combination of individual studies that
me undertaken on each of these 3——4-g portions varies depending on the

type(s) of dosage form required for initial clinical evaluation and also that ul-
tirnately required for marketing. ,

The most common ioute of administration for drug substances is 01ally .

For the oral route, the dosage forms most commonly encountered duringini—

: tial clinical investigations f01 the drug substances are highly dependent on
. company3 philosophy. Some companies use simple oral solutions whenever

' the drug substance ploperties permit; they revert to capsules for less soluble _
candidates. Otheis prefer todevelop tablets that would closely resemble a po—
tential marketed fo1mulation. The maj01ity seem to adopt an intermediate

strategy of using capsules for oral dosing, to be followed by tablets for mar—
keting. In addition, an injection formulation is also invariably required for
certain toxicology studies and at least a determination of the absolute bio—
availability of the oral solid dosage formin humans. Obviously, if. the candi-
date is required for the treatment of asthma, inhalation dosage forms would
be developed, together with an injection formulation for limited studies.

' To generate data that is an invaluable preliminary to the development

process for the chug product(s), a basic ‘checklist has been devised. This
list contains a reasonably comprehensive range of tests that give an initial

database of prope1ties to establish a firm basis fO1 later decisions. The 4g
batches of each salt, plus the free acid or free base, are eXamined using each
of these tests. Similar ‘checklists’ can be'established for drug substances that

are intended to be develOped into a solution (injectable or oral) formulation
or one intended to be delivered by the pulmonary route (solution metered

dose inhaler (MDT), suspension metered dose inhaler, or dry powder inhaler

(DPID. Obviously, many of the tests give basic data that should be obtained
irrespective of the type of formulation that is intended. In several cases, the
test remains the same but the target value expected for the result may differ.

An example of this would be aqueous solubility; the target value for a drug
substance intended for use in a solid, oral dosage form would be around

1 mg/ml in a medium with a pH value within that found in the human gas—
tro—intestinal system (a lower target solubility would be acceptable, if the
candidate was shown to be highly potent). A similar candidate intended for

use in an injectable formulation would have a target solubility value around
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10 mg/ml, unless it was also exceptionally potent. Similarly, for a candidate
intended to be developed into a solution MDI, it would be important to de~

termine that the solubility in the new hydrofluoroalkanes (HFA 13421 or

HFA 227) was high enough to yield an acceptable dose from an actuator. The

solubility would also be determined in these HFAs containing up to 5% eth—
anol. It is less important to determine it in aqueous-based solutions. Lack of

adequate solubility in the pure HFAs or an ethanolic HFA solution implies
that a suspension MDI should be considered. For a drug substance destined
to be formulated as a suspension MDI, it should ideally be readily microniz—

able and also have a density similar to those of the HFAS to enable mainte—
nance of a stable suspension. - :. 5-1

A typical compilation of the main tests used for d1ug substances intend- H
ed for solid, oral dosage f01ms is presentedin Table2 ;it shows the types of

tests normally chosen and the information that these tests can yield. A more
detailed tabulation of these tests and the amount of sample normally required

. is given in Table 3.

 

3.3. The Decision on What To Develop a Salt or Free Acid/Base?

The results obtained from each of the small batches "of salt and the free

acid or base form the initial ‘Prefommlarion Database’. The results are tab-

ulated for comparison and the collated results discussed by all the scientists

concerned in the project The Pzefmmularion scientists assess the relative
. merits of each form for use in the proposed clinical formulations, and whethe1

the properties suchas solubility are adequate to give the high concentrations
required1n the variouspre——clinical formulations. Process Chemistry needs to
assess the likely yield of each salt as salt formation normallycreates an ad-
ditional step in the manufacturing process. Usually, the decision—making pro—

cess results in the proposal of a single saltfor further study, though, occas

sionally, .it is seen that none of the .salts has optimum properties, and two dif—
ferent salts can be proposed for further, in-depth study. It is occasionally fo—
und'that the overall properties of the free acid/base are much better than any

of the salts. This occurs more frequently where the candidate base has a low

pKa Value (or a correspondingly high value if the candidateis an acid), and
the resulting salts are less stable than required when the salts are particular~

' 1y hygroscopic, or when they exhibit complex polymorphism/pseudopoly-
morphism (hydration or solvation).

These simple investigations give much useful information very quickly
and with lowusage of drug substance. Itis important to realize, however, that

the polymorphism study undertaken at this stage is very limited, and a much

more detailed study is always undertaken later. This very early study uses a
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Table 2. Prefornmlation Srmlies'ThatAm Nommlly Considered f01 Comparison ofSalt Forms
and P6116112? Compound for 01a] Dosage Farms

D_issociationconstant Potentiometiy, solubility, Deteirnine pK for parent diug
UV spectrophotometry.

Melting point Capillary m.p., hot-stage Perform on each salt and compare to
microscopy, differential parent.
scanning calorimetry.

  
 

  

 
 

 

 

 

    

 
 

 

 

 

 
 

 
 
 

 
Overnight equilibration at
25 °C; analysis by UV

spectrophotometry or HPL‘C.

Cosolvent solubility Overnight equilibration at
25' °C, analysis by UV

spectrophotometry or I-IPLC. '

Aqueous solubility Perform on each salt and compare to
parent.  

 

 

  
Examine pH of satulated solution if

quantities permit. 

Determine solubilities- in:
ethanol, polyethylene glycol,
propylene glycol, and glycerol

(as a minimum) ‘
and compare to parent.

  
 
 

 

  
 

 
 
 

 
 

 

 
 

 
 

 
 

 
  

  

 ‘Commonaon’ effect
on solubility

Ovemight equilibration at
25 °C in suitable media and ,

analysis by UV spectro-
‘ photometry or HPLC.

Compare solubility in demineralized
water with 1.2% NaCl for salts and

parent.
 
 

   Hygroscopicity

 
Use DVS apparatus or expose Perform at 53%, 93% and 97% r.h.,
to various humidity values and and other values of interest. Assign

measure weight gain after one hygroscopicity classification to each
week. salt [14].    

 
 

 
 

 
 

Intrinsic dissolution Use Wood ’5 apparatus [15].
rate (IDR)

Compare dissolution rates at various

pH values (can provide information
on wettability).

If appropriate, consider use of
‘Dressman buffers’ [16].

Crystal shape and SEM 01 optical microscopy. Compare Ciystal habits and levels of

appea1ance agglomeration.

SEM and lasei diffraction Examine particle size distributions. '
Polymorphism/ Recrystallization from van’ous Preliminary explmanon.

Pseudopolymorphism solvents of differing polarities,
- HSM, DSC, TGA.

Powder p1ope1ties Bulk density measurement Determine Cmr’ s Compressibil ity
Index[ 17 — 19].

Stability

  

   
 

 

 

  

  
 

 
 

    
  

Perform on parent drug and

undertake preliminary tests on

appropriate salts.
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Table 3. Tests To Be Considered for the Evaluation. of Candidate Salts

Elemental Analys1s 10
  

 
  
  
  
  

  
 
 

  
 

 
 

 

 

Structui al Analys1s

Mass spectrometry“)

'H—NMR“)
13C—NMR
1R

UV

Fluorescence spectrum“)

 
  

  
 

 
 
 

 
 

Physicochemical Properties

 

 

Melting range

pm“)
C logP/logP“)

2

5

5
 
 
 
 
 
 

Preliminary polymorphism study 200 — 500
X~Ray diffraction 20

Aqueous solubility”) 100
pH—Solubility profile 500
Cosolvent‘ solubilities‘) 300

 Propellant solubility") 500

Physical Properties

 
  
  
 

 

Hygroscopicity . ‘
Microscopy (SEM/Optical)

Particle size (Malvern)
Size reduction (sonication)

Impurities (HPLC)
 

 
 

  
Related substances“)

Degiadation preducts“)
Chi1al--pu1ity“)
 

 
  

  

Stability Studies 
  Stability to hydrolysis (pH 2,7 10)')

Stability to oxidation (peroxide/pcracidJ“)
Stability to photolysis“)

')D.ete1mined on free acid/base only b) Includes solubility in saline, 5% dextiose
solution, and some buffers °) Also solubilities1n complexing' agents/surfactant sys-
tems wheie app1op1iate. d) Piopellants and piopellalnt/cosolvent systems for inhala—
tion dosage forms.

range of individual protic and aprotic solvents of Widely differing polarity,

mixtures of these solvents, and mixtures containing water. More often than

not, it will enable detection of a ‘stable’ hydrate or solvate. If a relatively sta—

ble hydrate is detected in this early study, it is usually benefiCial to prepare

a small sample (1— 2g) and to repeat some of the tests such as solubility, in
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trinsic dissolution, thermal analysis etc, as hydrates are invariably less solu—

ble than anhydrates. Also, it is useful to know both the dehydration temper-
ature and the polymorphic form produced upon dehydration. J _

' Once we have completed these initial studies,a short document is draft—
ed that gives a summary of what has been found, the likely effect on an in—
itial clinical formulation (i. e., do any Of our findings impact heavily upon the

choiceof formulation or manufacturing process?). The recommendations of
the collective group involved in these studies on whether to develop a spe—

__ cific salt, or the free acid or base are placed before senior management for
. ratifieation.

 

3.4. The Negative Aspects of Salt Formation 
One of the negative aspects of salt formation is that the percentage of ac-

tive content of the drug substance decreases markedly as counter-ions with

higher molecular weights-are used. If the. free acid or base has only moderate
or low'activity, it may be necessaryfor the patient to be prescribed a rela—

tively high dose for a clinical effect. It is quite common to have a situation

where 20 _— 50% of the weight of the drug substance is due to inactive counter—
ion. Because most chug substances have flow preperties that are non-ideal, it

is necessary to formulate them with suitable excipients for encapsulation or

tableting. The final powder mix, or granule, may require 40 —70% of excipients
to enable it to be filled SUCCBSSflllly. Addition of the contribution made by the

inactive counter—ion to that of the excipients may result in a very low percent-

age of active'ingredient. in the finalmixture. This often creates a powder vol—

ume that is too great, even after granulation, to fill successfully into even the

largest acceptable size of capsule shell. It may mean that the unit dose is more

than one tablet or capsule, a situation that does not aid patient compliance.

‘_ Other problems that are frequently created, or exacerbated, by salt forma—

, tion are an increasedtendency for the existence or formation of hydrates and
, polymorphs. Hydrates may be produced slowly on storage in formulations by

interaction with atmospheric water, water bound to excipients such as lactose

monohydrate, or the water in capsule shells (gelatine capsule shell-s contain

ca. 12% (w/w) loosely bound water) etc.
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4. Recent Case Histories

Er. ,15;
a ;.
a: '
,2”
g:.

i
3.:t".
t. - To demonstrate how the decision—making process works in practice, three

recent examples have been chosen from the many that have been studied over

the last five years. These exemplify some of the principles involved. 
i
l1,

.24.
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4.1. RPR111423

RPR111423 contains a pyridine ring that is the only group capable of
being ionized and a primary amide group; it has a single pKa at 4.25 that

, is consistent with the presence of the pyridyl group. ThelogP value was
determined at 2.1. Thus, it is a very weak base and would be expected to
form stable salts with only the strongest acids (mineral acids and sulfonic
acids); it would not be expected to form a stable salt with any of the organ-
ic acids.

The free base was found to be a crystalline solid with a high melting ran—

ge (241—244 °C). A screening of possible salts was undertaken and dem-
onstrated that there were only two salts that could be isolated as crystalline
solids; these were a hydrochloride (RPR111423A), with a melting point at
242 °C determined by DSC (model DSC 820, Mettler Toledo Ltd, UK), and
a mesylate (RPRlll423B), with a melting pOint at 210 °C determined by
DSC. We noted the similarity in melting points of the base and hydrochlo-
ride for later evaluation. It was decided that the free base should be taken
through the initial evaluation process in comparison with these two salts and
4—5 g of each were prepared. g -

It was agreed that oral dosing was preferred, and it was hoped that cap—
sules could be formulated from the drug substance form that remained to be
selected; an injectable formulation would also be needed for some pre-clini4
cal studies and ”for the determination of absolute bioavailability in man at a

later stage in development. Because of its apparent high activity in screening .
studies, it became obvious that both'of the 'abOVe formulations could easily
be very—low—dose products. For a low—dose capsule formulation, uniformity
of active content may be an issue to be faced in the future. A determination
of the particle—size distribution, perhaps linked with an assessment for size
reduction by milling or micronization, thus became quite important. I

4.1.1. Basic Physicochemical Properties of RPRJJJ423

The free base crystallized in large laths, in the range of 10—100 mm
which could be readily'micronized, yielding material with a particle size
range of 2—5 pm, without a change in polymorphic form. In addition to this
information, numerous small—scale crystallization experiments all gave the
same polymorphic form, with no evidence for the presence of amorphous
material, hydrates, or solvates. Several experiments using both crystalline
and micronized drug substance and either hygrostats, or aDVS apparatus

. (model DVS-I, Surface Measurement Systems Ltd, UK) confirmed the ma—
terial was non—hygrOSCOpic.

 
.‘Mi‘tiliéiitltémmwux

luv.,1.z:.
ll1,l

|PR2020-00770

United Therapeutics EX2008

Page 99 of 183



IPR2020-00770 
United Therapeutics EX2008 

Page 100 of 183

 
PROPERTIES, SELECTION, AND USE . 175P"_____________—.._____-______—————————

As expected from the pKa value and the chemical structure, the solubil—

ity profile was shown to be markedly dependant on pH (see Table 4 for data).
The intrinsic dissolution rate was determined using Wood’s apparatus [20]

and was found to be 0.55, 0.085, and 0.017 mg/min/cm2 into solution at pH

, v1.0, 2.0, and 4.0, respectively. . p

‘5 Preparation of a. very simple capsule formulation containing 25 mg of the
if" base, together with. other common excipients and sodium _do_‘decylsulfate as

wetting agent, gave an acceptable dissolution profile when tested over the pH

range 1.0—4.0 with two/O values of ca. 12 min. '

4.1.2. Basic Physicochemic‘al Properties of the HydrochlorideRPR111423A ‘

A similar investigation was undertaken on: the hydrochloride. As noted ear—

lier, the melting point was determined to be within the range found for the free

base,'and an investigation was undertaken using thermogravimetry (model
TGA 850, Mettler T0l6d0,Ll°d., UK); This technique clearly showed a weight

loss, consistent With loss of HCl, between-llO— 120 °C and explained the-sim-
ilarity of melting range to that of the free base. The initial sample consisted of
aggregates of micro-crystals, typically l—.2 pm, and further recrystallizations
from a variety of solvents produced at least four different polymorphic forms.

None was hydrated or solvated, and no evidence was found for the presence of '
an amorphous form. All these forms were shown to be metastable with respect

to the form originally provided and reverted to that form on standing over a

few days. Recrystallization from aqueous ethanol returned the free base. The

original form was shown to be slightly hygroscopic when stored at 53% r.h.
(2.0% weight gain) but gave a 22% increase in weight on storage at 97% r.h-.

As with the free base, the solubility was markedly pH dependant at 37 °C

(28 mg/ml at pH 1.0 and 4.6 mg/ml at pH 2.0). At higher pH values, any un-
dissolved solid was shown to convert quantitatively to the free base, and, at

pH values higher than 4, the free base precipitated from solution.

 
4.1.3. Basic Physicochemz'cal Properties of the Mesylate RPR]I1 4235’

The sample provided consisted of aggregates of fine laths, each ca.

1 umx7 um, with a melting point at 210 °C. Hot—stage microscopy, DSC,
and thermogravimetry demonstrated that the material is chemically stable

upon melting. Small—scale recrystallization experiments from a range of sol—
vents similar to those used for the hydrochloride resulted in the production

of at least four new forms. Grinding and micronization each produced an ad-

ditional form; all of these six new forms reverted back to the original one
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upon standing Within one week. As with the hydrochloride, recrystallization
from aqueous ethanol returned the free base. ,

The material was slightly more hygroscopic than the hydrochloride with
a 3.9% weight increase on storage at 53% r.h. and a 28% weight increase at
97% r.h. It was also more soluble than the hydrochloride but with an even

more marked pH dependency (204 mg/ml at pH 1.0 and 8 mg/ml at pH 2.0);
It suffered from exactly the same problems in aqueous solution With solid
material converting to the free base at pH 2.0, and the free base precipitating

from solution above pH 4.0. >

4.1.4. Discussion of Results

, The results from these preliminary studies are given in Table 4. The two

salts clearly demonstrated the predictable problems associated with a rela—

tively low pKa valuej the salts were quite weak and dissociated to liberate the

free base in media with pH values around the pKa value. The very low solu—
bility of the free base resulted in immediate precipitation following dissocia

ation. There was clear evidence for multiple polymorphism for each of the
salts, and establishing the existence of a stable polymorph, or a suitable pseu-

dopolymorph, may have been necessary before a decision could be made on
which of the two salts could be developed further.

The corresponding results for the free base indicated that it appeared to
be the better candidate; it showed no evidence of polymorphism, and it was

not hygroscopic. The main area that required some additional investigation
was whether it had sufficient solubility in gastro-intestinal media. Studies

performed on samples of drug substance and on simple capsule formulations
demonstrated that the dissolution rates of micronized free base were equiva—
lent or superior to those of the salts under the same conditions. This was con—
firmed in a simple pharmacokinetic evaluation in individual dogs, where the

stomach pH was controlled upon dosing capsules by the administration of
citrate buffer at pH 4 and 7.4. Therefore, the free base was taken forward for

further study in preference to either of the salts:

 

 

4.2. RPR127963

RPR127963 has been evaluated for the treatment of cardiovascular dis—

eases; it is a crystalline, very weak base with a pK£1 of 4.10 that is commen— '

surate with the presence of an aromatic secondary amine. The logP value
was determined as 2.2. In common with most similar drug substances intend-

ed for the treatment of cardiovascular disease, it was considered that a high
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close (up to 250 mg), solid, oral dosage form and a correspondingly high dose
(up to 50 mg/ml) injection would be ultimately required. In line with our nor—
mal practice, a comprehensive evaluation of possible salts was undertaken,
and this surprisingly demonstrated that five crystalline salts (a hydrochloride,
a mesylate, a citrate, a tartrate, and a sulfate) could be readily produced. With
regard to the low pKa value, we expected successful salt formation with the
two mineral acids and methanesulfonic acid, but not with the two organic
acids. Nevertheless, it was decided to profile each of these five salts in com-

parison with the free base. The results of these studies are given in Table 5.

4.2.1. Basic Physieochemical Properties of RPR127963

When the properties of the anhydrous free base were evaluated, evidence
for the existence of a mono-, di~, and trihydrate was found rapidly. It was
shown that all these four" forms could be inter-converted under conditions that 3;
might be expected to be employed in granulation processes. The low melting
range (119-123 °C) of the anhydrate was seen as a second potential prob- N
lem. It was decided to do no further studies on the free base.

4.2.2. Basic Physicochemical Properties of the Hydrochloride RPR127963A ,

_ The hydrochloride salt exhibited complex melting behavior (see Table 5)
that indicated the probable existence of different polymorphs. Recrystalliza—
tion experiments produced two different monohydrates but no additional an-
hydrates as was suspected from the phase changesbbserved on (melting. Sol—
ubility determinations indicated that it was unlikely to be a viable candidate
because the solubility was lower than ideally required, especially for the for— .
mation of an injectable formulation. No further studies were undertaken.

 

4.2.3. Basic Physicochemical Properties of the Mesylaze RPR127963B

' The 4—g batch of the mesylate salt that was provided had a melting range
(2809—2822 °C) that was significantly higherthan either the citrate or the ,
tartrate; it also melted cleanly, unlike the hydrochloride. Extensive crystal-
lization studies failed to reveal additional polymorphs, hydrates, or solvates,
and the material was found to be non—hygroscopic.

The solubility characteristics were much improved, and solutions con-
taining more than 50 mg/ml drug substance could be achieved in water, 0.1M
HCl, and in 5% (w/v) dextrose solution.

“we...“ ,, 7—. ._...fi._,._...,_.,.‘_—,—_——_._._V
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4.2.4. Basic Physicochemical Properties of the Citrate RPRZZ 7963C

Preliminary studies showed that the citrate salt readily formed as a

low—melting and apparently stable herni~hydrate The aqueous solubility
(0.83 mg/ml) was significantly less than that of the hydrochlon‘de salt, salt A.

As one of the main reasons for rejecting the hydrochloride was its low aque—

ous solubility, the citrate was subjected to only limited study before being
also rejected. ‘

4.2.5. Basic Physicochemical Properties of the Tartrate RPR127963D

The tartiate salt was shown to suffer from the same solubility problem as

the citiate, with the added disadvantages of being a very hygroscopic un-
stable anhydrate. It was immediately abandoned

4.2.6. Basic Physicochemical Properties of the Sulfate Salt RPR127963E

The 4—g batch of the sulfate salt had a melting range (3057—3089 °C)

' that was the highest of all the different forms.‘ Extensive crystallization stud-

ies failed to reveal additional polymorphs, hydrates, or solvates. The materi~

al was found to be non-hygroscopic. .

The solubility characteristics were less impressive than those of the mes—

ylate salt but were considered sufficient to warrant additional study of this

salt. Solutions containing more than 40 rug/ml drug substance could be

achieved in water and in 5% (M/v) dextrose solution. However, the solubility

in 0 1M HCl was surprisingly low at ca. 6 mg/rnl, i. e. , about the same order
of magnitude as that of the hydrochloride.

I

4.2.7. Discussion ofResults

For the reasons given above, the mesylate and the sulfate were the only
salts with properties that wouldpermit the manufacture of the high—dose for—

mulations that were being considered. The free base still remained a possible
candidate especially if a stable hydrate could be found. It was, therefore, dee

cided to undertake some additional evaluations on these three forms; the re-
sults frOm these are presentedin Table 6.

These additional results were considered to give a slight advantage in
favor of the sulfate salt because of its better solubility in cosolvents, giving
the formulator the opportunity of achieVing a higher dose in an injectable for—
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Table 6. Comparison of Additional Properties of the Free Base Anhydmfe, Mesylate, and

 

 
Ethanol

Propylene glycol ' 

 
 

 

 

Polyethylene glycol 400

Dimethyl sulfoxide i

N-Methylpyrrolidone .

Glycerol
Peanut oil

Intrinsic dissolution rate

[mg-min‘lvcm'z]

Powder flow properties

Solubility-in co—solvents at 25 °C [mg/ml] ,

—in water . _ 0.01 .

—in0..01MHCl .. - ' . 0.35.

Sulfate Salts of RPR 127963

Base anhydrate Mesylate salt Sulfate salt »
RPR127963 RPR127963B ' RPR127963E  

 
  0.6

0.7

0.2

14

4.4

Not determiner]

0.2

1.7

. 0.2

110

8.5

2.7

None detected

 

 
 

  

 
  
 
 

 

 
  
  
  

 

 
 

 

 
 

 
 

None detected

Not determined Not determined

‘ 7.3 , , '7.7

Good, but Sticks slightly
becomes much '
worse with

increasing
humidity »

Not determined

 

rnulation. The sulfate salt was thus proposed as the form for finther develop—
ment with the mesylate, or the free base (if a suitably stable hydrate could be

found), as a possible back-up, should unforeseen problems arise.

4.3. RPR200765

RPR200765 is a candidate drug substance proposed for the treatment of

rheumatoid arthritis. It is another crystalline, weak base containing a substi—

tuted pyridine ring system with a pKa of 5.3 and logP of 2.5. It was expect-
ed that doses of 100—125 mg of RPR200765 in capsules would be required
for initial clinical studies.

4.3.1. Basic Physicocl’temical Properties 0fRPR200765

Early studies suggested that RPR200765 free base was unacceptable for

use in solid, oral dosage forms due to a very poor aqueous solubility of ca.

10 ug/ml and a low dissolution rate into acidic media. As was expected from
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these data, a preliminary absorption study in animals resulted in poor bio-
availability of the free base. However, it did form amesylate, a camphorsul-
fonate, a hydrochloride, and a hydrobromide each of which was crystalline.
Aqueous solubility, particle size and shape, powder properties, and polymor-
phism profile were considered to be the key properties to permit a choice of
salt to be made.

4.3.2. Basic Physicoehemical Properties of the Mesylate RPR200765A

The mesylate salt was a free-flowing powder with a particle size and sha—
pe that was potentially ideal for the manufacture of tablets and capsules; the
melting point was 214 °C. It was highly soluble (39 nag/ml), and this result—
ed in an enhanced dissolution rate from hand—filled capsules (equivalent to

50 mg free base) compared to the other salts. This was undertaken because .
intrinsic dissolution rate studies on compressed discs could not be carried

out, as good compact could not be obtained for most of the salts.
The mesylate salt was shown to be a rather stable monohydrate that lost

moisture at very low humidity (< 10% r.h.) but rapidly re—equilibrated to re—
form the monohydrate, when the humidity was raised. These results suggest-
ed that this salt probably would ‘be amenable to solid—dose formulation; and
there was little risk of changes in the hydration state on processing or stor—

age under normal conditions.

4.3.3. Basic Physic'ochemical Properties of the Camphorsulflmite
RPR200765C

The camphorsulfonate was again a free~flowing solid with a high Solubil-
ity (ca. 20 mg/ml), though significantly less than the mesylate. It wasa non—
hygroscopic anhydrate with a high melting range of 265 —267 °C. The only
disadvantage when compared with the mesylate was the increased molecular

' weight due to the larger counter—ion. It wasconsidered that this could create
problems with capsule or tablet size and weight later in development.

4.3.4. Basic Physicochemical Properties of the Phdrochloride RPR200765D

The hydrochloride was also a free—flowing powder with a solubility that
was close to that of the camphorsulfonate. It had a melting range of 245 -
248 °C. Studies demonstrated that it was very hygroscopic on exposure to hu-

midity, resulting in the formation of multiple hydrates. Dissolution from
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hand-filled capsules was quite fast, but not as rapid as either of the sulfo—
nates. ~

4.3.5. Basic Physicochemical Properties of the Hydrobromicle RPR200765E

The hydrobromide had the lowest solubility and the slowest dissolution
rate of all the salts and was particularly hygroscopic, resulting in the forma—
tion of multiple hydrated forms. It had the highest melting range of all the
salts of 276 — 277 °C. With these problems and the disadvantageous pharmac-
ological activity of the bromide ion, no further studies were undertaken.

4.3.6. Discussibn of Results

The results 0f thesestudies are outlined in Table 7; in this case, very lit—
tle comparative work was undertaken on the free base due to the poor solu-
bility and bioavailability. Overall, the studies "suggested that the mesylate salt

' was the form to be favored on the basis of its low hygroscopicity, clean poly—
morphic profile in the preliminary screen, high solubility, and rapid dissolu—
tion rates. Another favorable factor supporting the selection of the mesylate
salt proved to be the good flow properties, which later allowed very satisfac—
tory prototype capsule and tablet formulations to be developed.

5. Optimization — Second Phase:
Drug-Substance Form for Preclinical Development

The initial studies described above require ca. 3 —4 g of the free base and
a similar quantity of each of the salts. The data for the free acid or base, and
eachvof the different salt forms normally can be generated in ca. 4— 6 weeks
if the samples are available for simultaneous analysis. Having evaluated sev—
eral possible alternatives in the three cases above, using a range of relative-
ly simple tests, the choice of the form has been narrowed down to one can—
didate that should be suitable for further development. The next step is to
build upon the initial database by employing a more comprehensive range of
tests, which require more material. Within three months of receipt of the next
batch of drug substance, it should be possible to define with some certainty
whether this chosen form is suitable. A series of tests, analogous to those in
Table 2, are used in this evaluation; these tests are listed in Table 8. Upon
completion of this second battery of tests, the Preformulation team will have
generated much additional, solid-state information to add to the database and
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developed all the. different dosage forms required for initial preclinical. eval—
nation. Each of these formulations will have a- defined manufacturing pro—
cess, analytical methods, stability data, a set of defined storage conditions,
and a shelf—life. ' ' '

Even at this early stage, the Process Chemistry group will have started a
thorough evaluation of the possible manufacturing routes to the chosen mole—
cule and a batch of 250 — 500 g is normally made available within 1- 3 months,
depending on the complexity of synthetic route, for study across a wide range
of departments. The recrystallization solvent normally employed would be
that used for the preparation of the 4_—5—g batch in an attempt to keep the
physical form the same. The particle size may differ, however, because of dif-
ferent cooling rates. One of the key activities for the Preformulation Scien—
tist and the Process Chemist is to start investigations into which other poly-
morphic 0r pseudopolymorphic forms exist. In the short development phase
where initial preclinical administration occurs, it is rarely necessary tounder-
take these ‘sighting studies’ to Good Laboratory Practice (GLP) standards.
Only a'preliminary‘ screening of these different forms is considered neces—
sary, as it is possible that the compound will be found too‘ toxic for further
development. Our team undertakes thisstneening on ca. 0.5 —1-g ofsample;
small portions are recrystallized from anhydrous and hydrated solvents of ‘
differing polarity. Any crystalline product recovered is examined by a varie-
ty of techniques in order to determine how many different forms are pro—
duced, and whether any of them are hydrates or solvates. Preliminary infor-

_'- mation on the inter—relationships between the different forms can often be fo~
und, even at this early stage.

The remainder of the tests are designed for two main purposes:

1. To define the various preclinical formulations that are required, to devise
analytical methods for these, to determine their stability, establish storage
conditions, and to propose shelf—lives.

2. To establish a database for the chosen form and to give an indication of
‘ the possibilities for clinical formulations.

To accomplish this, it is normal to request a minimum of 20 g of drug sub-
stance. More will be needed, if the drug substance is intended for inhalation,
and there are difficulties with micronization.

6. Optimization — Third Phase:
Drug-Substance Form for Clinical Development

Once the drug substance has successfully passed through the initial battery
of safety studies, the main requirement is for the preparation of batches of drug
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substance manufactured using Good Manufacturing Practice (GMP) for use

in the various safety studies undertaken to GLP standards. Also, at this stage,

work can begin on the definition of a suitable series of clinical formulations.
For this, we normally expect to have a reasonably clear picture of the inter—

relationships between the different solid—state forms of the drug substance and

should have started to define the most stable form. As Process Chemistry pro— 5 ‘
duces more batches at increasing scale, they are also examined using some of l ‘

the key tests (see Table 8) to add information to the database. Also, with the

 
Table 8. Tests To Be Consideredfor the Second and Third Phasesfor Compounds Intendedfor

Use in Oral, Injection, and Inhalation Products

Amount required

Test Second Phase Third Phase

Physicoclhemical properties

Melting range 50 mg

Optical Rotation

Polymorphism

X—Ray diffraction
Intrinsic aqueous solubility

Cosolvent solubilities“)

Propellant solubility")

Physical properties

 

 

 

  
  

  
  
  
  

  
 

   
 

 
 
 

 
 

 

 
 
 

 
 
 

 
 

 

  
 
 

  
 
 

 
 Bulk-powder density

Wettability
2-5 g (RY) 10 : (RY)

Hygioscopicity 800 mg

Microscopy (SEM/Optical) 100mg 100 mg

Particle size (Laser) 200mg 200 mg -;_
Micronization 5 g — :
Specific surface area 2 g (R)“) 4 g (R)‘)

True density 200 mg (RY) 200 mg (11)“)

 

  
  
 

 
 

  
  
  

Related substances '

Degiadation products

Chiral purity

Electrophoresis, TLC

Stability studies
 

 
Hydrolytic profile (identify degradants)
Bulk——drug powder

Excipient compatibility 50 mg
(analyzed with HPLC, XRPD, and DSC)

Compression properties
_ (for dry powder inhaler only)
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Table 8 (cont)

  
 

 
  
  

  

 

 ' PRECLINICAL FORMULATION DEVELOPMENT ‘

Intra—tracheal suspensions

Oral solutions/suspensions
Solutions for nebulization

Intravenous solutions

 
  

Other routes (i.p.; 3.6.)

CLINICAL FORMULATION DEVELOPMENT  

  

 

   
Predict suitable

dosage forms
. 3 g

Microbiological Controls . . _—
TOTAL SUBSTANCE REQUIREMENT V 20 — 25 g ‘ Depends on

dosage and form

“) Also solubilities in complexing agents/surfactant systems where appropriate. h) Propellants and
’ propellant/cosolvent systems for inhalation dosage forms: “) (R): possible to recover drug substance

for certain other tests; (?): Depends on supply of sample material. ") Develop and specify Phase-l
formulation — commence stability/compatibility studies.

Phase 1— ha“)
250 — 1200 g

 
 

  
  
  

increased availability of drug substance, it is possible to finalize the definition
of the solid—state form using ca. 50 g of drug substance for the initiation of
‘maturation studies’ [14] as an additional technique to assist in the definition
of polymorphism. This experimental technique inVolves the preparation of sus—
pensions of each of the available polymorphic forms in a variety of different
solvents. These suspensions are then stored under a suitable range of temper—
atures for ca. one month. At the end of this storage, the solid material is iso—
lated and the solid~state form evaluated. Much useful information on the rela—
tive stabilities of each form can be obtained using this technique.

If the structure of the drug substance has been determined by single—crys—

tal X—ray study, under certain circumstances it may be possible at this stage
to initiate the theoretical search for other polymorphic forms, This is achie-
ved, with care, using the Polymorph Predictor software (Molecular Simula—
tions Inc, Cambridge). This software has been used successfully [20] on sev—
eral small molecules (molecular weight <500) and predicts theoretical crys-
tal structures and their relative energies. The most stable form has the low—
est energy; increasing energy signifies lower stabilities. The purpose of the—
se ab initio predictions is to gain knowledge on potential polymorphic forms
that could theoretically exist to attempt to minimize setbacks in development
due to the unexpected appearance of a previously unencountered form part
way into development or marketing. If one, or more, forms are found with
comparative energies and structural characteristics to the forms already pro—
duced,- an urgent and extensive search is initiated to discover conditions for
their formation.
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As larger quantities of drug substance and samples from different batches.
become available, it is imperative that the variations in basic physical and

solid—state properties (e.g., crystal size and shape, specific surface area, pow-
der flow properties, bulkand tapped density etc.) are studied and document-
ed for each batch. By close liaison with Process Chemistry, it is normally pos—

sible to gradually modify the recrystallization conditions such that greater
batch-to—batch uniformity of these physical characteristics can be achieved.

 
‘7. Optimization — Fourth Phase:

Drug-Substance Form for Marketing

If the candidate passes through initial clinical evaluation (Phases la and
1b), additional characterization and refinement of the drug substance form
should continue, and each batch of drug substance produced should be char-

acterized physically. "The Process Chemistry group normally continues to
make minor adjustments to the manufacturing process and recrystallization
conditions to improve the yield, purity, or particle size. It is imperative that
samples of each batch produced are examined to ensure that the polymorphic

- form remains constant, until such'time as it becomes necessary to ‘lock’ the

Process. Close liaison and‘teamwork between the Process Chemist and the
Development Scientist in an exploration .of the various possible recrystalliza—
tion solvents can often result in further refinement of the crystal properties

An excellent scheme for the final characterization of solid drug substanc—

es, prior to the final regulatory submission, has been described recently by
Byrn er al. [22-]. The aim of both the Development and Process Chemistry
teams is to finalize definition-.of'alilthe characteristics of the drug substance

in readiness for the initiation-of Phase 11b. ‘

The author would like to thank colleagues, especially Anthony Argent, Richard Bastin,
Atria Hasnain,.Bruce Lithgow, Franck Leveiller, Derek Mills, Bryan Slater, and Michel Veil—
larcl at Aventis Phat-ma for their continuously stimulating scientific discussions. Without the-

se discussions, this chapter would not have been possible.
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Chapter 8.

Large-Scale Aspects of Salt Formation:
Processing of Intermediates and Final» Products

by Stanley Lee land'Christian Hoff '
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8.3. Diastereoisomeric Salts

9. Example: Using Salts to Isolate Products and Intermediates
REFERENCES

1. Introduction

The life history of a new compound, from research to industrial produc—

tion, involves many stages. The preparation of the crystallized solid begins

with very small quantities at the chemical research level, but then quickly re—

quires chemical—engineering problems to be solved as soon as the scale-up is
initiated, to obtain quantities of the order of one kilogram, which are required

for studies on safety and toxicity, pharmacokinetics, and stability studies; then

it passes through Process Development for optimization of the synthetic route
and the Pilot Plant for scaling up, and eventually it is transferred to the full-

scale operation for the production of hundreds of kilograms or even tons.

Numerous synthetic organic compounds are produced on a large scale be—

cause of their desirable therapeutic effects In every ca-,se it is necessary that

the compound is obtained1n the physical form best suited for the intended

use. Whilst there are examples of gases and liquids being produced on a large

scale, the vast majority of synthetic organics we produced as solids. This is

particularly true in the pha1maceutica1 field.
As made apparent within the context of industrial drug development and

production, there are major reasons for the preference of solids:
i) The inst reason is the ease of handling Viscous oils and am01phous sol—

ids are very difficult to handle on a large scale. In the Research Labora—

tory countless compounds are generated and evaluated prior to the final

choice for development. Usually, the materialis isolated from the syn-
thetic reaction by column chromatography and; evaporation to dryness of

the appropriate column fractions. This ve1y often leaves the product as a

sticky oil or amorphous solid. Nevertheless, it is usually suitable to be

used in the various tests for biological activity. However, once the com—

pound is selected for development and larger quantities "of material are re-

quired, the limitations of this approach rapidly become apparent.

ii) The second reason is the ease of purification. Compounds intended for

I pharmaceutical use need to have a particularly high degree of purity. This
is very difficult to achieve with a sticky oil, since separation from im—

purities is hardly possible, as it is likewise nearly impossible to remove
the last traces of solvent In the course of present-day development kg

amounts of a drug candidate must be provided within a few weeks, to en-

able safety and biological studies to be conducted. In early phases, the
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chemistry is usually not yet optimized, hence the synthetic reactions em—

ployed frequently lead to reaction solutions that not only contain the de—

sired product but also high levels of impurities. The formation of a solid

is a valuable technique both to isolate and purify the desiredzproduct.

iii) Stability: Solids are much more stable to oxidation and hydrolysis than

liquids. Therefore, solids are‘generally expected to have longer shelf life.

1'12) Solid drug substances including drug salts are formulated into: and manu-
factured as solid oral dosage forms, which are by far the most popular

and widely used drug products.

However, there are also some negative aspects in handling solids:

i) The low bulk density of finely milled solids renders them bulky to store

' and difficult to handle for manufacturing dosage forms (insufficient flow-
ability, problems with compressibility). .

ii) Handling highly active solids requi1es high alertness and extensive engi-
neering, and piocedu1al measures for avoiding ClOSS-—conta1nination by

airborne particles and for prOtecting operating personnel.
This chapter coveis an overView of general techniques, concentrating on

the physicochemistry and the chemical—engineering aspects of controlling-the
Ciystallization of solids and concludes with examples where salt formation

'has been successfully applied for intermediate steps within a synthetic route
Itis appreciated that1n no way are they exclUsive. They are intended to con-
vey an idea of the principles and1ssues involved '

2. Principal Techniques of Isolation anva'urif'ication

 
31;.,U...5 2.1. Crystallizationu.

Crystallization is one of the most valuable and widely used technique for

the isolation and purification of organic compounds both in the laboratory

and on the manufacturing scale. It is a procedure that is reproducible and es-

pecially suited to use on a manufacturing-plant scale, since the results 0b~
tained in laboratory experiments often translate smoothly into large scale.

Most other methods suffer from major disadvantages that make them less

suitable for general use.

tiaiagzrwtataafimrmri{5 

  2.2. Chromatography

Chromatography is a superb technique for isolation of products in the re—

search laboratory, and it has a high probability of success. However, it is a
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low—output procedure and requires large volumes of solvent and solid phase
to achieve the desired separation. Typical loadings, for example, are ca. 20:1
solid phase/substrate and elution using ca. 1 l of solvent to elute ca. 1 g of
product. The procedure can be difficult to scale up due to ‘edge effects’,
which mean that there is no longer ‘plug’ flow down along wide columns re—

sulting in poorer separations.
Great advances have been made recently in improved scale—up of chrom-

atography, and now, for example, columns of 300—mm diameter or greater are
available. Nevertheless, the procedure still remains as a low—output one and
is only used on the large scale when most other procedures fail. ,

Chiral chromatography, in fact, chromatography on columns with chiral
stationary phases, can also be performed on an industrial scale. It is frequent-
ly the technique of choice for the resolution of isomers, i.e., the separation
of the eutorner (the desired isomer) from the distomer (the unwanted isomer),
and it is Occasionally the only technique left where separation by fractional
crystallization of diastereoisomeric salts is impossible. '

2.3. Distillation
, .

Distillation is an efficient high-throughput procedure for isolation and
purification 10f volatile organic-compounds. However, many compounds are.
not sufficiently volatile and stable for the technique to have universal appli—'

‘ cability. Use, of continuous-feed, short—path distillation can~ to some extent
overcome some of those restrictions. In reality, distillation is confined to, re—
mOval of reaction solvent and is used for purification of relatively few com-
pounds onlylj ’

2.4. Other Techniques

Various’specialized techniques are available which have advantages for
purifying agparticular material. These include zone refining (zone melting),
freeze drying, ion exchange and counterécurrent eXtraction.

! ”L,'

3'. Fundamentals and Significance of Crystallization

Crystallization is one of the earliest recorded forms of molecular self-as—
sembly. In its simplest form, it can be envisaged as deposition of molecules
in an orderly fashion onto a template (unit cell of the crystal lattice). Only
molecules that ‘fit’ are deposited onto the template. The driving force of the
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process is the release of energy due to formation of a stable crystal lattice.
For the process to be effective, it is important that a selection process occurs
at the surface of the growing crystal. In an ideal world, only the desired mole-
cules are deposited, and all the impurities/by products remain in solution. A
successful crystallization controls the parameters (solubility and supersatura—
tion) that affect the rate of crystal growth. In general, the slower the rate of
crystal growth, the more effective is the selection process and a purer crys-
talline product results. ‘Crash cooling/crystallization’ often leads to occlusion
of impurities.

3.1. Quality Aspects of Crystallization

. After the synthesis is completed, Crystallization is the first step in the last
phase of manufacturing the solid. It is intensively studied, usually over many
months to obtain the best possible control,'because most of the problems
mentioned below depend on it. Specifically, the properties of the crystalline
powder obtained can often be modified considerably by making only a mi-
nor change in the crystallization operating procedure. It is imperative in the
current regulatory environment that the crystallization process is firmly es—
tablished and validated as soon as possible, and that absolutely no variations
are permitted to this process, except with full regulatory approval. The fol~ '
lowing considerations are thought as a reminder that strict requirements are
indeed justified in order to safeguard high standards of quality and reliabil-
ity of the final drug product.

 

3.1.1. Steps Involved from the Solid to the Final Product

From the time the crystals of drug substance are formed until that when

the pharmaceutical product is manufactured in its commercial form, the solid
undergoes many operations and the resulting tablet (or other dosage form) re-
flects, as it were, a ‘history’ of all the steps.

For a typical tablet product, these are essentially:

0 crystallization,
- filtration,

a dehumidification and drying,

- milling and sieving,

- mixing with other powders (excipients),
0 wet granulation with subsequent drying, or dry compaction,
0 final compression yielding the tablet and packaging. 
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3,1.2. Potential Problems Related to the History of the Solid

For the same active substance and the same dosage form, variations re—

lated to the manufacture of the solid may involve:

0 solubility and eSpecially the dissolution rate [1];

0 sulface properties: adsorption, wettability, pore size, specific surface area;

0 powder properties related to flow, angle of re‘ppse, cohesion, bulk den-

sity, mixing behavior, compressibility, generation of static electricity,

minimum ignition energy,

0 tablet properties: hardness, homogeneity, divisibility, friability, disinte—

gration, stability in the presence of heat and humidity;

o other physical or chemical changes during each of the above operations

and storage of the finished tablets in the packaging proposed for market—

ing.

As any or several of those parameters vary to an undue extent, the bioavail-

ability of the active substance and the reliabilityof the drug product may be
at stake.  
4., Control of Industrial Crystallization

4.1. Choice of the Polymorphic Form of the Drug Substance

The first crystallization tests in the research stage are usually carried out
with several grams or even milligrams 'of substance, under somewhat random
conditions of temperature, stirring, and supersaturation. The first crystal

, forms obtained generally follow Ostwald’s rule ,[2], which stipulates that

" rapid crystallization initially involves the formation of the least stable poly-

morphs. ‘ ' _

Historically and ratherfrequently, the first polymoztph to crystallize is de—

veloped rapidly, taking into account the contemporary competitive situation,
and the first kinetic tests are carried out on this crystal form. After several

years of intense study, sometimes even leading to final industrialization and

' marketing, a newer polymorph occasionally appears that is more stable ther-

modynamically. Once this new structure exists, it is very difficult to repro-

duce the previous form, as the most stable seeds preferentially induce crys-
tallization of this new structure. '

At thispoint, tests must again be carried out on the bioequivalencie of the

two polymorphs, the pharmaceutical form, the analyses, stability tests, etc.,

i.e., practically the Whole pharmaceutical dossier based on the first poly—

morph. Consequently, it is extremely important to carry outintensive screen-
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_ ing of the different potential polymorphs as soon as possible (see Chapt. 3),
, at the risk of a sudden withdrawal of the product from the market, if it is no

longer possible to manufacture the first polymorph registered. A recent ex~
ample of this occurrence is with the antiviral, Ritonavir, reported in the
World’s press in August, 1998. The manufacturers (Abbott) had a potentially
disastrous situation on their hands, when a-different polymOrphic form start-
ed to be routinely produced in their crystallization process, and itwas report—
ed that they had only one months supply of Ritonavir capsules remaining
worldwide. The press reported ‘the drug is forming a different crystalline
structure which makes it less soluble, so the correct dose of drug is not re-

leased inside the patient’s body’.
This research has now become a strategic issue for the largepharmaceu-

tical companies, and there'have- been examples of individual polymorphs of
some drug substances being. patented. Another risk is the diScoveiy of a new

' polymorph by a competitor, which can then be patented. 7
 

4.2. Choice of the Solvent

This is also an important parameter, for various reasons:

  
fitWe..r:‘r""1.:..W._.<”array-mew.5,53.ng

- the toxicity of trace levels of residual solvent in the dry product,
0 the possibility of stable solvates or hydrates, E I
9 the productivity of the process depending on solubilities varying with

temperature,

I the crystallization yield depending on the solubility limit when cold,
0 the definition of a crystal form, as the crystals can vary: in terms of poly—

morphism and also habit, i.e., the apparent form for the same crystal lat—
tice, depending on the solvent.

4.3. Choice of Particle Size

Chemical and pharmaceutical production requirements are often quite
different. However, to ensure reproducible bioavailability, it is crucial to de—

velop a chemical production process that is consistent in terms of the final
properties of the solid described above. Particle size is a key parameter that
must be adapted to suit formulation difficulties. The control of particle size,
to give consistency from one batch to another, is most critical for drugs with
poor solubility and absorption characteristics. For low-dosed'.solid dosage
forms, certain limits of particle size must not to be exceeded in order to com—

ply with the requirement of content uniformity.
 
 

|PR2020-00770

United Therapeutics EX2008

Page 121 of 183



IPR2020-00770 
United Therapeutics EX2008 

Page 122 of 183

1 9 8 , PHARMACEUTICAL SALTS: 

The problem is that there are practically no general definitions; each
product is essentially a special case, which means that, at the beginning of
development, powders with different characteristics must be prepared and
formulation tests carried out so that the particle size can be chosen by Phar—

maceutical Development scientists from among different samples provided

by Chemical Development scientists.
Rather often, the tendency is for the Pharmaceutical Development scien—

tists to request a very fine and uniform powder (typically with a median in
the range 30 — 300 um) for bioavailability requirements and for the Chemical
Development scientists to prefer the formation of large crystals for ease of
filtration and drying requirements. Compromises have to be found, and

spherical agglomeration is a promising new approaCh.
For almost all drug substances, the final treatment is a mechanical com—

minution step: at least homogenizing for destroying agglomerates, and fre—

quently milling for reducing the particle size.

5. Control of the Crystallization Process

5.1. Crystallization Steps
l

Generally, the final crystallization of a pharmaceutical active substance
has two simultaneous objectives: to obtain the Specified crystals and to pur-
ify the product so that traces of compounds resulting from the chemical syn-
thesis are 1e1n0ved. This final crystallizationis carried out either directly in
the last synthetic step or more often on the ‘crude’ product. The crystalliza—
tion steps aietconventionally defined as follows.
0 dissolution in a given solvent by raising the temperature, generally fol—

lowed by filtration to eliminate foreign particles and dec’olorization on ac-
tivated charcoal,

nucleation after cooling, or seeding, _

crystal growth by programmed cooling,

agglomeration of crystals (sometimes),

attrition, due to particle collisions, which is proportional to the stirring
speed ‘

What are the'essential parameters? ,
To control crystallization, the following parameters must first be studied:

supersaturation,

seeding,

coolingirate,

stirring speed.
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5.2. Supersaturation

This is the fundamental parameter, the driving force for the whole pro~
cess. It is defined in different ways: ‘

o by the difference between the concentration c of the solution and the con—
centration at equilibrium 6* (at the same temperature) (see Fig. I).

 

 

Ac = c — ci‘ ’ (1)

o by the ratio of the two concentrations:
‘ B = c/cr (2)

c or relative supersaturation

Css : c 2:: (12)
Thermodynamically, the driving force is the difference between the chemical
potentials: '~

An=u—,u*:kV-T'lnc/c* - (4)

i where k: 1.38 - 10‘23 l/K, the Boltzmann constant, and T the absolute tem~

perature. '
Industrially, supersaturation can be achieved by:

0 evaporating the solvent (adiabatic crystallization),
- cooling the solution,

0 adding an antisolvent to decrease solubility,
0 chemical reaction: double decomposition of salts,

 
 

Conc.

Metastable
Zone Supersaturatlon  

  

 

 

Solubility
Zone

Cooling

6* ' Supersaturation = c — 0*2 _________________________

Temp.

Fig. 1. Supermmrczrion as the driving force in the crystallization process (see text)
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‘ Cone.

Supersaturation Metastable Solubility
Zone Zone Zone

The first

crystals appear Cooling
X

X   

Heating

The last crystals
disappear

 
Temp. 

Fig. 2. Definition oft/1e metastable zone in crystallization from solution. (see text)

- changing the pH which is a widely used process for crystallizing salts by

adding acids to the active basic substance (or basesin the case of acid
compounds)in solution.

When supersaturation increases, crystals spontaneously start appearing at
a certain temperature, 1'. (2., primary nuCleation occurs. By changing the con-

centiation several times and repeating the operation, the supersaturation
curve is obtained By increasing the temperature, the crystals are dissolved
(reverse process). This determinationis repeated by varying the concenn21-
tion to obtain the solubility curve. The two curves define three ranges (see

Fig. 2): , ‘

o the total solubility range at high temperatures, where it is impossible to
crystallize the solute, ‘

‘ o the metastable range between the solubility CLIl'VB and the supeisaturation

curve, where crystallization may or may not occur, depending on the con—
ditions,

o the supersaturation range at low temperatures where thereis necessarily
excess solid

The solubility curve is a thermodynamic limit, which depends only on the

solvent/solute couple. The supersaturation curve is a kinetic limit, which es-

sentially depends on the cecling rate but also on stirring and-impurities (wa-

ter content, other solvents present, particulate impurities in suspension, eta).
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5.3; Seeding

If the solution nucleates spontaneously, large numbersof nuclei are ob—
tained, i.e., thereis the formation of very small crystals that are-difficult to
filter and dry, and that are difficult to control from one batch to anothe1 In

some cases, the Whole mass in the vessel can c1ystallize,1esulting1n a sub—

stantial exothermic p1ocess The phenomenon can be Violent and cause prob—

~ 1ems both f01 piocess security (boiling solvent), and the equipment (damage

to stirring system i e., the impeller shaft, speed selector electric motor).

Consequently, controlling the crystallization piocess by cooling often111~
volves a seeding study

The following points must be optimized:

'_ o seeding temperatuie.
i a seed quantity, '

- 0 seed quality,

- o cooling rate.

Seeding Temperature. Seeding near the solubility curve (Fig 3, Case I)

is carried out at low supersaturation. There is little secondaiy nucleation,
crystal growthis slow and large crystals are obtained. ,

Seeding near the supelsaturation cuwe (Case 2) is carried Out at high

supersaturat1011.lt induces abundant secondary nucleation, crystalGrowthIS V
rapid, and small crystals aie. thus obtained

Seed Quantity. If the quantity of seeds13 tOO small, secondary nucleation
and glowth will be insufficient to take up the supersaturation. In this case, a
second nucleation phase may occur, which results in a heterogeneous popu—
lation at the end of the prooess, consisting of large and small particles.

Conc.
 

  
 

 
  
 

Supersaturation Seeding Solubility
Zone Zone

3: Cooling

Metastable
Zone

Fig. 3. Ejj‘ect of seeding an Ciystallizatian while system is WWI/tilt the metastable zone (see text)
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Seed Quality. To avoid the same phenomenon, it is useful to test differ—

ent seed particle sizes, the effect of which is in fact to vary the specific sur-
face area, on which secondary nucleation depends.

It is preferable first to obtain thermodynamic equilibrium by stirring in
the same solvent rather than directly charging the crystallization vessel with

dry powder.

The effect of the seed particle size on the final size is also a factor to take

into account, especially if seeding is carried out at low supersaturation, i. a,

the larger the seed, the larger the final particles obtained, and inversely. Seed-
ing in continuous crystallization processes is discussed in [3].

5.4. Cooling Rate '

If seeding is carried out at a certain temperature in the metastable range
(Fig. 4), two cases can arise:

- A slow cooling rate allows the nuclei to take up the supersaturation, and
the course tends to approach the solubility curve (Case I) In this case,

rather large particles are obtained.

0 If the cooling rate is rapid (Case 2), supersaturation continues to increase
' during cooling, and the course approaches the supersaturation Curve. A

second nucleation then occurs spontaneously, and the particle size distri-

bution is bimodal, i..,e the population consists of large particles due to
- seed growth, plus a large quantity of fines. Filtration of this type of pep—
ulationlSalways problematic, because the filter medium can clog, result-
ing in annnacceptably long filtration time, 01 the solid can even be lost

 

l
ll
l

 

 Superéaturation 
 
 

  
 

A ? SolubilityZ . .one Zone

—————— ' ' x Cooling

 

Metastable
Zone

Fig. 4. Effect of the cooling rate on the crystallization process (see text)
J ,

|PR2020-00770

United Therapeutics EX2008

Page 126 of 183



IPR2020-00770 
United Therapeutics EX2008 

Page 127 of 183

PROPERTIES, SELECTION, AND USE 203  

in the mother liquors. A satisfactory operating procedure consists in

maintaining the solution at an isotherm for a sufficient time after seeding
to reduce supersaturation before cooling is started.

, 5.5. ‘ Stirring Rate

This13 a typical chemical engineering parameter whiCh must be extrapo—
lated carefully

As a rule, rapid stirring favors nucleation by seed proliferation Another

effectis to favor attrition bymereasing the number of collisions among par-
ticles or with the impeller

Stirring can also enhance growth kinetics especially if the Volume13 lim—
ited, i.e., in a viscous mixtuie with less diffusion of the solute towards the
growing crystal surface. When the process is transferred from the laboratory

to? the industrial scale. several rules of extrapolation can be used:

maintain constant peripheral impeller speed,
maintain constant turbulence (Reynolds number),

maintain conStant p'oWer input per unit volume,

more empirically: increase the stirring rate to"obtain a uniform suspension.

\'

The most widely used ruie1s the extrapolation of the speed to maintain con-
stant power per unit volume PV:

PV=NP-Q-N3-d5/V ' (5)

where N = stirring rate [34],

Np the power number of the stirrer, a dimensionless coefficient,
Q = the density of the solution Stirred [kg - m‘3],
d = the diameter of the stirrer [m].

ll

As an approximation, 9 and NF can be considered to be constant (ks), and thus

 

  

N3 - (ZS/V: ks ' (6)

from which the relationship for the largeoscale stirring rate can be derived:

5

V d d
N d :Nl b3 p10 ' lab (7)

pro t1 Vlab dprod

Where the indices lab and prod refer to the parameters valid for laboratory

and industrial production scale, respectively.

This is valid only if the reactors are homothetic, i.e.,~ they have compar-

able geometry- and identical stirring device. Various examples are explained
in detail in [4].
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6. Control of Crystallization by Measurement

The complexity of the crystallization process, i.e., the need to control

polymorphism, crystal habit, and particle—size distribution to guarantee con-

sistent powder quality and thus consistent bioavailability, lead the industrial

chemist or chemical engineer to use more and more powerful measuring in-

struments starting in laboratory development.

Temperature is of course the primary parameter to measure and adjust.

The reactors must be equipped with precise sensors and a computerized

measurement and control system to allow control of temperature gradients as
well as isotherms.

Particle size during czystallization'is traditionally monitored with a laser

particle sizing apparatus, which involves sampling the medium for analysis

and tends to alter .the .crystal population. A new method consists of using a

laser probe introduced directly into the reactor during stirring '[5].

Swersaturation canbe monitored with a densitometer [6] in the liquid

phase, with a conductivity meter, or in-situ IR spectroscopy. It should be not—
ed, however, that the measurement is often disturbed by crystals depositing

and growing on the sensors [7]. Another method that avoids this drawback is
monitoring the heat released by crystallization with a reaction calorimeter.
The crystal mass fermed is proportional to the heat released and can be ‘

evaluated directly without sampling. Based on the mass of solute added, the

supersaturation of the medium can be calculated by subtraction [8]. By

coupling the laser probe in the medium with heat-flow measurements, the
crystallization process can be monitored and optimized rather precisely

(Figs. 5 and 6). This method can also be used to obtain solubility and super-
saturation curves automatically, as the calorimetric reactor can be pro-

grammed. . ‘
The particle size of the final powder is obtained by various methods: sed—

imentation, specific flow resistance through a diaphragm, laser diffraction,
sieving, etc. The error of the determination increases with the form factor:

f= particle length / particle width.

Conventional particle sizing gives a single value for crystal size, which is ex-

act for cubic and spherical particles for which f: 1. As the form factor in-

creases, the size can no longer be indicated by a single value. This is true for

the acicular habit (needle shaped crystals), which requires an evaluation of '

length and width. This can be carried out with image analysis software cou-

pled with microscopy. The method provides excellent digital results, which
can be used to model crystallization conditions [9] [10].

Polymorphism is detected early, usually by microscopic/examination of

crystal appearance, which often shows differences. However, this is not al-
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Fig. 5; Multichannel stripchart recordingvof a typical batch Crystallization process without
seeding, isothernml mode. Initiated by slow cooling (Trace 1). at time 0:50 h first crystals be-

gin to appear (Trace 4), from which time on constant temperature is maintained. The number
of particles rises lewly (beginning at 1200 h, Trace 5), At 1:30 11, secondary nucleation occurs
resulting in a increasing number of small partiCIes thereby 'reducing'tlie mean particle size
(Trace 4); Between 1:30 and 210011, massive nucleation and crystal grthh run in‘ parallel,
thereby producing the exotherm (Trace 2), the area of which is proportional to the mass of

solid generated. A slight and insignificant shift of the pH is also recorded during the process
' (Trace 5’).

ways tme. There are cases when different polymorphs may have identical

appearance. Even the reverse can occur: the same polymorph may crystallize

to yield crystals of different appearance. The microphotographs in Fig. 7

present the same substance in three different shapes. Frame (1 Shows crystals

of one polymorph, While frames 17 and c Show a second polymmph, which

crystallized in two different habits, i.e., with the same crystal lattice (X—ray

diffraction pattern), but with quite different morphologies. The crystals in

frame [7 were crystallized very rapidly at high supersaturation; and those in

frame c were crystallized slowly at low supersaturation.

Bulk—density measurement provides also a very simple means of detect—

ing a polymorph. A simple graduated test tube and a balance is all what is
needed for this measurement. '

The most widely used method is DSC (differential scanning calorimetry),
Which enables the determination of endothermic events on the DSC thermo-

 
;

2.?
i

|PR2020-00770

United Therapeutics EX2008

Page 129 of 183



IPR2020-00770 
United Therapeutics EX2008 

Page 130 of 183

206 PHARMACEUTICAL SALTS:
 

 

 
 

 
 

  
  

  

Seeding '-

figfig ;, (2%).)
.- afififii“
53:33:: al

 
Number

of Counts

3000

§ v we.“
ha ;\\\\.\‘...
  

 
 

  

   

2000

1000 $1

  / \ mama.
9:) 637 wax‘muxnxxmxwmwfie‘“anaemia“a“ m‘fis‘i‘r‘mwmsm\

figfi§§$§§§£fi§§§$§§§$§fififi§m 0
erbneoée

Granulometric Classes [1.1m]

Fig. 6. Time profile quarricle size distribution during a batch crystallization process. Crys-
tallization was induced by seeding.

 
a , p b

0

Fig. 7. Microphorogmphs of three crystalline forms of a drug substance (see text)

gram, corresponding to the fusion of each crystal variety-and characterized
by the values for temperature and enthalpy. It should be noted, however, that
any measurement undeitaken by DSC should ideally be complemented by a .
temperature scan of the X—ray powder diffraction (XRPD) on a temperature
programmable hot—stage. ' '

Infrared (IR) spectroscopy can be used to distinguish polymorphs, on
condition that the interactions in the solid differ enough to shift some bands.
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Near IR spectroscopy is a promising new method in this field, particular
for online monitoring. The difficulty is that a large number of factors can-

affect the data and thus many calibrations are required to obtain reliable re—
sults.

, X—Ray analysis always provides ultimate proof of polymorphism, as the .

spectra depend directly on the crystal structure. Ideally a monocrystal1s pre~
pared, which provides very precise information on the crystal lattice and
makesit possible to index the crystal faces with a goniometer. With a syn-
chrotron, the crystal lattice can now be determined with powder spectra.

Lattice modelling can be then Carried out on a computer. There me many V~
applications: determining the absolute density of the solid, representing the
surface atoms on each face, lacunae, etc. Itis possible to deduce the hydio—

phobic or hydrophilic properties, the faces where growth canlbe predicted to
be slow, or those faces where it could be'predicted to be fast the possibilities.

f01 poisoning’ the growth on certain faces by the use of additives (‘crystal
engineering), etc [11] [12]

7. Filtration and Drying

When the c1ystallization process finally yields the desired crystals in

. terms of polymorphs and particle size, they must then be suitably separated
from the mother liquors and dried. Often too frequently, chemists tend to

focus in‘ depth on the development of organic synthesis and the reduction of
the cost per kilogram of the final drug substance. Crystallization is consid—
ered to be a secondary matter, with filtration and drying receiving even less
attention. However, the successful final preparation of a medicinal product is

highly dependent on these two steps;

7.1. Avoiding Contamination

The resulting drug substance powder must be as pure as possible, of
course, with only limited concentrations of impurities arising from the

synthetic route and very low residuallevels of any catalysts used. It must
also be free of cross—contamination by other active substances that are man—

ufactured in the same equipment or stored on the same site, as manufac-

turing campaigns are often carried out simultaneously. Most of the pro—
cessing and handling of the powder tends to be undertaken in closed vessels
to reduce the risk of contamination by air home, sub—micrometer dust par—

ticles that can remain in the atmosphere for some time and settle very

slowly.

 
'i
.ivi.
ii
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7.2. Stability of the Moist Product

Moist powder can be the site of many transformations, forpexample
agglomeration, settling, partial recrystallization, and polymorphic conver--
sion.

The methods that are used for filtration and drying include the following:
 

0 The most conventional method involves the Biichner filter and tray dry-

ing. This system is clearly more susceptible to cross-contamination be—
cause of the many handling steps it requires and exposure to the air is

high. It is still used, however, for small quantities.

o For larger batch sizes, the double—cone spin—dryer or conical dryer with

an epicycloid screw is very effective. However, this is intended for large
manufacturing operations dedicated to a single product.

0 The use of scaled filter dryers with stirrers is now more widespread (see

Fig. 8). In this type of apparatus, it is possible to filter, dewater the cake,
smooth the surface to avoid cracking (preferential route), wash it, take up

the cake again in a solvent, filter it again, and dry it with inert gas or in

a vacuum by heating the walls and stirring moderately.

 
Fig. 8. Schematic representation of a filter dryeI: M, stirring motor; 7}, jacket temperature,
Tm, temperature of product mass; 1, suction valve for filtrate withdrawal; 2, viewing glass;
3, dust filter; 4, condenser for evaporated solvent; 5, solvent receiver; 6, solvent withdrawal

valve. ‘
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The dry powder is discharged directly into drums. Thus, filter dryers are
suitable for pharmaCeutical chemistry, as they allow to perform operations
without contact to the open air. However, they have some limitations due to
their design and operation characteristics: 1 ‘ ‘

0 a small filter surface; . _ p . ,

, o, a small heat exchange surface between the wall and the powder; .
-o strong stirring, causing crystal attrition, and agglomeration of the moist

poWder; productdegradation canjeven occur due to frictional heating, if
- the stirring is too intense;

- occasionally static electricity is generated due to rubbing against the stirrer.

, 7.3". optimizing the Filtration Process

. To avoid. filtration difficulties, 'the'specificflow resistance of the cake
, must be measured on‘ a filter cell. This is a cylinder that can be pressurized,
and the filter cloth can be fixed to its base. The suspension to be filtered is

added, and the time—course of the filtrate volume is recorded. The following

relation is obtained by applying Darcy’s law: .

't/V=Rfm'.77/A'AP+(oc-m-n/ZAQ-APrV" I ' '(8)

where: t = the filtration time [s]

V Rm, 2 resistance of the filter medium [m‘z]
filter surface. area [m2]
specific resistance of the cake [m -l<g_1]

171 mass of the solid per unit volume of filtrate [kg-1K3]

77 = viscosity of the liquid [Pa-s]
AP filtration pressure” [Pa]

V = filtration volume [m3]

93> IIII

In fact, it is sufficient to plot t/V vs. V (see Fig. ’9):

The y—intercept is: Rfm- 77/A - AP

and the slope is: 05 ~ 171 - 77/2A2 ' AP

Thus, the resistance of the filter medium (Rm) is obtained Very easily,

which makes it possible to optimize the choice of material (cloth, metal, or
frit filter), as well as the specific resistance of the cake or, which can be used

to optimize the operating procedure for crystallization. Values of or below
109 m- kg”l provide very easy filtration, values between 109 and 10“ m - kg‘I
give moderately rapid filtration, and above NJ11 to 1012 m-kg‘1 filtration is
rather difficult, especially with a sealed filter dryer. 1

 
E
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Fig. 9. Obtaining relevant filtration. characteristics from. plot according to Darcy’s law

_ By platting the curve 1n or =f(1n AP), the cake compressibility is obtained
from the slope 11:

If n :30, the cake is incompressible.
If n >-"1 the cake is very compressible.

The use of a sealed filter d1yer requires crystals with a specific resistance of

ca.108 to 10mm kg’] to obtain reasonable process times (from several
hours to ca 48 h) Beyond this, a centrifuge is preferable. 

7.3 1. Change of Temperature

The solubility of most materialsis lowerin cold solvent than111 hot sol—
vent This is the typical principle appliedin traditional crystallization The
materal to be crystallizedlS dissolved'1n hot solvent, and the resulting solu—
tion is cooled Nucleation (initial deposit of solid material) occurs, when the
concentration in solution exceeds the supersaturation threshold at the given
temperature. Control of the cooling rate controls the rateof change of solu—
bilitir and hence the rate of crystal growth.

j
7.32. Change in Polarity/Selvent Composition

|

Many materials have high solubility1n one solvent and low solubility in
asTecond solvent. Advantage can be taken of this difference by dissolution in
the high-solubility solvent and addition of the low-solubility solvent either1n

a controlled manner at constant temperature or in combination with a change
' in temperature

} .
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7.3.3. Supermtumz‘ion and Seeding

When a solution of a solid is cooled in absenceof particulate matter, often

no crystals are deposited even though the equilibrium solubility at a given tem-

perature has been exceeded. This phenomenon is knovvn as supersaturation.
, Control of supersaturation is vitally important in achieving a controlled crys-

tallization, as poor control often leads to the material ‘crashing out’ of solution

in a poor physical form and1mpure state.
One common way that the supersaturation Can be reduced13 by seeding p

This has a twofold effect. First, it piovides a template of the correct shape

for the new material to be deposited onto and promotes additional nucleation.

Second, once the crystallizationhasbeen induced, the material being depos—

' ited as a solid is continually reducing the solution supersaturation concentra—

tion. This leads to a more uniform product quality. ‘

7.34. Control ofPolymorpfz

The topic of polymorphism is dealt within Chapt 3. For most pharma-
ceutical purposes, it is preferable to use the most stable polymmphic form.
Contiol of crystallization parameters is vitalin large scale manufacture to en—
sure a reproducible product. In general, a rapid cryStallization at low "temper—
atures can lead to the ‘kinetic’ crystalline product that may be a less stable

(metastable) polymorph. Crystallization at a higher temperature and over a.

longer period of time will lead to the thermodynamically stable product,

ideally, the most stable polymmph.

7.3.5. Salt Formation

As exemplified in detail later, salt formation essentially lowers the equi—

librium solubility of organic bases and acids in the organic processing sol—
vent, because the salt formed is a new species, which is typically less solu—

ble in such solvents. The d1iving force for the process is again the energy re-

leased by formation of the stable crystal lattice.

8. Acids and Bases for Salts

Focussing here on chemical~technical properties, the more common acids

and bases which have been used on both the laboratory and plant—manufactur—

ing scale are briefly described in the following sections (for other descriptions

see the monographs, Chapt. 12).

 
%

E
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8.1. Acids for Salts of Organic Bases

8.1.1. Hydrochloric Acid

This acid is thernost widely used acid for formation of salts both for the

isolation of synthetic intermediates and for the final pharmaceutical dosage

form. It is a very strong acid and so forms salts with most bases. However,

loss of the volatile HCl can give rise to long—term stability concerns with very
weak bases.

Chlorides and hydrochloric acid can cause stress corrosion/pitting in

stainless steel equipment particularly at low pH. On a large scale, this neces-

sitates use of glass-lined vessels or equipment such as centrifuges and pres-

sure filters being fabricated from special resistant alloys (e. 3., Hastelloy).

Hydrochloric acid is conveniently used as the 36% (w/w) solution in wa—

ter. If, however, water interferes with the formation and isolation of a solid

crystalline product, it is possible to use the anhydrous gas from cylinders.

8.1.2. Sulfuric Acid

This strong acid has also been widely used both for isolation of inter—
mediates and as the final pharmaceutical salt form. The dibasic acid can give .

either neutral (i e., two moles of base to one mole of sulfuric acid) or acid

salts. It is important, therefore to ensure that the correct stoichiornetry is
usedin the formation of a sulfate salt.

8.1.3. Hydrobromic Acid

1 Retrospectively, hydrobromic acid is the third most frequently used acid
for final pharmaceutical products, but, because of the potential of adverse re~

actions to bromide ions, it is becoming less favored for new products. .

It is still Widely used for isolationof intermediates, since hydrobromides

are often of lowei solubility and better crystallinity than the corresponding
hydrochlorides.

Hydrobromic acid is also volatile and attacks stainless steel. It is used

both as the anhydrous gas and as a 48% (w/w) solution in water.

8.1.4. Maleic Acid

Many pharmaceutical final products are isolated as maleates because of
high crystallinity of the salts. Its two carboxyl groups may form both neutral
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and acid salts. A potential disadvantage is that it can isomerize to the ther- .
modynamically'more stable (E)-isorner, fumaric acid. For this reason, high
temperatures must be avoided. . q

The solid-state nature of maleic acid requires it to be dissolVed in a suit—
~ able solvent when used for salt formation reactions.

8.1.5. 'Methanesulfonic Acid

This is a strong acid and so forms stable salts with many weak bases. It
is frequently used for the salt form of the final pharmaceutical product. In
addition, it finds considerable utility for isolation of synthetic intermediates.
Operationally, it is very convenient to use on a large scale, since it is a liquid

. containing no water.»

8.1.6. Phosphoric Acid

» Phosphoric acid is especially used to enhance water solubility of final ‘
products. It is an involatile acid and so tends to form thermally} stable salts.
There is, however, a tendency to form hydrates. _

Stainless steel processing equipment is relatively inert ,to attack from
phosphoric acid. Anhydrous phosphoric acid is very viscous liquid and so is
operationally difficult to use. .

8.1.7. para—Toluencsulfonic Acid

This strong acid is relatively cheap. Because of its high molecular weight,
it forms insoluble salts with many organic bases. For this reason, it is wide-

ly used to isolate and purify synthetic intermediates. It is occasionally also
used as a salt of a pharmaceutical product.

8.1.8. Carbonic Add

This is a very weak acid and-only forms salts with the strongest of organ-
ic bases such as guanidines. This special property can be used to separate
guanidines from weaker bases.
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8.1.9. Other Organic Acids

These include taitaiic, citiic fumaric, succinic, acetic, formic, lactic, malic

malonic and many other acids The piimaiy choice of saltis often made on
the empirical basis of laboratory studies. This takes into account issues such
as the stability, bioavailability, pharmaceutical acceptability, and ease of
manufacture. Readily crystallizing salts with a high dcgiee of crystallinity aie

preferred fiom a manufacturing vieWpoint, since they offer good purification
and chemical stability properties.

8.2. Bases for Salts of Organic Acids

 
8.2.1. 5051111111

Thisis the most commonly used base both f01 final pharmaceutical prod—
ucts and fo1 intermediates. Sodium salts are often crystalline, but often have
a tendency110 f01m hydrates of variable watei content. Some of the salts are
veiy hygro1soopic, which can give rise to handling issues. Those may be
pione to support microbial g1owth because of the watei content and special-

.,11 1.1 1 piecautions are needed to ensure fieedom. from contamination
' ‘ Thereare several techniques used for formation of sodium salts on a large
:1. :1 ' ' ' scale. The simplest way is to neutralize an:aqueous solution of the acid with

1 ' ' sodium hy roxide or sodium carbOnate/bicarbonate. The water is then re—
‘ moved by istillation or freeze——drying, or the sodium salt can be precipitat— '

ed by addiion of a miscible organic solvent such as acetone. If the acid is
insoluble in water methanol can be used as solvent and one equivalent of
sodium methoxide is used to form the sodium salt, followed by a suitable
W01kup. 1

l11

 

 
8.2.2. Potassium

i

The co1nments about sodium salts referiecl to above are in general equal—
ly applical1ileto potassium salts.

l

1
8.2.3. Ccr1cium

l

The simplest‘method’ of formation is by addition of an aqueous solution
of calcium hydroxide to a solution of the acid in water, followed by evapo—

. ration/cdncentration. -l

1iI
I
l
/l1
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Another technique is stirring the organic acid and a stoichiometric excess '

of’calcium carbonate in water, producing a water-soluble calcium salt. The

excess insoluble calcium carbonate is filtered Off, and the aqueous filtrate is '

either concentrated and freeze—dried, or the calcium salt is isolated by addi—

tion of amiscible solvent such as acetone or methanol.

8.2.4. Magnesium

Most of the comments about calcium salts are equally applicable to mag-

nesium salts. .

8.2.5. Lysine

The naturally occurring basic amino acid L-lysine has been used exten—

\ sively to form crystalline salts of acids. Most salts are produced in an aque—

ous solution, but occasionally methanol has been used. ’
L-Lysine is an optically active base, and the chiral purity of the material

used is important. Cafe is needed with racemic acids to ensure that preferen—

tial crystallization of One of the enantiomers does not occur, thus shifting the
ratio of enantiomers in the final product.

8.2.6. Argim'ne

Bearing a guanidine group, L-arginine is a very strong organic base. For
this reason, it is able fo‘rm stable salts With many of the weaker organic ac—

ids. Because of its chirality so the comments for lysine apply likewise to ar—

ginine.

8.2.7. Other Organic Bases

These include various types of amines (tn'ethylamine, diethylamine,

ethanolarnine, diethanolamine, triethanolamine, piperazine, morpholine,

meglumine, imidazole, ethylenediarnine) and quaternary ammonium bases

(choline). Each of these has found occasional use to form salts for pharma—

ceutical products. There is much debate about the pharmaceutical acceptabil—

ity of several of these bases. This is dealt with in Chapt. 5.

These bases have also found use in the isolation and purification of syn—

thetic intermediates. The organic base is removed later- during the further
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course of the synthesis and so the pharmaceutical acceptability concerns are

' not applicable.

8.3. Diastereoisomeric Salts

 
With chiral drug substances, the biological activity of a synthetic racemate

compound is frequently more pronounced or even fully resides in one of the

two enantiomers. It is thus highly desirable to produce and develop a single
enantiomer—the desirable eutomer rather than the undesirable disromer— '

since this leads to a more active and potentially less toxic product. Several

synthetic techniques are available to produce single enantiomers. They in-
clude starting out from homochiral compounds, stereospecific introduction of
a chiral center (e. g., chiral hydrogenation) or separation of the enantiomers
from the synthetic racemate.

Optically active acids and bases are widely used as resolving agents to
separate the desired active enantiomer. Their salts formed with racemic has»

es and acids, respectively, are mixtures of diastereoisorneric salts, which can

be separated due to their different physical properties, in particular, by frac-

tionated crystallization due to different solubility. After formation and crys-

. tallization of the desired diastereoisomeric salt, the eutomer is recovered
from the salt as well as the optically active acid (or base) 'used for resolution.

Examples of the procedure are described below. ,

8.3.1. Agents for Chiral Separations

There are more chiral acids and bases that have been used on a largescale

for separation .of enantiomers. In every case, the formation of a salt of high
crystallinity is essential for success of the procedure.

The topic of chiral separations is dealt with in much greater detail in [13].

8.3.2. a—Methylbenzylamine "

This strong base is readily available as both the (4.)- and (—)~isomers. Be-

cause of its high basicity, itvforms stable salts with many organic acids, which

often have a high degree of crystallinity, which aids the separation.
In practice, the procedure followed is to dissOlve the (i)-racernie acid in

' a suitable solvent and to add 0.5 to 1.0 equivalents of for example (+)-a—
methylbenzylamine. Two different salts are possible: (+)—acid - (+)—base and

(—)—acid- (+)—base. These salts usually have different solubilities, and only
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one of the salts p1efere11tially crystallizes from the system The c1ystalline
diastereoisome'ric salt1s filteied off leaving the other enantiomer in solution
in the filtrate. Separation into the two single enantiomers has thus been

I achieved. The crystalline salt sepaiated by filtration13 then treated with aque-
ous hydrochloric acid and the regenerated pure enantiomei acidis extracted . i

into a suitable solvent Sometimes it is necessary to 1ecrystallize the salt to
ensure high chiral purity. . -

Since both the (+)— and the (—)—isomers of this base are readily available,
it15 usual to choose the benzylamine isomer, which forms a less soluble and,

therefore, preferentially crystallizing salt with the eutonier, since this .gives
overall a much more efficient separation. V

8.3.3. Brucine and Strychnine

These alkaloids have been widely used for resolution due to the highly '
. crystalline nature of the salts. Both alkaloids are toxic, f01 which reason it is

obvious to ensure complete 1emoval of the resolving agent 011Ce the sepa1a4
tion has been achieved.

The alkaloids are obtained from natural sources, and so only one isomer
is readily available. This can be a limitation, since, in general, it is easiei to
obtain an optically pure product from the crystalline solid rather than from
the residual filtrates. '

8.3.4. Camphorsulfonic Acid

This strong acid forms stable salts with many organic bases and so has
found extensive use. As it is derived from natural camphor, only one isomer

is readily available. ‘

8.3.5. Dibenzoyltartaric Acid

This is prepared from tartaric acid. It is a relatively weak carboxylic acid,
but does form stable salts with many organic bases.

9. Example: Using Salts to Isolate Products and Intermediates

The various applications of salt formation and crystallization will be il—
lustrated by examples from the ICI 162846 synthesis. The compound under—
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Scheme]

No2 -- NH2 ' H HN

/ \ Pd/H2 / \ CFSCHZNCS /
 

 HgO/NH8

v

_ H H H H

NTNVCFS _N NVCFS
/ \ H2SO4 / \

/N NH ‘——-— ,N NHN "N

K/\/CONH2 K/VCN
ICI162846

went evaluation as a potential histamine H2 blocker. The initial synthetic
route is indicated in Scheme 1. . ' -.

The initial four—step route gave rise to many impurities which prevented
crystallization of thefinal product ICI 162846 as the free base. Advantage
was talcen of a highly crystalline hydrogen maleatc salt to isolate ICI 162846

from the crude reaction mixture. It was considered preferable to develop
ICI-162846 as the free base. This was easily achieved by treatment of the ma?
leate salt with-sodium hydroxide, extraction into ethyl acetate, and crystal—
lization. The maleate salt had thus been successfully served to avoid a large '
scale chromatographic.separation. ‘ i '

The above route sufficed to enable development quantities to be made. It

was, however, unsuitable for large—scale use due to the potentially explosive
nature of nitropyrazoles and the toxicity and availability of the reagents used.
Moreover, there was the potential of mercury contamination of the final

ICI 162846 Pure. _ p . _
To avoid various problems associated with the initial synthesis, an alter.

native route was developed for large—scale manufacture. This route used salt
formation at various points to enable hundreds of kilograms to be made.

The alkylation of 3—aminopyrazole with 5—bromova1eronitr'ile gave rise to
a mixture f’containing ca. 20% of the unwanted N(2)-isomer (Schefne 2). A
modest separation could be achieved by crystallization of the free base, but

substantial losses occurred, since it was necessary to recrystallize the N(1)-
isomer l’ifor removing the last traces of the N(2)-impurity.
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Scheme 2

C! NHgNHg Br(CH2)4CN _ / \N'

CN Kacoa N/ — , 5. .
‘H r . ’ CN.

1 (+ N(2)—isomer)

  

 

 

CF30H2NHCN
r

H H ' H H

N NVCFg N NVCFS

/ \ H2304' / \- ‘
,N NH ,N NHN N

WCONHZ WCN

|01162846 , p 2

A superior technique relied on the salt formation with toluene—4—sulfonic
acid to isolate the desired N(l)—isomer as its highly crystalline tosylate salt.

This gave better separation of the isomers, and the crystallized product was
free from contamination with the unwanted N(2)—isomer.

The reaction of amino nitrile 1 with 2,2,2—trifluoroethylcyanamide formed

guanidinenitrile 2 in good yield, but this required separation. from the other re—
actants, which also had basicpropei’ties. Guanidines are strongly basic and.
form stable carbonate and bicarbonate salts. The, other bases in the reaction

(aminopyrazole and 2,2,2—trifluoroethylamine) are very weak and do not form
crystalline salts with carbonic acid. Separation of the desired guanidine was
very easily achieved by isolation as its highly crystalline bicarbonate salt.

It Was possible to isolate ICI 162846 pure as the crystalline free base di—
rectly from the hydrolysis stage. With the increase in purity at the intermedi—
ate stages, it was no longer necessary to use the maleate salt as an interme—
diate purification step. ‘
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Chapter 11

Selected Procedures forthe Preparation
of Pharmaceutically'Acceptable Salts
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1. Introduction

The preparation of pharmaceutical salts is usually not a matter of univer-

sity teaching, and most of the organic chemists are not trained to prepare

salts. For this reason, it appeared useful to the authors to collect some prep—

aration methods from the literature and to present them in this chapter as pos—

sible models. Most of the ‘recipes’ stem from the patent literature and, there-
fore, are not optimized. Nevertheless they illustrate the state of the art and

sometimes propose several variants for the preparation of a given salt form.

2. Preparation of Salts of Basic Drug Substances

2.1. Hydrochlorides ,.

Hydrochlorides do sometimes require strictly anhydrous conditions to be 1‘ ‘

prepared (gag, HCl gas in anhydrous .diethyl ether (Et20)), at other times they 3

require stoichiometric amounts of H20 to be present in order to yield hydrat- “ ‘

ed crystals A typical procedureis to dissolve the organic base in the mini—
mal amount of hot isopropanol (i--PrOH) and to add the calculated volume of
concentrated HCl (85 ml= 1 mol). If, after cooling, crystallization does not

‘ occur, it can; be induced by progressive additions of EtZO. Only if both pro-

‘ cedures fail,?salt formers other than HCl should be envisaged. ,

l
l1

. .3; l

l ' 1 a. '1 ‘l . 1:.
1 1

l

 
Cyclopenmnt‘ine Hydrochloride _ (EH3

Clopane® (Lilly) writ. .I'HC!
Procedure [ll ' CH3

Dissolve 141 g (1 mol) of 3--cyclopentyl—N—methylprrjpan—2——amine in
' 500 ml of dry EtZO; and pass dry HCl into the solution, until the weight of

the mixture and container has increased by 36 g. During the addition of the

HCl, the HCl’ salt of 3cyclopentyl——N-methylpropan2—amine precipitates as

a white powder. The saltis filtered off and washed with dry EtZO. 3-cyclo—

pentyl—N—methylpropan-Z-amine hydrochloride thus prepared melts at ca
113— 115 °C The yieldis practically quantitative

 

Caution!

When this procedure is performed on a small scaleJit is often observed
that the initially formed hydrochloride re—dissolves. This is due to the fact

that an excess .of gaseous HCl in anhydrous EtZO produces the very polar di—
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ethyloxonium chloride, which solubilizes the initially precipitated hydrochlo-
ride.

NH2

Cymrabine Hydrochloride p . - . 211/ 1
Cytosar® (Upjohn) . _ HO - o N +101

. _ W o\(|3H
Procedure [2] . . ' OH

A solution of 250 mg D-1-fi-arabinofuranosylcytosine in absblute metha~

no] (MeOH) was warmed and stirred With decolorizing charcoal. The mix—
ture was filtered through a bed of filter aid,‘ and the filter bed was washed re—

- peatedly with absolute MeOH. The combined filtrate and washings were pale
" yellow. The solution was diluted to faint cloudiness iwith anhydrous EtQO,

and an excess of anhydrous HCl was introduced. CrYStalli‘zation began at ca.
25 °C and further crystallization was induced by chilling at 0 °C for 14 hours.
The crystalline product Was collected on a filter, washed with anhydrous
Ergo, and dried in air. There was thus obtained 180 mg of pale yellow D-l—

[5—arabinofuranosylcytosine hydrochloride melting at-186 to 189 9C. i
The pale yellow product was dissolved in warm, absolute MeOH, and

after treatment with decolorizing charcoal the solution was filtered through a

bed of filter aid. The filter bed Was washed with warm absolute MeOH, and

the combined methanolic filtrate and washings Were warmed and diluted with
anhydrous EtQO to incipient crystallization. The MeOH/EtZO mixture was

kept at ca. 25 °C for ca. 1 hour and then chilled, first at 0 °C, and then at
—20 °C. The resulting colorless needles were collected on a filter, washed

with anhydrous EtzO, and dried at 85°C, yielding 100 mg of D—l-[S—arabino—
furanosylcytosine hydrochloride with a melting point of 186 — 188 °C.

Fencliline Hydrochloride

o
/—\ CH

.® . HSC\N N HN 3
Senszt (Thiemann) A I />

0 hi N +10:
CH3Procedure [3]

The freshly distilled base, 25.38 g of 1,7-dihydro-l,3—dirnethyl—7—{2—[(1—

methyl—2—phenylethyl)amino]ethyl}-2H,6H—purine—2,6—dione is dissolved in

134 ml of 96% EtOH, whereupon 26.8 ml of concentrated HCl and 201 ml

of hot H20 are added while cooling with ice—water. The precipitate is filtered

off and dried in vacuo at 100 °C: 22.98 g of hydrochloride salt are obtained.

Mp. 200—201 °C. On recrystallization from 285 ml of a 2:1 mixture of H20

and 96% EtOH the melting point remains unchanged.

 
|PR2020-00770

United Therapeutics EX2008

Page 147 of 183



IPR2020-00770 
United Therapeutics EX2008 

Page 148 of 183

252 PHARMACEUTICAL SALTS:

Conversion of a Hydrochloride to the Free Base

The usual way to prepare free bases from hydrochlorides and, more gen—

erally from salts, consists in adding an inorganic base (NaOl-I, K2C03) and

extracting the free base by means of a water—immiscible organic solvent.

However, ,under some circumstances it may be desirable to work under an-

hydrous conditions. This can be achieved for example in bringing the hydro—

chloride to react with an HCl scavenger such as propylene oxide, according
to the reaction below:

R2
 OH H2 CH3| 3

Rt—NiH or + T] Fit—N: + [’<
F19 0 R3. Cl OH

The l--chloropropan--201 formed can be easily removed under reduced
pressure One of the interesting applications of this procedureis the tiansi—
tion from hydrobiornides the usual product of demethylation reactions to the

corresponding hydrochlorides, via the free base.

Procedure [4]

To a solution of 3. 3 g (13.3 mmol) of L-3-hydroxy-4--methoxypheny1—

alanine hydrochloride in 150 m1 of EtOH are added portionwise over
3 hours 12,5 ml propylene oxide. The mixture is allowed to stand 20 hours
at ambient temperature (ca 25 °C). The precipitated crystals are collected
and purified by dissolution in 40 ml of absolute EtOH and inducing the
crystallization by adding some drops of H20 The yieldis 2 15 g of color—
less crystals of L—3-hydroxy—4-methoxypheny1alanine melting at 251 — .
252 °C. -

2.2. Nitrates

Butocoriazole Nitrate . Cm:Q
Femstat® (Syntex)

Procedure [5] V - HNOa

To a solution of 10 g (ca. 0.025 mol) of vbutoconazole (= 15{4—(4-chloro—
phenyl)~2-[(2,6-dichlorophenyl)sulfanyl]butyl}-1H~irnidazole) base in 300 ml

of dry EtzO, 70% HNO3 (d: 1.42) is added dropWise until the precipitation

is complete (ca. 2.2 ml). The resulting nitrate salt is recrystallized from ace-
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tone/AcOEt to give butoconazole nitiate as colorless blades; yield. 9.6 g cor—
1esponding to 'ca. 80%.

2.3. Phosphates

Amphetamine Phosphate ‘ i - NHz ‘
,. _ , - H3PO4Procedure [6] ' m3 .

Amphetamine (= oc—methylbenzeneethanamine; 135 g, 1mol) is stirred

into 300 m1 of acetone in a stainless—steel vessel. To the resultant solution

115.3 g of 85% H3PQ4 (containing. _1 mo1 of H3PO4) are added undei con-

stant agitation, care being taken to avoid any sudden rise in temperature or
local overheating due to the considerable amount 'of heat thatis Evolved. Dur— I
ing the addition of the H3PO4, a fine, white, flocculent precipitate appears,

' which becomes more and more dense and abundant, as the quantity of add-

ed acid increases. When the entire quantity of the H3PO4 has been added, ag-

- itation of the mixture is Continued for ca. / hour or more to insure complete

conversion. The precipitate is then allowed to settle, the supernatant liquidis

' . discarded, and the residueis filtered. The precipitate thus separated may, if
desired, be washed with acetone andis then dried by evapmation to constant

weight, providing a fine, White, impalpable powdel, which consists of pure
monobasic amphetamine phosphate.

Dioxyline Phosphate
Paveril® (Lilly)

' - HaPO4 
Procedure [7]

A solution Of 5 g of 6,7—dimethoxy—3—methy1—1—(4—ethoxy-3—methoxy—

benzyl)isoquino11ne in 100 ml of EtOH is treated with a solution of 1.5 g of

H3PO4 in 10 ml of EtOH. Thereafter, 10 m1 of H20 are added to effect com—

plete solution, and the reaction mixture is then cooled, and EtZO is added,

until precipitation of the salt is complete. The precipitate of 6,7—dimethoxy-

3-methy1—1—(4-ethoxy—3—methoxybenzy1)isoquinoline. phosphate is filtered

off and recrystallized from 85% EtOH by the addition of 2 volumes of

EtZO.

 
t:
g,
t.1

,5!
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, Procedure [9]

. Dexchlorphenimmine Malectte v C‘ ‘-

254 PHARMACEUTICAL SALTS: 

2.4. Succinates

0/>
Oxctflumazine Succinate pN/\/j\o
Oxaflumine® (Diamam‘) \2F AN

F N COOH

F / l D _ 2[
Procedure [8] \ 3 COOH

A solution of 257 g oxaflurnazine (2 10—(3—{4—[2—(1,3—dioxan—2—yl)ethyl]-

piperazin—l-yl}propyl)—2—(trifluoromethyD—lOH—phenothiazine) basein 500 ml
of acetone is added with stirring to a solution of 118 g of succinic acid in

4000 ml of acetone. The agitation is continued at room temperature until the

desired salt crystallizes. The mixture is allowed to stand overnight at 0 °C.

The weight of the collected crystals is 256 g (yield, 70%). After recrystalliza-
tion in 1000 In] of abetonitrile (MeCN) the acid disuccin‘ate melts at 136—
138 °C.

2.5. Maleates

Azamdine Maleate

Optimine® (Schering) ‘  
To a solution containing 4.3 g of 6,11—dihydro—1l—(l—Inethylpiperidin—4— '

yiidene)—5H—benzo[5,6]cyclohepta[l,2—b]pyridine in 55 ml of AcOEt, add a
solution of 3.45 g of maleic acid dissolved in AcOEt. Filter the resulting pre—

cipitate and recrystallize the desired product from an AcOEt/MeOH mixture
to yield the dimaleate salt. Mp. 152— 154 °C. '

Polammine® (Schering) ' ' ' I . 1

Procedure [10] p ' . \ ‘

(+)—Dexchlorpheniramine (= y—(4-chlorophenyl)—N,N—dimethylpyridine—
2—propanamine) (4.3 g) and maleic acid (1.8 g) are dissolved in 20 ml of iso—
propyl acetate (AcO(i—Pr)) and kept at room temperature until crystallization
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is complete. The c1ysta1s are filtered, washed with AcOEt and recrystallized" .
from 15 ml of this solventin the same manner The Ciystalline maleate salt
so formedis filtered off and dried. M.p 113— 115 °C

Ibutilide Fumamte ' OH . I/\/\/\CH3 .® _ _ . . .
Corverr (Pharmacza & Upjohn) ' NVCHS ,

1 ‘ ' H30\s//O ' ..
Procedure [11] ”

HOOC
,0 .1/2 \/\COOH

Ibutilide (2 {3— [(ethyl)(heptyl)arnino]p10pyl}{4—[(rnethylsulfonyl)rnethyl]~

phenyl}methanol; 31.9 g, 0.0829 mol) is dissolved in 135 m1 of absolute
EtOH and mixed witha solution of fumaric acid (4'.3 g, 0.037 mol)in abso—

: lute EtOH (203 ml). The solution was concentrated under reduced p1essu1e,.
andthe residue was dissolvedin hot acetone and allowed to crystallize. Re—
crystallization from acetone gave a solid that was dried unde1 reduced pres—
sure f01 4 days at 60 °C to give 314 g of the (E)~but—2-enoate salt of ibuti—
lide (2:1). M.p. 117— 119 °C. '

2.6. Citrates

Bummimte Citrate O 0 COOH
Sinecod® (Hommel) o/\/ \/\l\ll\/\CH3 - HO COOH
Procedure [12] . CH3 CH3 COOH

To 10 g of high—vacuum distilled 2-[2-(diethylarnino)ethoxy]ethyl oc-e‘thyl— ,
benzeneacetate is added a solution of 7 g of citric acid in 30 m1 of warm ace-

tone. After standing for some time, the citrate crystallizes out. After suction

filtration and washing with acetone, the citrate is recrystallized from acetone.

M.p. 75 °C.

2.7. Tartrates

9H.

Dimemcrine Tarz‘rate (WNEHG COOH
Isotonil® (Siegfried) N Ho

0 O O“. COOH
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Procedure {13]

N,N,9,9-Tetramethyl-9H—acridine—10~propanamine (43 g) is dissolved in

229 m1 of 1N aqueous (+)-tartaric acid, and the clear solution obtained is

evaporated to dryness under reduced pressure. The residue is dissolved in

150 ml of 90% EtOH. The solution gives after cooling, the corresponding tar- '

trate as white needles. The salt contains 1 mol of tartaric acid per mol of the

base and is easily soluble in cold H20. Mp. 155— 156 °C.

2.8. Gluconates

. , Cl HOOC
Dexchlorphemramme Gluconate CIJHs OH x;

Polaramme [Gluconate] (Schermg) ”\CHE OH

/ N . HO
I OH\

Procedure [10] OH

D—y-(4—Ch10rophenyl)—N,N-dimethylpyridine—‘Z—propanamine (10 g) and

6.5 g of D-gluconolactone are mixed in 50 ml of 50% aqueous EtOH and kept

at 50 °C for 2 hours. The solvent is then removed under reduced pressure to
leave the desired salt as viscous colorless oil. - 
2.9. Lactobionates

Erythromycin Lcictobiouate
Erythrocin lactobionate® (Abbott)

 
0

H3O . ,CHa

H 0 H0 H0 COOH
HO . . Oil-Io 3 ‘NAJH3 ‘ 0 H0

. H30’ ‘ ‘CHa HO . o ,
x x “O O ' OH

‘ l ' - CH3 . OH
HSC \ M90 ’ " H0

0 . ' CH ’ .
. CH3 0 3 - COOH
Procedure [14] ' CH3 OH

A solution of erythrornycin base is prepared by dissolving 8.0 g of erythro-

mycin in 25. ml of acetone. One the other hand, a solution of 4.0 g of 5—lacto-

bionolactone is dissolved in 25 ml of H20, providing the free lactobiOnic acid

(= 4—O—/3—D—galactopyranosyl—D-gluconic acid). The two solutions are mixed

and evaporated to a gummy residue, which is dissolved in 60 ml of H20, and

 
ieefiawvénl'} sqeiibsv

éfisfi‘if-JM tune  
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. the resulting- solution is frozen and dried in vacuo by lyophilization. The

dried residue of erythromycin lactobionate (11.7 g) is a white amorphous

powder with solubility in H20 of ca. 200 mg/ml. Mp. 145 — 150 L"C.

2i10. Lauryl Sulfate Salts

Eiythromycin Estolate (Erythiomycin Propionate Laurylsulfate)
Ilosone® (DiSta) O‘

"OHS 0 CH3

OHV H30
. O ,CH
‘CHS N 3

“O O. - CH3-(CH2)11'OSOSH
MeO CH3

I o .\ - __ '

. CH 0W3 .
Procedure [15] . ‘ 3 , 0 ‘ OH '

- CH3

 

 
Monopropionylerythromycin (16.7 g) is_dissolved in 50ml of warm ace-

tone To the solution is added sodium lauryl sulfate (64 g), dissolved in
50 ml of distilled H20 containing 2 ml of glacial AcOH The white crystal-

line precipitate of monopropionylerythromycin lauryl sulfate separatedIS fil—
teied off and dried M..p ca. 135— 137 °C. ’ ‘

2.11. Glutamates

NHZ '

Ar inine Glutamate ' ' COOHg as HZNANW
Modamate (Abbott) H H N' 2

‘OOCVYCOOH
Procedure [16] ' HZN

This water—soluble salt may be prepared by mixing L-arginine with L—glu—

tamic acid in H20 and crystallizing the resulting salt by the addition of a po-

lar water—miscible organic solvent. For instance, when 17.2 g of L-arginine and

14.5 g of L—glutamic acid are dissolved in 155 g of H20, a clear homogeneous

solution results, which has a pH of 5.3. After filtration, this solution is concen—

trated at 50 °C under reduced pressure to a solid content of ca. 45%. Absolute

MeOH (220 g) is added, and this mixture is cooled to 5 °C for 1 hour. The-re—

sulting solid salt is removed by filtration and washed with absolute MeOH. The

salt is left to become air—dry and is then further dried in a vacuum oven at 60 °C

for 3 hours. Thus, 30 g (94.6% of the theoretical yield based on the amounts of

 
Yeditepe Universitesi
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L-arginine and L—glutamic acid employed) of the L—arginine L—glutamate salt are

obtained. Mp. 193 — 194.5 “C with decomposition

2.12. Acetamidobenzoates
COOH

Dermal Acetamidobenzoare Hag _/_OH
Deaner® (Riker) ,N

H30

Procedure [17] NHCOCHS

4-(Acety1amino)benzoic acid (ca. 40 g, 0.223 mol) is dissolved in 600 ml

of absolute MeOH, and the solution is heated to reflux temperature, Heating

is discontinued, and, under mechanical stirring, -2—(dimethy1amino)ethanol

(19.9 g, 0.223 11101) is .added through a dropping funnel as fast as the exo-

thermic nature of the reaction permits. The reaction mixture is allowed to

cool to room temperature (2.5 — 3 hours) under mechanical agitation, and the

solution is suc‘tion—filtered th1ough Celite filter aid. The filtrate is poured into

500 m1 of anhydious Et2O and seeded with a few crystals of 2--(dimethyl—
amino)ethanol 4—(acetylamino)benzoate. The seeding Ciystals are previously
obtained by inuoducing 3 to 6 drops of the filtered reaction mixture into a

test tube containing 10 m1 of anhydrous EtzO. The contents of the test tube

are thoroughly shaken and allowed to stand at 100m temperature. The salt.
. crystallizes within not more than 10— 15 minutes ' 

lute EtOH/AcOEt mixture by suspending the salt in boiling anhydrous

AcOEt. Just enough absolute EtOH is gradually added to effect solution, then
, the solution is concentrated to ca. % of the original volume on the steam=bath,

I treated with charcoal, and Suction-filtered through Celite filter aid. The white
crystals of 2——(dimethy1amino)ethanol 4—(acetylamino)benzoate obtained are

dried at room temperatuie at a pressure of 0.08 mm Hg for 15 hours. Mp.
159. 0— 161.5 °C.

3. Preparation of Salts of Acidic Drug Substances

3.1. Potassium and Sodium Salts

_ These salts can be prepared by means of sodium or potassium hydroxide,
carbonate, or alkoxide. The preferred preparations make use of rather anhy—

drous sodium or potassium carboxylates, which are well soluble in polar or-
ganic solvents.
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Traditional Procedure with NaOH

. A stirred solution of 111 g (0.43 mol) of (2—amin0—3~benzoy1phenyl)acetic.
acid in 777 ml of 'tetrahydrofuran is treated with 31.3 g (0.39 mol) of 50%

NaOH. After cooling the solution at 0 °C for 3 hours, the solid, which pre-

cipitates, is collected by filtration to yield 64 g (56%) of the expected sodi- .

um salt. M..p 245— 252 °C. An analytical sample is obtained by dissolving -

10 g of the crude salt1n 10 ml of 95% EtOH and treating the solution with
5 ml of (i—Pr)20 The pure sodium salt precipitates slowly to yield 09 g of

yellow solid. Mp. 254— 255.5 °C [18].

.Procedure with Anhydrous Alkali Acetates

The following procedure is used for the industrial preparation‘of the so—
. dium or potassium salts of penicillins. .

' The carboxylic acid13 dissolvedin cold MeOH or EtOH (do not heat1n
order to avoid esterificationl). An equimolar amount of anhydrous potassium
or sodium acetate is added, dissolved in the minimum volume of MeOH,

EtOH, or ACOH. The mixture is allowed to stand and cooled at +4 oC. The

crystals are collected and recrystallized in a polar solvent, if necessary.

Solubility of the alkali acetates:
AcOK: 1 g dissolves in: 0.5 ml H20; 0.2 ml boiling H20; 2.9 m1 EtOH.

AcONa: 1 g dissOlves in: 0.8 ml H20; 0.6 ml boiling H20; 19 ml EtOH.

Procedure with Z—Ethylhexanoates

The carboxylic acid, dissolved in a polar organic solvent (MeOH, EtOH,

i-PrOH, CHEClZ) is neutralized by an equimolar amount of Et3N. If neces-

sary, the resulting solution is treated with decolorizing charcoal for 15 min—

utes and filtered. A solution of sodium 2—ethylhexanoate (concentration

ca. 25%) in BuOH/CHZClZ mixture is added to the filtrate under stirring.

Crystallization is induced by adding acetone or Eth.

Sodium 2—ethylhexanoate is an inexpensive reagent that can easily be pre—

pared from sodium hydride with Z-ethylhexanoic acid and is also readily

available commercially at less than US 33 10 from several sources [19].
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Example

260 , PHARNIACEUTICAL SALTS:

E l

xamp e o ONa O
. o

Cephapgm Sodium N \ OACHS
Cefadyl (Bristol Myers) 0

' sffi S l
\ .

Procedure [20] N /

CHzCl2 (5 1) is added to a clean dry vessel equipped with stirrer. 3—[(Ace—

tyloxy)methyl]-8—oxo—7~ { [(pyrldin—4—ylthio)acetyl] amino } ~5~thia- l—azabicy—

clo[4.2.0]oct-2—ene—2—carboxylic acid (1,000 g) is added to the vessel, fol—

lowed by 350 ml of Et3N. The resulting solution is treated with decolorizing

charcoal for 15 minutes and filtered. A solution of sodium 2-ethylhexanoate

(27.3%) in BuOH/CH2C12 is added to the filtrate under stirring. Acetone

(7500 ml) is added. Crystallization occurs while stirring is continued for

several hours under dry conditions. The crystals are collected by filtration,

washed with large volumes of acetone, and then dried in vacuo at 50 °C to

yield ca. 950 gof the title compound.

Procedure with Metal Sildnolates

This procedure allows the direct transformation of a methyl ester, in an—

hydrous medium, into the corresponding sodium or potassium salt by means

of sodium or potassium trimethylsilanOlates. The sil-anolates are commercial—

ly available, they have appreciable solubility in organic solvents (EtZO, tetra—

hydrofuran, toluene, CHZClZ) and the Si—O bond can be easily cleaved [21].

 

Methyl 4-‘Chlorobenzoate (13.65 g, 80'mm01) is added in one portion to a

stirred slurry of potassium trimethylsilanol'ate (10.26 g, 80 mmol) in dry EtZO
(500 ml) at ambient temperature under N2; The reaction mixture is stirred for

4 hours. The white solid is filtered under N2, washed with Et20, and dried

under a stream of N2 to afford analytically pure potassium 4—chlorobenzoate
(13.1 g, 84%) [21]. ‘ - ‘

. O
. 0 ' '.

GAGA/.8 + KOSiMea —-——> /©/u\0K + MeasiOCHg
Cl Cl
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. 3.2. Calcium Salts
" H30

Docusate Calcium 1 \Ak oSulfa/c® (Hoechst), ' H30 ‘ 0N0

‘ Procedure [22] . ' p o_ i

l',4--Bis(2—ethylhexyl)sulfobutanedioate sodium (88 g) is dissolved in
'i—PrQH (100 ml), and another solution of CaClZ (25 g) in MeOH (50 m1)
is prepared. Both solutions are mixed and stirred for ca. 3 hours and then
cooled with ice. The NaCl, which precipitates from the cold mixture, is re—

moved by filtration, and most of the alcohol is evaporated from the resulting
filtrate with heat. The remaining liquor is'poured into 88 ml of H20, and the

' resulting precipitate is washed withI-I‘ZO to free‘from chloride ion. The
. calCium salt is then dried. ' - '

3.3. 2-Aminoethanol Salts

l. \

@5813; N ,' HzN/\/OH ‘-
s’ \CH -

In a 2—1, three—necked round bottomed reaction flask equipped with mag—
netic stirrer, dropping funnel (250 m1), and thermometer, a filtered solution
of 55.0 g (0.166 mol) 4.—hydroxy-2-methyl—N-(pyridin-29yl)-l,272H—benzo—
thiazine—3-carboxamide 1,1-dioxide dissolved in 660 ml of CH2Cl2 is placed.

The solution, which also contained 0.1 g of the mono(2—aminoethanol) salt
of 4—hydroxy—2—methyl—N— (py‘ridin—Z—yD-l,2—2H—benzothiazine—3—carboxarnide
1,1-dioxide as seed, is initially prepared by first dissolving the solid material
in 610 ml of CH2C12 in an Erlenmeyer flask at 25 DC under. gentle magnetic
stirring. The remaining 50 ml of CH2C12 is then used for washing during the
transfer of the solution to the aforementioned reaction flask. At this point, the
latter flask and its contents are heated to 27 °C with the aid of a steam bath,

and the entire system was subjected to constant and vigorous (agitation, whi—
le a solution consisting of 10.7 g (0.175 mole) of 2—aminoethanol dissolved '
in 110 ml of fresh CHzCl2 is slowly added during 50 minutes. Upon comple—
tion of this step, the reaction mixture was stirred at 27 °C for 1 hour and then
filtered on a Bitchner funnel to afford the crystalline salt, which is dried in a
vacuum oven at 35 °C. Yield: 63 g of the pure mono(2—arninoethanol) salt.
Mp. 171 —— 174 °C.

'Benzothiazine Dioxide Z-Aminoethanol ‘ OH ‘0 /

Procedure [23] . _ o// \\o a 
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262 . PHARMACEUTICAL SALTS: 

3.4. Lysine Salts

Benzorhiazine Dioxide Lysine Salt

OH O fj] o\
\ N \N . H N

N H 2 OH
¢s\\ CH3 ' H2No 0

Procedure [24] . - 0.5 H20 - 0.25 Ergo

In a 1000-1111 Erlenmeyer flask equipped with magnetic stirrer and reflux

condenser, a filtered solution of 3.5 g (0.0106 moi) of 4—hydroxy—24methyl-

N—(pyridin-2—yl)—l,2—2H—benzothiazine~3—carb6xamide 1,1-dioxide, 1,54 g
(0.0106 mol) of Llesine, and 700 ml of EtOH is placed to form a yellow sus-

pension. This suspension is then heated to reflux and treated with 10 ml of

H20 added slowlyzat the reflux point. The resulting yellow solution was then
cooled to room temperature (ea. 25 OC) and evaporated to .near dryness
under reduced pressure to afford a yellow foam. This foam is subsequently

treated with 400 1111.01 EtZO by slurrying overnight and then filtered to give

a fine yellow solid. Yield: 4,5 g (89%) of the pure amorphous L-lysine salt as

the hernihydrate with 0.25 mol of E120. ‘
\

.1
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1 Administration routes 88
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Adsorption 58 analysis 239
Agglomerates 66 crystallization 205, 206
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,_ Amidines 86 243, 246
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concentrations 31

density 62, 171, 186, 193, 196,
205

pH 34
solution 28

Butanedioic acids 103

C

Calcium salts 105

Cambridge Structural Database

(CSD) 78

Capsule 173 '

Carcinogenicity 122, 242, 243

Cation-exchange resins 105, 277

Cations 125 _

Centerfor Drug Evaluation and

Research (CDER) 245

Chelate formation 88

Chemical

reactivity 76

stability 3, 4, 76, 89, 95, 100,

105, 107, 163

Chromatography 193

Clinical safety 247

Code of Federal Regulations (CFR)
245

Committee for Proprietary

Medicinal Products ' (CPMP)

238 _ _

Common-ion effect 22, 23, 33, ‘

120, 150, 159, 290, 171

Compaction properties 97, 195

' Compatibility 3, 95

Complex formation 87, 121

, Complexing agents 172

Compressibility 196

Compression 3, 98, 186, 195

Congruent melting 46, 47
Contamination 207

Controlled-release

dosage forms 103
formulation 32

Convection 33

Cooling rate 198, 202

Corrosiveness 91, 95, 98— 100

Cosolvent 153, 171, 172, 186
Coulomb’s law 51

Counter—current extraction 194

Counter—ion 17, 25, 35

CPMP see Committee for

Proprietary Medicinal Products

Critical humidity '60, 9-8

Cross—contamination 207

Crosspolarization (CP) 75

Crystal
binding energy 78
defects 63

engineering 207
form :89

growth 195

habit 42, 49, 204

morphology 78

structure 78

Crystalline
form ‘ 77

- material 77

Crystallinity 35, 154, 155

Crystallization ‘ 4, 42,46, 64,
66—68, 78,.104, 152—154, 159,

167, 193— 198, 200, 202, 204,

210, 211 '

Cyclodextrins 87

D

Darcy’s law 209, 210

Decomposition .67, 68
Dehydration 67

Deliquescence ' 59, 98

Density rule ‘ 62

.i.1.,i.i.,1..1i.n.‘_.._..__;._.,___su
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SUBJECT INDEX

Design patent 222

Desorption 59
Diastereoisomeric

salt formation 4

salts 194,216,217

.' Differential scanning calorimetry

, (DSC) 50, 67, 68, 70—76, 154,

155, 166, 171, 174,205, 206

Diffuse reflectance IR spectroscopy
75 . -

Diffusion coefficient (diffusivity)
29—31 . '

- Diffusion layer 30, 31-, 33, 34

model 28, 29 _

' pI-l (micro-environmental pH)

30—32, 34, 36, 37 '

theory 30 "

Dipole—dipole forces 51

Dipole—induced dipole forces 51

Disc ' ~ ‘
dissolution 29, 36 ,

method 30, 56'

Discovery ' 224

Disproportionation 153,166
Dissociation 52

constant 10, 31, 171

equilibria 10, 13
Dissolution 28, 31, 52, 57, 85,

89, 90, 92, 118, 150, 175

kinetics 31

rate 19, 28,29, 32—35, 55, 56,

119, 120, 124, 127, 163, 196

Distillation 194

Distomer 194, 216

Distribution 121, 122, 243, 244

Dosage form 4

Drug

dissolution 19, 29

master file (DMF) 239

transport 85

Dry powder inhalation (DPI)
108, 109, 169

353

Drying 195, 207, 208

DSC See Dififerential scanning

calorimetry

DTG see Themzogravimetly

' , DVS see Dynamic vapor sorption

Dynamic vapor sorption (DVS)

’60, 166, 171, 174 ‘

E

' Effectiveness 242, 243

Effervescent tablets 113

» Efficacy 241, 247

Electrolytes 9, 10, 13,- 16'

Electrostatic interactions ,78

Elemental analysis , 20, 28
Elimination 121

p EMEA see European Medicines .
Evaluation Agency

Emulsion cream 110‘

Enantiomers 4 '

Enantiotropes 44

Enantiotropic 69
transition '70

Enantiotropy 45, 46, 52, 53, 68,
’70

Energy diagrams 45, 46

Enthalpy

of fusion 50, 70

of solution 52

of transformation 71

EPO see European Patent Ojj‘ice

Equilibration 64

Equilibrium solubility 35

Equivalent mass 118

Esterification , 76

European Medicines Evaluation

Agency (EMEA) 238

European Patent Ofifi'ce (EPO)
230

European Union 238
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Eutectic 47

melting 50

mixtures 4, 46, 74

Eutorner 194, 216, 217
Excess solid 20

Excipient compatibility 186

Excretion 243, 244

rate 122

Eye irritation 123

F

Fatty acids 105 _
Federal Drug Administration

(FDA) 244
Fick’s

first law 28 .

second law of diffusion 30, 31

Filter dryers 208

Filtration 195, 207—209

FirstjClass salt-formers 126

First—pass effect 121

Flow-through cell ' 55

Fluorescence spectrum ‘ 172

Flux 29, 31, 32, 34

Freeze drying I 194

Frequency of use 329, 330

, Friability 196

G

Gas pycnometer 62

Gastro—intestinal
absorption 85
tract 23, 36, 90

‘Generally Regarded As Safe’

(GRAS) 126, 268, 332

Genotoxicity 122
Gibbs’

buffer 25

SUBJECT INDEX

free energy 45, 78

phase rule 44

Glass transition 67, 68, 76

temperature Tg 49, 66v
Glassy state 49

Glycoproteins , 246

Good laboratory practice (GLP)
186

Good manufacturing practice

(GMP) 186 ' .

Gordon—Taylor equation 49

GRAS see ‘Genemlly Regarded

AS Safe’
Guanidines 86

H

Habit 197

Hardness 196

Heat

of fusion rule 62

of solution _.58

’ of transition rule 62 p ,
Hemolysis 3 , ‘

Henclerson-Hassélbalch equation
37 ,

High-throughput screening (HTSD

'135,136
Homogeneity 196 '

Homogenizing 198

Hot~stage microscopy 50, 69, 72,

154, 155, 167, 171

HTS see High-throughput

screening

Humidity 99, 196

Hydrates 46, 47, 50, 51, 53,

55—58, 60, 61, 63, 72, 78, 98,

110, 172, 173

Hydration 67

Hydrogen bonds 51, 58, 78

Hydrolysis 172
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Hydrophobic interactions 86

Hydrophobicity 25 - ,

Hygroscopicity 59, 95, 109, 154,

155, 163, 171, 172, 186

Hysteresis 59

I

ICH see International

Conference on Harmonization
- IDR see Intrinsic dissolution rate

Immediate—release (IR) dosage

. forms 103,121

Impurities ‘ 54,63,167, 172, 186,
200, 207, 239 '

l ' Incongruent melting 46, T47 _
Induced dipole forces 51
Infusion 107

Inhalation

dosage forms 108, 169
route 108

Injection 107
formulation 169

in-situ salt formation 113

International Conference on
Harmonization (ICH) 43, 247

Intestinal perfusion 87

Intramuscular injections 106
Intravenous

administration 2, 106

solutions 187

Intrinsic

aqueous solubility 186
dissolution 171 '

dissolution rate (IDR) 30 —32,

36, 37, 56—58, 93

solubility 21, 30—32

Invention 223, 224, 235

in-vivo

dissolution 90, 95, 118

permeation 95

Ion exchange extraction ' 194

Ion pair 86, 87., 112, 120
Ion—dipole interactions 58
Ionic ~ '

equilibria 30

strength 20

. IOnization
constant 10

equilibria 9, 11, 17
formation 121 . '

principle ' 111, ‘

IR Spectroscopy 4, 71, 73, 75,

172, 207 ' ‘

Isolation 193

Isothermal microcalorirnetry .70 I

IsotOnicity 106 ‘

K

Keratocytes 1 10

Kinetics of phase transformation
62 ’

L

Latent heat of fusion 50

Lattice energy 78

LDSO Values 124

Lipid membranes 84

Lipophilicity 84 — 86

Liposolubility 5, 88

Liquid

dosage forms 104

drug salts 96

Local irritation 5, 123

log P Value 85, 164

London dispersion forces 51
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Magic angle spinning (MAS) 75
Maillard reaction 100

Marketing

approval 6
authorization 240

Mass spectrometry 172

Maximum solubility (Sum) 25,
26

MDI see Metered dose inhaler

Mechanical properties 97

Melting 68

point 4, 50, 96, 163, 171 ,

range 186 . .

Metabolism ‘2, 121, 243, 244

Metal

chelates 87

silanolates 260

Metastability zone 66

. Metastable 44

form 63,65,67, 71

polymorph 104

1 'zone 199, 200, 202

‘ Metered dose '

aerosols 109

inhaler (MDI) 108, 169, 170
Micellar solubilization 1.21

Michael reaction 76 4

Microcalorimetry 76, 77

Micro-environmentalpH see

Difi‘itsion layer pH I -
‘ Micronization 109,174,175,

185, 186

Micronized solids 66

MicrOScopy 186

Milling 3, 67, 96, 174, 195,
' 198 '

Ministry of Health, Labour and

Welfare (MHLW) of Japan

240 '

Moisture ‘63, 76, 98, 99

Molecular

inclusion 87

modelling 77

Monotropy 44 — 46, 52, 53,
68 — 70

Morphology 62

Mutagenicity 243

N

Nebulization

Nemst-BrLLnne-r

diffusion layer form 29, '30, 34

. total solubility model 33

New chemical entity (NCE) 244

New drug application (NBA)
244

New molecular entity (NME)
244

New salts 133

Nitrosamines 322

NMR Spectroscopy 172
Non~obviousness 223

Novelty 223,224

Noyes-Whitney equation
.34

Nucleation , 25, 63, 198, 200, 201,

205

Nuclei 63

108, 109, 187

29, 30,

0

Optical resolution :4
Oral ' X

administration 2

dosage forms 163 _

osmotic system (OROS) 103,
104 ‘

solid dosage form 169
solutions 169
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Organic solvents 152, 153, 159
OROS ‘ see Oral osmotic system.

‘ Ostwald ripening ' 163
Ostwald’s rule (if stages 4, 196 -

Oxidation 172

P

Parenteral

administration. 105 ‘

, dosage forms 106,107

infusions 2 .

injections 2

nutrition p 305.

‘ products _‘ 163
Particle size 56, 66, 89, 92, 109', '

171, 172, 174, 176, 179, 186,

197,198 ,
distribution 89, 174, 204, 206

8 Partition 85

Passive diffusion ' 85

Patent 221

protection 5
Patentability criteria 223

Pereutaneous application 110
Permeation 85,119

Peroral route 89

of hydrochlorides 347

of hydrogenmaleates 349

of hydrogensulfates 348
of maleates 349

of sulfates 348

prediction 346

pl—lmax 22—27, 35, 37, 138, 143,
159

Pharmaceutical Afi‘airs Bureau

(FAB) 240

Pharmaceutical

alternative 132

equivalent 132

Pharrnacodynarrncs 118, 129
Pharmacokineties 5, 118, 246

’ Pharmacology 245

screening 2

Phase .

diagrams 45, 47

transformation .25, 27

Phase—solubility

analysis 54, 55

techniques 20

pH—Dissolution profiles 32
Phosphonic acids 86
Photolysis 172

pH—Solubility profile 20—23, 25 '
—27, 34—38, 55, 90, 139, 140,

143, 146, 158, 172 .

pH—Stability profile 76
Physical stability 4, 95, 107’ p
Physicochemical properties 49,’ I

186 '

pK,L Value 164

Plant patent 222
Plastic deformation 97

Polycarbonic acids 86

Polymorph predictor 187

Polymorphism 3, 4, 42, 43, 46,
55", 57, 67, 75, 156, 166, 170,

171, 176, 179, 186, 187, 196,

197, 204, 207 -

Polymorphs 6, 42, 44, 46, 52, 56
—58, 60, 61, 64, 66, 69—72, 74,

196, 197, 205, 206, 211,
232—235

Polyprotic compounds 13, 22
Pore size 196

Potentiometry 20

Poured density 62
Powder

dissolution 29, 36

properties 196

Precipitation 90, 92, 106, 166
Preclinical safety 122
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Preformulation 164, 165, 170

program 89
studies 171

team 184

Pressurized metered dose inhalation

(MDI) 108

Prior art 223, 227

Prodrugs 121

Propellant 170, 172, 186

Properties profile 88

Protein binding 122

Pseudo—equilibrium solutions
25

Pseudopolymorphism 3, 42, 43,

55, 64, 67, 170, 171 ’

Purification 192, 193

R .

Racemate 216

' Raman '

microscopes ’ 71

spectroscopy 4, 75

Registry of Toxic Efi'ecz‘s of

Chemical Substances (RTECS)
268 '

Regulatory

' aspects 6
authorities 6

requirements 237, 238, 245
Relative dissolution rate

32, 33

Relative humidity '(r.h.) 58 -
Renal excretion rates 122

Reproductidn toxicity 122
Residual solvent 197

Rotating disc method see

Disc method _

Rubbery state 49

SUBJECT INDEX

S

Smx see Maximum solubilizy

Safety 127, 241, 245, 268
considerations 5

profile 127

testing 122

Salt—selection team 158, 159

Salt—solubility experiment 27

Saturation solubility 34

Scale-up 156, 192
SCRD Model see Simultaneous

chemical reaction. and clifi‘usion
model

' Second—Class salt—formers 126

Seed 25

crystals 63

Seeding 198, 201, 211
Selection

applications 229, 235
, inventions 225, 226,229,235 -

patents 225,229 ‘

Self—association 25, 37 --
Serf—”buffering capacity 30—32,

36, 37 j ‘ '
Sensitization 243

Shelf life 89,105

Sieving 195 ,
Simultaneous chemical reaction and

diffusion (SCRD) model , 31— 34
Skin

imitation 123

sensitization 123

Slow release 121

Solid dosage forms 94

Solid phases 42 ,
Solid—solid transformations 67

Solid-state '

form 87

hydration 6O
NMR 4

prediction 77

,r
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SUB JECT INDEX 359 

properties 78
stability 35
transformations , 20, 67 _

Solubility 1, 2, 3, 5, 20, 53, 54,

63 —,66, 73, 85, 88—90, 98', '
104—107, 109, 113, 119, 124,

127, 150— 154,‘169~172, 176, ‘

4-179, 195, 196

product 51

profile 175
zone 199, 200, 202

Solubilization 120

Solution

aerosol 108

calorimetry 58 _

rnicrocalorirnetry 70

Solvates 46, 52, 53, 58, 7'2, 73,
110, 120, 172 ,

Solvent 197

Solventjrnediated' transformations
63, 65, 72

I Sorption 59
Speciation diagram 12~ 14

Species distribution diagram see
Speciation diagram

Specific surface area i 90, 186,196
Spherical agglomeration 198

Spontaneous in-sz‘tu micronization
92

Stability 74, 77, 120, 121, 171,

-172, 186, 193, 208, 239, 243

tests 77

Stable form 63, 66, 67, 71

Sterilization 105

Stirring
rate 203

speed 198

Stoichiometric solubility 28

Storage
conditions 77

humidity 77

temperature 65, 77

Stratum corneum 110, 112

Subcutaneous injections 106
V - S'ulfonic acids 86

Supersaturation 65, 66, 92', 195, .
196, 198, 199, 204; 205, 211 ' '

Zone 199, 200, 202

Supplementary protection
certificate (SPC) 222

Surface

activity 120 ,
concentrations 31

Surfactant 172

properties ”112

Suspension 65, 109‘

aerosol 108

Sustained-release (SR) dosage

forms 103 I V

T

Tableting 67, 97, 98, 173

Tapped density 62
Taste 105

Taste—masking ' 5

Temperature scanning techniques
4 ,.

Tensile strength 97

T6 see Thermogmvimeny

Therapeutic Window 127

Therapeutical equivalents 132

Thermal analysis 20, 27, 30

Thermodynamic rules for

polymorphs 62

Thermogravimetry (TG, TGA)

70, 72474, 154, 155, 166

Third-Class salt—formers 126

Tonicity 107

Topical
administration 110

application forms 110

Total solubility 21, 23
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360 ' SUBJECT INDEX

Toxicity 122, 127, 242—244 W

Toxicological

considerations 5 Water sorption isotherms 59, 61

effects 118 Water vapor 58

profile 124' ' pressure 58

Toxicology 122, 245, 268 sorption 95

Transdermal Wet granulation 195

dosage forms 112 Wettability 186, 196 '

flux 111 Wood’s apparatus 171, 175

patches 110— 1112 Woods die 30
route 112

Transformation 63

in the solid state 67 X

Transition

enthalpy 52, 58 , X—Ray

temperature 44, 5.5 diffraction . 63, 69, 73, 74,

True density 62, 186 186

powder diffraction .(XRPD) 4,

20, 28, 30, 60, 72, 75, 76, 78,

U 154, 155, 206, 232

_ Usefulness 223 - -

Utility patent 222 . p Y

UV Spectroscopy . 172 ' ,

I - .Yield pressure ‘I 97 _  
V .

Z

Van der Waals interactions 51, '

58, 78 . ' Zone melting 194

Van ’t Hofi‘ equation 52 Zwitterions 16, 17, 85

Vegetable alkalis 1 v
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Substance Index

A

Acefylline ‘ 321

Aceglumate 312, 31-4
. Acetate, trichloro- 87

Acetazolamide 114 '

Aceticacid. 10,- 144, 1.48, 151,
214, 269 , .

2-(benzoylamino)- . 287

2,2vdichlorc— 269

2—hyc1roxy- 287

. Acetrizoate _ 318
Aciclovir .114

Aclatonium 296 .

9H-Acridine— 10—propanamine,

N,N,9,9—tetramethy1— 256

Adipic acid- 270

Adipiodone 318-
Aescin 114

Alginate 320

Alginic acid 271
Almitrine 294

Alprenolol 127
Alvei'ine 278, 308

Amantadine 306

Ambutonium 289

Amidotrizoate 3 18

Amikacine 306

Amino acids 1, 16, 125, 270

Aminophenazone 130, 284

Aminophylline 317

Aminopromazine 282
Aminorex 282

Aminothiazoline 274

Amitriptyiine 301

Amlodipine 273
Ammonia 310

Ammonium 310

Amoxicillin 290, 319

Amphetamine 277, 306
phosphate ' 253 .'

Ampicillin 120, 312'

Ampycine 306
Antazoline 294 ~

Apple acid 292 v

Arginine ' 106, 113,142, 156,
163, 215, 257, 270, 286, 311

glutamate .‘ 257

Armstrong’s acid . 296
Ascorbate , 321 ‘

Ascorbic acid . 131, 271, 319

Aspartate 312, 320, 321

Aspartic acid 131, 272, 319
Aspirin 1, 88 '
Atracui‘ium ~ 273 . ,

Atropine 1, 114, 306, 307
methoniti‘ate 298 -.

Avitriptan 144, 146—148, 150
Azatadine maleate 254, 292

Aztreonam 113 -

B

Bacitracine zinc 325

Bamethan 130, 298, 306

Bamipine 114
Barbexaclone 130

Barbiturates 128

Benactyzine 3 16

Bencyclane 282
' Bendazac 319

Benethamine 312

Benfurodil 306

Benpi'opeiine 114
Bentiamine 280
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Benzathine 312

penicillin 164

Benzatropine 294

Benzeneacetate, 2-[2—(diethy1ami—

no)ethoxy]ethy1a—ethyl— 255

Benzeneacetic acid, rac—a—hydroxy~

294

Benzeneethanamine

oc—niethyl— 253

N-(phenylmethyl)- 312
Benzenesulfonic acid 273

2,5—dihydroxy- 315

Benzisoquinoline 72

hydrochloride 70

5H¥Benzo[5,6]cyclohepta[1,2-

b]pyridine, 6,1 1—dihyd1‘o—1 1-

(1 —1nethylpipen'din—4—ylidene)~
254

Benzoates
acetamido— 258, 314

p—amino , 320

methyl 4—chlor0— 260

Benzoctamine _ 294

Benzoic acid. 31 ~34, 273

4—acetamido— 274 ’ I

4-(acety1amino)- 258-

2,5—dihydroxy— 1283
Benzothiazine dioxide

2—aminoethanol 4261 ‘

lysine salt 262

2H—1,2—Benzothiazine—3—

carboxamide 1 , 1—dioxide,

4-hydony-2—methy1—N—

‘ (pyridin—2—yl)— 261 , I

' . Benzphetamine 301

Benzydamine 130, 303

(Benzyl)(dodecyl)dimethyl—
ammonium 87

Benzylamine, a-methyl— 216

Benzylpenicillin 131, 312, 313,
321

Berberine 275, 306

SUB STANCE INDEX

Besylic acid (besilic acid) 273
Betahistine 294

Betaine 278, 285, 293

Betanidine 306

Bibenzonium 289

Bietaseipine 308
Bile acids 86

Biperiden 114 _

Bisoprolol 282

Bleomycine 306

EMS—181885 144,145

Brequinar sodium 66

Bretylium 309
acid 122

Brimonidine 308

Bromhexine 131,275

Bromide 126,288

Bromocriptine .294

Bromperidol , 114 ' -

Brompheniramine 292.
Brovincamine 282 '

Brucine ' 217 ‘

Buformin ‘ 309

Bupivacainef 37
Butacaine 306

Butamirate 278

citrate 255

Butan—l—one, 4—‘{4—[(6—

clfloronaphthalen—Z— '

y1)carbony1]piperidin—1—y1}—1—

(4—fluoropheny1)— 22

Butane-1,4—dic‘arboxylic acid
270

' Butanedioate, sodiurn 1,4—
bis(2-ethy1hexy1)sulfo— 261

Butanedioic acid 101 '

(S)—2—amino— 272

(—)-L—hydroxy~ 292

Butenedioic acid 282, .292

Butoconazole . 298

nitrate 252

Butopiprine 289

“”4“,A1.24,..21412,W...a-,...
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1

i .

{ SUBSTANCE INDEX 363
1

i C - Chlorhcxidinc 110, 269, 285
3, ~ . - Chloride - 125, .289

'1; Calcium 125, 156, 261, 284, ' Chlormethiazole 280
1 - 286, 291, 302 » ,- Chlordquine 77, 130,284, 302,
‘ a1ginate 271 . 303 ' '-

carbonatc, 215 Chlorphenamine 307
chloride 53 ‘ ' ~ . , _ Chlorphcncthazinc 293

i hydroxide 142, 214, 312 Chlorphcniramine 111, 277, 292 V
’ Camphophyllinc . 131 Chlorpromazine 114,301
‘ (+)~Camph0ric acid 274 ' - cmbonate 163 -

Camphoi'sulfonic acid ' 130, 131, , hydrochloride 128’
.217, 274 'Chlorprdthixenc 278

, (+)—(1S)—Camphor—10~su1fonic acid Cholestyraminc resin 311 4313
1; 275 , I Choline 98, 130, 215, 278, 303,
g Camsylate (camsilate) 130, 131, 313 I '

275, 321 ' ' Chromocarb , 315
Canrenoate ' 321 . h 7 Cibcnzolinc 306

Caprate 276 . ' ' Cimctidine 114,- 234
Capreomycine .306 ' Cinnamate ‘ 278 - ._
Capric acid 275 phenylmethoxy— 320
Caproatc 276 Cinnamavc‘rine 316 '
Caproic acid 276 Cinnamic acid» 277

1 Caprylate 276, 323 ' ethoxy- 77
Caprylic acid 276 Citalopram 289
Carbamazinc, diethyl— 278 . Citratcs 255, 313, 320, 321
Carbazochromc 303 ' Citiic acid 214, 255, 278

Carbinol, oc—styryl— 17 Citiu11ine 293
Carbonic acid 213 Clavulanate 321

Carboprost 325 Clemastinc 282
Cefadyl 260 Cicmizolc 131, 310

, Ccfalcxin 319 Clidinium 289

'. Cefaioiidin 233 Clindamycin 302

Cefpirome 306 Clofibratc 313, 319, 321
CEL 50 26 _ Clofibric acid 319

Cephapitin sodium 260 C10methiazo1c 114, 280
Ceruletidc 315 Clemetociilin 321

CGP 6085 100 Ciomifene 278

CGP 8173 A 99, 100 Cionidine 112

1 CGP 15210 101, 102 Clopane 250
, CGP 21495 A 99, 100 Clopidogrel 306
1 Chloramphenicoi 114, 306 Cloprothiazole 280

E Chlordiachoxide 97 Clorazepate 321
g .
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Cloxacillin 312

Cobalt 273, 302

Codeine 1, 130, 275, 277, 302

dihydro— 114, 308, 309

Codethylinc : 275

Cepper 302

Copperfll) sulfate 47, 48

Corilagin 307
Corvert 255

Cotinine 282

Cyamemazinc 308

Cyclamtc 279

Cyclamic acid 105, 279

Cyclandelate 294

.Cyclobarbital 313

Cycloguanyl _ 301

Cyclohcxylsulfamic acid 129

Cyclomethycaine 306

Cyclopentaminc hydrochloride

250 .

Cytarabine hydrdchloride 251

Cytosar 251

Cytosine, D— 1-fi-arabinofuranosyl—
251

D

Deaner 258 -

Deanol 270, 274, 286, 306,308,

314 '

'acetamidobenzoate 258

Debrisoquinc 306
Decanedioic acid 304

Decanoic acid 275 '

Dcfcroxaminc 294
Dclavirdine 294

Deptropine 278

Desglugasti'in 325

Dexamphetamine 308

Dexchlorpheniramine
gluconate 256

SUBSTANCE INDEX

maleate 254

Dextroamphetaminc 277

Dextromethorphan 277, 289

Dextropropoxyphenc 296

napsylate 163

Dexverapamil 37
Dibekacin 306

Dibcnzoyltartaric acid 217

Dibromopropamidine 281

Diclofenac 1, 37, 93, 94, 111,_
113, 114, 128, 130, 228—230,

314, 315, 322

N-(Z—hy'droxyethyl)pyn‘olidine
37

potassium 103

resinatc 103

(Diclofenac)2 -HEP 38

Dicopper(fl) complex,

tetrakis(acctylsalicylato)— 88
Dicumai'ol 88 '

Diethaxiolaminc 215, 314 ‘
N—nitroso- 324

Diethylamine . .215, 315
Difenidol 301

Difluriisal 88 _' ,
Dihydralazine' 114, 294, 306'

Diisopropylaminc 114, 270
Dimecrotate 3.20

Dimenhydi‘inatc 131
Dimetacrinetaitrate 255

Dimethyl sulfoxide --(DMSO) 2,

136, 162

Dimctindene _ 292

Dimetotiazine > 295

Dimoxyline 295,302
Diodone 315

Dioxyline phosphate 253

Diphenhydramine 131, 272, 278,

295,307 ' ‘

di(acefyllinatc) 1'31

Diphcnylpyraline 131

Diprinhydrinate 131

3',;
Z;
!
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SUBSTANCE INDEX 365

Diprotevei‘ine hydrochloride 32 ‘ monopropionyl— 257

Disopyitamide 302 propionate laurylsulfate 257
’ - Dithionate 320 Eserine 303 ' '

Dobesilate ' 313 . ‘ Estolate 280‘

Dobutarnine 291 Esylate (6311316) 281

Docusate calcium 261 g Etamsylate 315

DodeCylsulfate ‘ 280 - Ethabridine 290 .
Dodecyisulfuric acid 280 , Ethamiphylline (etamiphylline)
Dolasetrori 295 - - 131

Dothiepin 301 ' ‘ Ediane—1,2—disu1fonate 280

Doxycycline 23, 33, 37, 289 Ethane—1,2—disu1fonic acid 280

hydrochloride 151 . Eth'anedioic acid 300
Doxylamine 306' _ Ethanesulfonate 281

Ethanesulfonic'acid 144, 280

'2—hy'd1‘oxy— 281 ' ' HE ' 3 , p ' Ethanol 2,171 ,
. p i ' ._ - 2—amino— 261, 316'

Ebastine 282 , . ' 2—(diethy‘1amino)- 315 -
Econazole 298, 346, 348 2-(dimethylamino)- _ 258, 314

Edisilic acid 280 . 2-(py1rolidin—1-yl)— 322

Edisylate (edisilate) 280 Ethanolamine- 215, 316

EDTA see . ' Ethoheptazine 279 '

Ethylenediaminetetraacetic acid Ethylenediamine 215, 316
Embonate 301 N,N'—bis(dehydroabiety1)— 318

Embonic acid 301 " N,N'—dibenzy1~ 312

Enalapi‘il ' 292 - Ethyleuediaminetetraacetic acid

_ Ephedrine 32, 111, 306 (EDTA) 14, 15

E. t Epinephrine 308 Etifelmine 285
" :I- Epolamine 322 - Etoxadrol 58

Ergocornine, dihydi'o— 281, 294 . Etybenztropine 289

_ , I Eigocristine, dihydro— 294
’ Ergocryptine, dihydi'o— 281, 294

Ergometrine, methyl— 292 F

Ergonovine, methyl— 308

Ergotamine 306, 308 Famotidine - 234

dihydro- 294 ' Femstat - 252

Ergotoxine 281 Fendiiine hydrochloride 251

dihydro- 281, 295 Fenoprofen 313

Erythrocin lactobionate 256 Fenotero1 289

Eiythi‘omycin 256, 284, 291, 305 bromide 109
estolate 257, 280 Fenoxazoline 131

lactobionate 256 Fenpiverinium 289

 
|PR2020-00770

United Therapeutics EX2008

Page 174 of 183



IPR2020-00770 
United Therapeutics EX2008 

Page 175 of 183

366 SUBSTANCE INDEX
________________________._________———-————-——-———-——-—-

Femctinide 76

Fentanyl 279
Fentiazac 3 13

Fcntioonazole 298

Flunixin 3 18

Flupentixol 114

Fluphenazine 114

Flurbiprofen 20, 21 , 114

Formiate (formats) 282

Formic acid 214, 281

Formoterol 282

fumarate 109

Fosfomycin 313, 325
Fostedil 67

‘Fullcrenes 44 »
Fumaratc 282, 283

Fumaric acid 101, 213, 214, 255,

282, 292

Furosemide 114

Furtcrcnc 282 .

G

Gadolinium 3 1 8

Gadopentate 3 18
Galactarate 283

Galactaric acid 283

Galantamine 289

Gentamicin. 306 ,

Gcntisate 284 '

Gentisic acid 130, 283

Glucamine, N—methyl- 317

Gluceptate ' 284

Gluccptic acid 284

Glucoheptanoate (glucoheptonate)
, 284 . ,.

Glucoheptonic acid 284 .
Gluconates 256, 285, 313, 320

>D—G1uconic acid 284
4-O-fi-D—galactopyranosyl—
256, 291

Gluconoglucoheptonate 320
D—Gluconolactonc 256

Glucuronate 285

D—Glucuronic acid 285

Glutamates 257, 286, 312, 320

Glutamic acid 257, 286, 319

N—acetyl— 270, 286
Glutarate

2—oxo— 312

0x0— 287 ,

Glutaric acid, oz—oxo— 286

G1ycerol 171

Glycerophosphate 320

Giycolate 287
Glycolic acid 287 '

Glycopyrronium 289
Glycuronan, L—gulo-D—manno- '

271

Glycyrrhizinic acid 311
Guanabcnz 269 '

Guanidines 213

Guanoxan 306

GW1818 141

’ H

Haloperidol 290
HEP .see Pyrrolidine,

J-(Z-hydrowerhyl} '

Hepaiinate 320_

Heptagluc-onate 284

Heptaminol 131

acephyllinatc 131
Hetacillin 321

Hexadecanoic acid 300

1,1—Hexamethylene—p-

toly15u1fony1scmicarbazide 33
sodium salt 33

Hexamidine 281

Hexanedioic acid 270

Hexanoates, 2—ethy1— 259, 260
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SUBSTANCE INDEX . I 367—________________.__.———————————-—

i

1
1

1 Hexanoic acid 276 . Indinavir 3062-ethy1— _ 259 ‘ - ' Indomethacin (indometacin) 32,

1 1113121113421. 170 - 33,66,318
a Hfo 227 170 ' ' Inosine pranobex 274
; Hippurate 288 ‘ ' > Insulin zinc complex“ 164

l Hippuric acid . 287 » 1 ' .Iocarmate 318’ .
., '1 Homatropine 289 ' , Iocarmic acid * 318 _

3’ Hycanthone 295 ‘- ‘ Iodamide‘ 318
11 Hyclate 289 ' Iodide 126
, Hydrabamine 318 . Iodipamide 318

Hydrobromic acid 138, 212, Iodopyracet 318
288 Iodeamate 5318

1 . Hydrobromide 288 - Ioglycamate 318

E " Hydrochloric acid 138, 144, 145, Iopanoic acid 128
1

1

1

149, 212, 289-, 346 ‘ Io'8u1amide 318 - , '

. Hydrochlorides 250, 252,289 - Iothalamate (iotalamat‘e) 318
Hydrocodone 114, 277 - -Iotroxate ”318 ,
Hydrofluoroalkanes 170 onaglate 318
Hydrogensuccinate 306 I . onitalamate ‘ 316, 318'
Hydrogensulfate 306 1101101) 282, 284, 306

. Hydiogentartrate 308 . ' oxalate 300 .
Hydroxyzine 301 ‘ Isethionate (isetionate) 281 ‘
Hyoscine 289 ‘ Isethionic acid 281
Hyoscyamine N—oxide 303 ‘ Isoconazole 298

Isometheptene 283,308
Isoniazid 131

I Isoprenaline 306

1 ' Isopropamidc 87

Ibuprofen 1, 318, 319 Isoquino1ine, 6,7—dimethoxy—3—
Ibutilide 282 methyl-1—(4—ethoxy—3—

fumaratc 255 medwxybenzyD- 253

1 1C1162846 217—219 Isospaglumate 320

Ifenprodil 308 Isothalamate- 318
Ilosone 257 Isotonil 255

1 1H—1midazo1e 215,318 Isoxsuprine 290
‘1~{4—(4-chloropheny1)—2-[(2,6— Itramin 309.
dichloropheny1)su1fany1]buty1} -
252

2,2’-Iminobis(ethanol) 314 K

Imipramine 120, 301

hydrochloride 103 Kanamycinc 306
pamoate 103 Ketoprofen 319
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368 SUBSTANCE INDEX 

Ketorolac 325 alginate 271

Ketotifen 282 hydroxide 142, 320
stearate 101

Malate 293

L Maleates 254, 292

Maleic acid 212, 213, 254, 292,

Lactate 290, 313, 320 346

Lactic acid 144, 148, 149, 151, Malic acid 214, 292

214, 290, 346, 350 Malonate 293

Lactobionates 256, 291, 313 Malonic a'cid 214, 293

Lactobionic acid 256, 291 Mandelate 294, 313

5—Lact0bionolactone 256 Mandelic acid 294

Lactose 100 Manganese 302

Laurate 120 Maprotiline 114, 295

Laurie acids 120 " ‘ Meclofenoxate » 299

Lauryl sulfate (laurilsulfate) 257, ‘Meclozine 114

280, 323 Medifoxarnine 282

Laurylsulfuric acid 86, 280 Mefenidi‘l 103
Lecithin 112 Mefentermine ' 306

Leurolium , 269 V Meglumine ' 215, 317
' Levomepromazine 292, 301 Menbutone 320

Levopropoxyphene 296 Mepyramine 292

' LeVopi‘opylhexedrin , 130 . ‘ 'Mesalamine 32 ,
Lidocaine , 96' ‘ Mesylate (mesilate) 294

_ Lisuride . 292 ‘ _ Metapramine 282' '
' Lithium 125, 289 Metaraminol 308

' Lividornycine 306 . Metescufylline 131
Lodoxarnide 325 Metformine 301

Loprazolam 295 Methafurylene 282
Losartan 321 ' Methanesulfonate 294

Loxapine 306 ‘ ethyl 295
LY 228729 288 ‘ methyl ' 295

Lysidine 308 , Methanesulfonic acid 144, 148,

Lysine 97,142, 156,163,215, . 149, 213, 294 4 '

262, 286, 299, 319 . Methanol, {3—[(ethy1)(heptyl)amino]~

propyl} {4-‘[(methylsul;fonyl)—

methyl]phenyl}- 255

M i . Methapyrilene 282
- ' Methenamine 274, 279,

Mafenide 269 294 '

Magnesium 125, 156, 284, 286, Methesculetol ‘ 131
302 Methyl bromide 289
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SUBSTANCE INDEX 369

Nizofenone 282

Ncmifensine 292

i

1
i ____—_____—___—_______________.__

i ,
K 4,4’—Mcthylenebis[3—hydr0xynaph- —2—su1fcnate 296

i thalene—2'—carboxyiic acid] 301 —2—su1fonic acid 296
s Methysergide 292 Naphthoate, hyd'roxy- .320
i Metoclopramide 114' 2'—Naphthoate,1-hydroxy— 297

. Metofenazate ' 4280, 282 ' 2—Naphthoic acid 31, 33

.Mctopi‘clci 104, 306,308 w ' 1—hydroxy— 297 ' ,
Metrizoate .-318,320- ‘ ‘Naproxen 319,321 ' ,

3 Metronidazole' 302 ~ Napsylate. (napsilate) 296
‘ Miconazole 115,298 - Nebracetam 282

1 Midazoiam 292 . Nedocromil magnesium 55
13 ' Mig1y01812 65 1 Nelfinavir 295-

‘ 1 MKS 492 62—64, 73 Neomycin .3063 ‘Modamate 257 I ' Nicotinamide aSc‘orbate 131 i
i ,Monoethanolamine nicotinate 1 1 Nicotinamide 131 .
1 '96 . ‘ Nicotinate 298,323

'Morniflumate 321 :' .. Nicotine 112
Merphine _ 1,115,306 Nicotinic

. Morpholine 215, 294, 303 acid 130, 297 .
i) —2—ethanol 320 alcoh01~ 298, 308
1 4—(2—hydroxyethy1)— 320 _ Niflumic acid 321
1 fi-Morpholincethanol 320 1‘ Nitrate 126, 29s.
1 Mucatc 283 H Nitric acid 298

i Mucic acid 283 2,2’,2”~Nitri10tris(ethanol) 323
t Myccphenolate mofetii 320 Nitrites 3126 , '
; Myristic acids 120 N—Nitrosaminc 324
I Myrtecaine 280 Nitrosamines 126I

1
N . Norepinephrine 308

I Noscapine 275,301

Nafragei hydrochloride 61 Novobiocin 313
Nafronyi 300

Naftidrcfuryl 300

I

i

i Nalti'exone 16 O
, Napadisylate (napadisilate) 296

i Naphazcline 298 Octadecanoic acid 305
1 Naphthalene , - (Z)—Octadec-9-enoic acid 299
i —2—carb0xy1ate, 1-hyd1‘0xy— Octanoic acid 276
1 297 Octatropine 289

' —2—carboxy1ic acid, 1—hydroxy— Oiamine 316
" , 297 Oleandomycin 302

\ —1,5—disu1f0nic acid 296 Oleate 299
1

1
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Oleic acids 120, 299

Omoconazole 298

Optimine 254

Orciprenaline 306

0111111111116 131, 287, 270

aceglutamate 286

aspartate 131

Orotate 299

Orotic acid 299, 319

Orphenadrine 279

Orthophosphoric acid 302
Oxaflumazine 306

succinate 254

Oxaflumine 254'

Oxalate 300

Oxalic acid 300

Oxaliplatine 300
Oxeladin 279

Oxetorone - 282

Oxiconazole 298

Oxitefonium 289

Oxolamine 279

‘Oxprenolol 1.04

Oxybuprocaine 7O

Oxyphenbutazone .. 321 _

Oxypyrronium 289 ‘ l

P

V Palmitate 301 I

Palmitic acid 300

Pamaquine 301

Pamoates 1105, 120, 301

Pamoic acid 301 '

Pantothenate 312, 313

Pantothenic acid 319 _

' Papaverine 25, 27, 130, 298

codecarboxylate 130

teprosilate 130
Paracetamol 44

- Parathiazine theoclate ' 131

SUBSTANCE INDEX

Paromomycine 306
Pasiniazide 131

Paveril 253

Pefloxacine 295

Pempidine 308, 309

Penicillin 120, 259

phenoxymethyl— 3 12, 313, >

3 18, 321

Pentamidine 295

Pentapiperide 282

Pentoxyverine 279
Perazine 293

Perfloxacine 295

Perhexiline 292

PGE—7762928 101

Phenamidine 281

Phenazone 130, 303

Phenbutamide 273

Phendimetrazine . 301

Pheniramine 292, 304

Phenmetrazine 131 I .
theoclate 131 '

Phenobarbital 128, 130, 313, 315

.1 OH—Phenothiazine, 10—(3-{4—[2—

(1 ,3 —dioxan—2~yl)ethy1]piperazin~_

1—yl}propyl)-2—(t1ifluor0methyl)-
2511r

Phentolamine 295

Phenylalanine, L—3—hydroxy—4—

methoxy9 252 '
Phenylbutazone‘ 31, 313, 321

Phenytoin 115, 142 _

Phosphates 125, 253, 302

Phosphogluconate 313

Phosphoric acid ‘ 145, 149, 213,
302 ' ‘

Phosphmylcholine 313

Physostigmine 303

Piberaline- 282
Picolamine 303 .

Pidolate 302,313

Pilocarpine l, 298

|PR2020-00770

United Therapeutics EX2008

Page 179 of 183



IPR2020-00770 
United Therapeutics EX2008 

Page 180 of 183

 

SUBSTANCE INDEX ' 371
____________’—______.___———————-—-————————

Piminodine 281

Pinaverium 289 _

Pipenzolate 289 .

Piperazine 215, 270, 275, 279,
284, 305, 308, 321

Pirfinium ' 289

Piribedil 295

Pirisud‘anol 292 ‘

'Pizotifen 293

PNU—l40690 92—94

Polara'mine 254, 256

Poldine 295

Polyethyleneglycol 2, 171

Polymannonuronic acid 271.

Polymyxine B "306

Polystirex 277 . .

Potassium 125, 156, 284"
alkoxide 258

carbonate 258

carboxylates 258

hydroxide ' 258, 321

trimethylsilanolates 260
Pravadoline 292

Prazosin 120

Prednazoline 131

Prednisolone 21—phosphate 2131

Prenylamine 285, 290
Procaine 316 -

Prochlorperazine 163, 280, 292,
295

. L—Proline, 5—oxo— 302

Promazine 301

Promethazine 131

theoclate 131.

Prop-2-enoic acid, (E)—3-phenyl—
277

Propamidine 281

Propan—2—amine, 3—cyclopentyl-N-

methyl— 250

Propan—2—ol, 1~chloro— 252

Propane-1,3—diol, 2—amino-2~

(hydroxymethyl)— 324

Propanedioic acid 293

Propantheline 289

Propicilline 321 '

. Propii‘am 282
‘Propranolol. 120

hydrochloride 103
laui'ate- 103

. oleate 96
Propylene

glycol 171
‘ oxide ' 252

Propyromazine 289

' Prostaglandin-FZO, , 325
Proxazole 279

2H,6H—Purine-a2,6—di0ne, 1,7-

dihydro¥1,3,-dimethy1—7— ' _

{ 2- [(1 —methy1—2-p’henylethyl)—

'arnino]ethy1}— 251 -

‘Pyrantel 301

Pyrathiazine 131

Pyridine

- -2-propanamine, D~y—(4—

chlorophenyl)—N,N—dimethyl-

254, 256

~3—carboxy1ic acid 297

Pyridofylline 131

Pyr‘idoxal 5-phosphoric acid
130

Pyridoxine 279, 293

Pyridoxol 131

Pyrimidine-4—carboxy1ic acid,

l,2,3,6-teti‘ahydro—2,6—dioxo-
299

L—Pyroglutamic acid 302

Pyrrolidine

—2—carboxylic acid, 5—oxo—
302

1-(2—hydroxyethy1)—(1-EEP) 37,

38, 112, 322

Pyrrolidone carboxylate 320

Pyrvinium 301
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372 SUBSTANCE INDEX
 

Q

Quinate 321

Quinidine 285, 303

dihydroe 285'

Quinine 1, 275, 282, 303, 306

R

Racefemine ' 282

Ranitidine 230, 231

hydrochloride 233

'Reproterol hydrochloride 109

Reserpine hydrochloride 56
REV3164 '151

REV5901 140, 141

. Rhodanide 309

Rhodoquine 301
Riboflavin 52

Rilmenidine 282, 302

‘ Rimiterol .289

Ritonavir 197
Rocuronium 28.9.

Rolitetrac'ycline. 298

RPR111423 174,176 .
' RPR111423A- 175,176

RPR111423B 175, 176 ,

RPR127963 .177 — 179, 181

RPR127963A 178, 179

RPR1272963B 178, 179, 181

RPR127963C 1'79, 180

RPR127963D 179, 180

RPR127963E ‘ 179— 181'

RPR200765 181, 184

RPR200765A ' 182, 184

.RPR200765C 182, 184

RPR200765D ‘ 182,184

RPR200765E 183, 184

S

Sacchaiin 105

Salbutamol 109, 306

Salicylate 303, 313, 315, 320,
323

acetyl— 313

p-amino— 304, 313, 321

Salicylic acid 34, 130, 284, 303

acetyl- 320

4—amino— 131, 304

hexyl— 122
Salmeterol 297

xinafoate 109, 110

Saquinavir 295
Saralasin 269

Scopolamine 112, 115, 289
Sebacate 305, 321

Sebacic acid 304

Semotiadil 282 '

.Sensit 251

Seproxetine maleate hemihydrate
101 '

Sinecod . 255 .

Sodium 125,156,286
'- sacetate 259

alkoxide ~258 V
bicarbonate 214

carbonate 214,258

'car'boxylates 258

cromolglycate 87

dodecylsulfate 175

hydride 259 -

hydroxide 142, 214, 258, 323

lauryl sulfate ‘ . 257

salicylate 34 -
trimethylsilanolates', 260

valproate _ 98

Soybean oil . 65

Spaglumate 320

Sparteine 131, 306

Spiramycin 270
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...,,..,.._..__...._....M,._.“MK—”.2212-.;.._l.:;._v..;m..
’Sulconazole V 298

SUBSTANCE INDEX 373 

Stearate 305,

Stearic 'acid' _ 305

Streptomycin 306

dihydro- 272, 306

Strychnine 217, 298, 302
Succinates' 254, 306 5

Succinic acid 144, 148, 214, 254

Sulfate - 306

- Sulfisoxazole ' 315

Sulfoguaj acolate 3 15
Sulfonic acids 138 - .

Sulfuric acid 138, 212, 306, 346

Sultamicillin 309 -

Sumatriptan 306

Suplatast 309 V

Surfak > 261 '

Syriephrine ' 275, 308

T

Talampicilline 296
Tamoxifen 279

Tannate > 307
Tannic acid 307

Tartaric acid 145, 148, 214, 256,

308

Tartrates 255, 308, 321

Teclothiazide 321

Tefazoline 298

Terbutaline 306

sulfate 109, 112

Teifenadine 25, 26, 149

Tei‘pin 46
Tetracaine 73, 74, 284

Tetracycline 120

THAM see Propane-1,3—diol,

2 -amin0—2~(hydr0xymethyl)-

Thenalidine 308

Thenoate 323

Theophyllinate 313, 317

Theophylline 34, 60, 113, 115, -
130, 131, 314,316, 319

—7—acetic acid 131

7—acety1— ' 31

8—chloro— 120, 131

7—(2—hyd1‘oxyethyl)— . 131

7—(2—hydroxypropyl)— .54

-7—propanesulfonic acid 130

5—Thia—l-azabicyclo[4.2.0]0ct-2—

' ene—2—ca1‘boxy1ic acid,

3-[(acety10xy)methy1]~8-ox0—7— ,

' l[(pyridin—4—ylthio)acety1]amino}—
260 . ' - ‘

Thiamine 298, 302

Thiethylperazine 292, 293

Thiocyanate ’ 309

Thiecyanic acid 309

Thioproperazine' 282, 295

_ Thiosulfate '313
Tiamulin 282

Tidiacate 312

Tigloidine 289
Timolol 292

Tolbutamide 74, 127

Tolc‘midine 298

Toloxamine,pheny1- i, 279
Tolteiodine 308

para-Toluenesulfonic acid 213,
309 '

ethyl ester 310
Toremifene 279

Tosufloxacin 309

Tosylate (tosilate) 309
Triethanolamine 105, 215, 323

Triethylamine 215
Trimebutine 292

Trimethaphan 275

Trimethoprim 290
Trimethrexate 285

Trimipramine 292, '29s
TRIS see Propane—1,3—diol,

2 -amino—2-(hydroygrmethyl)—
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Trolaminc 323

Trometamol 324

Tromethamine 324

Tropcnziline 289

Ti'ospium hept—yl—sulfonate 112

Tuaminohcptane 306

U

_ Undec—lO—enoic acid 310

Undecylenate 325

Undecylenic acid 310

Ui'aci1—6~carboxylic acid 299

V

Valerate 325 .

Valproate 98, 313, 320

Valsartan , 13, 14

Vasopressin _ 307'

SUBSTANCE INDEX 

Vidarabine 302

Vinblastine 306

Vincristine 306

Vinorelbine >308

Viomycine 306
Vitamin C 271

X

Xanthinol (Kantinol) 130, 298

Xenytropium 289
Xilobam 76

Xinafoate, 297

Z

Zinc 156, 302

gluconate 325

hydroxide, .325

Zolpidem . 308
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