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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 beén with us for nearly 10 years at the interface between the
disciplines essential to the development of new drugs: chemical process de-
velopment, analytical chemstry, 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. oo

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 notyet 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-elecirostatics, the
physics of complex micellar systems, efc. -

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 whoare often reticentto 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 knowledgeis still lacking. For instance,
the mechanisms involved in crystallogenesis need to be elucidated since we
still cannot:predict thesolubility of.a given salt. Will it be. oily or solid? Will
it show several polymorphs? Thecrystal chemistry of crystalline surfaces —
regulated by specific interactions between functional groups exposed 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, butis still in
limbo. Westill 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
Sanofi-Synthelabo
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Preface

The origin of this book goes back to a proposition made by one of us
(C. GW.) at a meeting of the Medicinal Section of Division Vil of IUPAC to
write useful handbooks for medicinal chemists. Amongthe 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 drug
candidates has been recognized as an essential preformulation task, as the se-
lection of a suitable salt priorto the initiation of dosage form development has
become a decision point if 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 moaterial. 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 ofthe 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. 1 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 ofsalt production, and
the significance of salt formation in industrial processing. The involvement

__-of_authorities-is-dealt_within.Chapt..9and.10,whichare devoted to patent

sasaramesnorenannncenninntbamrentma
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 (Chapt. J/) and a compre-
hensive annotated compilation of the individual salt-forming acids and bas-
es with their relevant properties (Chapt. 12), followed by an Appendix con-
taining tables with the acids and bases sorted alphabetically, and by p&, val-
ues and supplemented with other useful facts and data.

Altogether, these chapters reflect the multidisciplinary character of for-
mation and selection of suitabie salt forms of drug substances. An attemptis
made to establish an up-to-date guide and source of information not only
serving medicinal chemists, but also all the other scientists who are involved

. in the research and development of drugs and their pharmaceutical dosage
Torms.

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 im the process of drug-salt for-
mation and selection for pharmaceutical products in an mdustrial environ-
ment. The editors wish to thankall 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 £ O, Ajayi, H. Asche, and C. Hoff, who acceptedto contribute to the
book in the very last moment. The editors wish to acknowledge the smooth
andexcellent cooperation with Verlag Helvetica Chimica Acta in the prepar-
ation of the volime: Thomas Kolitzus, Assistant Editor, for his patient and:
attentive handling of all the practical details of the editorial process, and
Dr. M. Volkan Kisakiirek, Managing Director and Editor-in-Chief, for his
inspiration and for his untiring scrutiny in bringing ‘his considerable com-
prehensive knowledge into this project: Thanks aré also expressed to Larry
Lesko of the U.S. Food and Drug Administration for establishing helpful
contacts. Oneof the editors (PH. S.) gratefully acknowledges the support
granted by Novartis AG, Basel, and the permission to use their Scientific
Library facilities.

Camille G. Wermuth and P. Heinrich Stahl
Strasbourg and Freiburg,January 2002
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Introduction

by Camille G. Wermuth and P. Heinrich Stabl

When the first ‘vegetable alkalis’, those nitrogen-containing bases later
termed alkaloids, were extracted from plant materials, they were isolated and
purified 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 compoundsas 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 endogenousbiological agents, we see that almost all neurotrans-
mitters, which are 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 for the old
adage ‘no medicaments without nitrogen’. This assertion is certainly exag-
gerated as it excludes therapeutic agents such asthe steroids, the prostaglan-
dins and their derivatives, also the fibrates and acidic anti-inflammatory
drugs like aspirin, 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 the.drug molecules used in medicinal therapy are
administered as salts, and salification of a drug substance has become an es-
sential step in drug development. The solid-state properties of a drug,as well
as its properties in solution, can be modified by salt formation. Therefore, the

. search for a suitablesalt form is important, and salt selection may have far-
reachingconsequences and can open new opportunities. In modern pharma-
ceutical research and development, a variety of objectives are pursuedin the
formation ofsalts. The most important of these objectives and points to be

considered, as they becomesignificant along the pathway of the development .
of anew drug, are reviewed here.

| Improving 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 H,O eases molecular pharmacology screening
for drug candidates. Thus. in-vitro studies (receptor binding, enzyme inhibi-
tion, cell cultures) and studies with isolated organs are facilitated. The com-

mon procedure in testing practically insoluble compounds in such assays isto prepare stock solutions in an organic solvent (DMSO,polyethylene gly-
col, EtOH,etc.) and to proceed to appropriate aqueousdilutions. In doing so,
there is often the risk that the compound canprecipitate 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 H.O, whereas
many of the corresponding salts render the drug substances ionized in H,O,
and, as a consequence, water-soluble. Salts that are soluble in H,O are also
ideally suited for the preparation.of injectable sterile aqueous solutions. Fast
dissolution of the active principle contained in solid dosage forms, e.g., for

immediate-release tablets and hard--gelatine capsules is also dependent on the
aqueous solubility.

Considering in-vivo testing, solubility inH,© facilitates all studies in
which parenteral administration is required. In pharmacokinetics, reliable
determination of absolute peroral. bioavailability is possible in comparison
with the amount.administered 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. : 3 |

some doubts as to whether the molecule under study3is non-toxic or just in-. 3
completely absorbed.

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

Onthe therapeutic level, themajor interestofwater-soluble drugs resides
in the possibility of intravenous administration. Solubility in H,O represents
an indispensable requisite for drugs in emergency treatments permitting ther-
apeutic plasmalevels 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, syrups for oral administration, ec. Water-sol- .

“uble drug entities should a priori also. be less toxic. Thanksto 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 in-mind 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 compoundis, the more diffusible it is. This causes it to
be less specific inits activity, and-more liable torapid elimination and, there-
fore, shorter acting. — -

Tt may also be pointed out here that the simultaneous presence of an
‘ionized hydrophilic group on one end ofa nonpolar lipophilic chain confers
“to the molecule an amphiphilic, ‘soap-like’ character. Such-compoundscan .
show a detergent behavior towards numerous membranes, and,in particular,
they can induce hemolysisoferythtocytés. , “ Be

Obtaining a Solid AggregationState and. Increasing .
ChemicalStability) . eee 

 

 
: Someof the bid-active basésare ‘oilyorlow-meltingsolidsaid are liable

to oxidation. Appropriate’ saltformationcan yieldproducts: ‘at aré crystal-
line, éasy to purify, moreresistant'towards oxidation; and;hence; generally

have a longer shelf life. 7 re .
°

Polymorphism

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 pseudopolymorphism are frequently critical points in determining pref-
erences for one salt to another. Polymorphism is a widespread phenomenon
observed in more than halfof all drug substances [2]. The choice of the most
appropriate solid-state form is of considerable importance. Here, the most
prominentaspect to be consideredis stability. First of all, this means thermo-
dynamic stability of the solid-state form, but also chemical stability and re-
activity (e.g., compatibility, ie., the stability in the. presence of excipients)
may vary from one polymorphto the other. In mostcases, the modification
thermodynamically stable at room temperature is the most appropriate one.
This is the solid-state form into which, sooner orlater, all other forms will
eventually transform. However, high-energy mechanical processes. such as

a 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 run
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: and observing
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 behavior of eutectic mixtures
at reduced temperatures, and enthalpy—temperature diagrams [3]. A variety
of techniquesis at hand for characterizing and identifying polymorphs: X-ray
powder diffraction, IR and Raman spectra, solid-state NMR, and various
temperature scanning techniques.

Salt Formation as a Meansto Industrial Processing

Salt formation is an established means for the isolation and purification
of substances. This applies not only forthe 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.

Aswith 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 Ostwala’s rule of stages. However, an
unstable formis prone to a phase transformation either while the productiis
still in suspension, during workup, or even during. storage. The latter case is
not acceptable, since this would question reproducible product properties.

The. growing numberof chiral drugs requires efficient methods for pro-
ducing,these compounds in an enantiomerically highly pure form. Despite
theavailablealtemative. techniques, optical resolution via diastereoisomeric
salt.formation remains themost widely-used method forpreparing pure enan-

1.-be ‘separated from,racemic drug substances or
; intermediates long -s' nithetic. routes by. fractional érystallization of suitable
diastereoisomeric, salts.

 
 

Adaptationto the Therapeatic {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. T’he
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
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 citcumstances 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 suchdrugs.. The design of implants, sustained-release
oral formulations, dermal and transdermal products can benefit from use of

‘Jesssoluble or more lipophilic salts.

Safety Aspects and Modification of Biological Properties

‘Nil nocere’ is one of the oldest and the topmost requirementsfor a ther-
apeutic treatment. For this reason, the step next to the detectionof a desired
biological activity of a new chemical: entity is to initiate toxicological and .
pharmacological investigations on the safety of a potential drug candidate.

* Because the salt form of arf active compound may modify its biological per-
formancein vivo, toxicological and safety considerations also play a role in
salt selection. ; : .

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

“With proper choice of a pharmacodynamically active cation or anion as
ne counter-ion for an ionizable drug molecule, it is sometimes possibleto

achieve a synergistic effect. to counteract side effects or to facilitate the de-
toxification of the mainactive principle. ;

_ Finally, salt formation sometimes offerssolutions to biopharrhaceutical
problems such as. suppression of pain on injection, avoidance of local irrita-
tion, taste-masking (bitterness etc.) or avoiding causticity (e.g., corrosion of
manufacturing 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 nghts. 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 accountright at the initiation of a de-
velopmentproject 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 rely in some details on the facts al-

ready 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, mayalter the performance of a drug. Forthis reason, the regulato-
ry authorities require an exhaustivesearch for polymorphic forms of a drug |
substance. The manufacturer is required to make a substantiated choice for
oneof 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- i
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 availablealternatives. The
points addressed above makeit clear that all the various disciplines that are
involved in the drug development process. shouldlikewise participate in the
salt selection. Moreover, a rational strategy. should be followed in order to
guide the selection process in an economic way, and thefinal decision should
be made transparent and acceptableto all units involved downstream the de-
velopment path. The present-day situation of industrial 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 spent for repeating
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preparative work and numerous costly investigations. This fact, in addition,
underlines the importance of a careful selection of the most suitable drugsalt.
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Evaluation of Solid-State Properties of Salts
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}. 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 drag 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 pK,
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].

Comparisonsof 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 _ 6]. Amorphoussolids, unlike polymorphs,are not crys-
talline [7] because the arrangementof the molecules is disordered. Solvates
contain molecules of the solvent of crystallization in a definite crystallattice
[8]. Solvates, in which the solvent of crystallization is H,O,are termed hy-
drates. Because H,O is a constituent of the atmosphere, hydrates of drugs
may be formedrather easily, especially with salts, on accountof the dipolar
intevactions,.co-ordination,andsometimeshydrogen-bondingbetweenthe

- HO molecules and the constituent ions. Many compounds can exist as crys-
tals with different morphologies (habits, shapes) by preferential growth of -- Sy
certain crystal faces, the crystal lattice arrangement remaining unchanged.
Fig. 1 summarizes various possibilities of crystallization of a molecule, as.
stated by Haleblian[6]. oo : se . ,

Because effects associated with temperature, pressure, humidity (H,0
andits vapor), solvents, and excipients are involvedin processing solid forms ~
of the active drug molecule, it is important to understand the detailed param-

- eters relevant in the choice ofits appropriate salt form(s). Furthermore, in the
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. — .

Different salt forms, polymorphs, and solvates have different values of
virtually all the physico-chemical 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 mostrelevant of these properties are molar volume,density, refractive
index,color, conductivity, heat capacity, melting andsublimation temperatures,
solubility, dissolution rate, hygroscopicity, stability, reactivity, crystal habit,
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’ crystal hardness, and compactibility. Of major concern are the influencesofsalt
form, polymorphism and pseudopolymorphism on therapeutic efficacy, toxic-
ity, and bioavailability [5].[6}.[10—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 UCH) requires in-
vestigations and analytical procedures for new drug substances and pharma-
ceutical products according to a decisiontree [16] [17]. The polymorphism and
pseudopolymorphism of many pharmaceuticals have been reviewed [18-20].

eg

iieeu1

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 possessdifferent crys-
tal structures and are thetefore distinct phases of that substance, which con-
stitutes a single component. In the liquid state (i.2., melt or solution) or gas-
eous state, polymorphic differences disappear, because the structureof the
solid state no longer exists. In the solid state, the atoms, molecules, or ions

shloaaEE
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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 ofpoly-
morphism is the element carbon, which can exist in the form of graphite
(hexagonal), diamond (cubic), or as fullerenes (Cg and C79). Amongthe dif-
ferent forms of paracetamol, one is a monoclinic polymorph and anotheris
an orthorhombicpolymorph. Three forms of cortisone acetate are orthorhom-
bic and two forms are monoclinic.

The relationships between different phases, ¢.g., polymorphs, of a sub-
stance are governed by Gibbs’ phaserule:

P+F=C+2 ea)

where C is the number of components, P is the number of phases that exist |
in equilibrium, and F is the numberof degreesof freedom,i.¢., the variance,
of the system. The integer, 2, in Egn. J recognizes that two ofthe 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, ie., one polymorph, is present, P= 1, .
therefore, F=2. Eqn. I reveals thatthe 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- My
mospheric pressure, the temperature of the system is fixed at the- so-called
transition temperature, T,. 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 -
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 phase transition is reversible, the two
polymorphsare enantiotropes, and the energy of the transition on heating is
endothermic. If the phase transition is irreversible, the two polymorphsare.
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, a) representing enantiotropy, and
b) representing monotropy.
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1 a) } b) Solid I

  
 

Pressure Pressure
‘Solid |    

Temperature Temperaiure

Fig. 2. Phase diagram of pressure vs. temperature for a single compound, showing a) enan-
tiotropy, and b) monotropy(after S.C. Wallwork, D. J. W. Grant, ‘Physical Chemistry for Stu-

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

i Energy (G, H) Energy (G, H)

  
  

Tt Ta The Trp TEA
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) enantiotropy, and

: b) monotropy (after [22])

The ability of a system to perform 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 thermodynamicrelationship between two polymorphicphas-
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 T,
of the intersection. At temperatures belowT,, polymorph A hasthe lowerfree
energy andis, therefore, the thermodynamically stable form, while at temper-
atures above J, polymorphBis stable. In the case of monotropy, the higher
melting form is always the thermodynamically stable form.

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 Jower-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-
solvated host, and the solvent. In the more complex cases of several solvates,
the different phases with different compositions have their respective do-
mains of stability. Fig. 4shows some typical phase diagrams of binary. 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),
eutectic mixtures between the acidic and basic componentscan result, Con-
gruentor incongruent melting of the solvate (or ofthesalt) may be observed =
(Fig. 4,d and e), leading to a mixture of the two components after melting. © |
For example, the eutectic between the anhydrous form and the hydrated form |: |

of terpin has been described[25]. Furthermore, polymorphism can occur be- | |
tween solvated forms [18]. :

Several hydrates of a substance may be possible and stable ¢at ambient ”
conditions. For example, ouabaine was obtained as an anhydrous form,dihy--:
drate, trihydrate, tetrahydrate, octahydrate, and even as a nonahydrate, de- .
pending on the conditions of manufacture [6]. ,

Because drug substances are usually dried before analysis, the crystal-.
lization of a solvated form is often ignored or overlooked, especially if the
crystals had been obtained by fast cooling.In 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 procedure. If solvent mixtures, e.g., aqueous alcohols, are used,
the formation of the anhydroussalt, a solvate, and hydrate(s) have to be con-
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100% A Cc 100% B 100% A- 100% B

(a) (b)

   
100% A” 100% B 0% B AB, "750% B

-(c) 2 (d)

 AnBy+A. | AmBn+B
100% A A,B, 100% B

(e)

Fig. 4. Phase diagrams of binary mixtures of temperature vs. composition(e.g., mole fraction)
of two chemical compounds, A and B, showing the following behavior: a) simple eutectic, with
negligible miscibility in the solid state, b) continuous range ofsolid solutions (miscibility in the
solid state as well as in the liquid state), c) eutectic with partial miscibility in the solidstate,
d) formation of a compound with a congruent melting point at C, e) formationof a compound

with an incongruent melting point at P

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.
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0. 0 ouT OT T
b) Pw < Pw,1 C) Pw < Pw Pw,2 d) Pw? Pw2

’ Fig. 5. Influence ofpressure and temperature on the composition of the stable phases formed -
between copper(I) sulfate and water, CuSO,:nH,0 [29]. Phase diagram of pressure vs. tem- :
perature, a) showing the equilibrium curves of the anhydrate (n= 0), monohydrate (7 = 1), tri- *
hydrate (n=3), and pentahydraie (n=5), and therthogravimetric curve obtained at different ©

_ values of water vapor pastial pressure (p,,): b) below jy,1; ¢) between Py and Pwo: @) Pw :
above Py.

e At pressures below py,;, only one equilibrium is possible,that between _
the pentahydrate and the anhydrate. The corresponding curve represent- {
ing the water content as a function of the temperature, determined by”
thermogravimetry, is shown in Fig. 5,b. A mass loss of 36.05% corre-—
sponding to.5 mol H,O occurs.

e At pressures between Py and py,2, the corresponding thermogravimetric..
curve shownin 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. Atthe triple point at
the pressure level of p,,;, both equilibria occur simultaneously. .

e At pressures above py,2, the thermogravimetric curve correspondsto the
“three successive monovariant transformations, pentahydrate — trihydrate
— monohydrate — anhydrate, (fig. 5,d) with the mass loss of 14.42,.
14.42, and 7.21%, respectively.

Cc
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2.3. AmorphousState

The amorphous state is characterized by solidification in a disordered,
‘yandom 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 T,. The glass transition is characterized by a change of heat capac-
ity. Below this temperature, the amorphousphase has certain properties of a
crystalline solid (e.g., plastic deformation) and is termed ‘glassy’. Above this
temperature, the substanceretains some of the properties of a liquid, ¢.g., mo-
lecular. mobility, and is termed ‘rubbery’. Above this temperature, the in-
crease in molecular mobility facilitates spontaneous crystallization into the
crystalline form with an exothermic enthalpy change after the glass transi-
tion. The use of amorphous forms is attractive, particularly for sparingly sol-
uble compounds becauseofthe enhanced solubility and dissolution rate over

~ the crystalline state leading to increased bioavailability. However, the amor-
phous state is thermodynamically unstable. The glass transition temperature,
T,, is lowered by H,O or other additives, facilitating conversion to the rub-
bery state and hence facilitating crystallization [30]. Moreover, uncontrolled
crystallization can occur at any time,'and is accelerated by the presence of
HO. The effect of additives on T, can: be described by a modified Gordon-
Taylor equation (Eqn. 3) where ; 

T,, mix = (wily +K- WT2) / Ow, +K- W) @)
where T,mix 1s the glass transition temperature of the blend, w, and w, are
the weight fractions of the components 1 and 2, and K can be calculated from
the densities 9 and the glass transition temperatures of the components:

K=(Tyi° Q1)/ Tyga Qa) (4)

3. Physicochemical 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].
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3.1. Melting Point

The melting point of a new organic substanceis 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. Kuhnert-Brandsidtter 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 (i.e., F=1), 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 H,O plays an impor-
tant role in the dissociation of hydrates [33]. Differential scanning calorim-
etry (DSC) allows the change of enthalpy during melting 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 ofthe salt candidate. As discussed by Wells
[2], the counter-ion plays a dominantrole in determining the melting point
of the salt. For example, small counter-ions such as chloride increase the
melting point, because of their large chargedensity. 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
Table | [41]. oe an

Table 1. Melting Points and Enthalpies of Fusion of Some Salts of a Drug Candidate [41]

Salt form Melting point
TPC]

Piyirogenamne|

Hydrogen malonate _

os

  
 

Enthalpy of fusion
A;[cal/g]   
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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 forces in solids include Van der Waals fore-
es, H-bonds, and ionic interactions. Van der Waalsforces include dipole-di-
pole forces, dipole-induceddipoleforces, and. induced dipole--induced dipole
forces (i.e. , London dispersion forces).-H-Bonding is the most directional of.
the intermolecular interactions.The polarity of a molecule can be expressed
in termsofits dipole moment. In general, the solubility of a substance in H,O
increases with increasing dipole: moment, other factors, such as melting
point, being equal. If the solute in a solution consists. of molecules with a
small or zero dipole moment, it is said to be nonpolar and the’interaction bet-

ween solute and solvent isdominated by dipole-induced dipole forces and
London dispersionforces. ~

In the case of a salt, the attractive force, F, between oppositelycharged
“particles or ions is expressed by Coulomb’s law:

F=q°-q/D-d? ; , (5)

where g* and qrepresent the electric charges on the particles or ions, d is
the distance between themand D is the dielectric constant of the surround-

ing mediumwith 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 H,O molecules as possible. The amount of H,O 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
A,B,» dissolution may be accompanied by dissociation of the ions which
causes the ions to separate; thus:

 
A,B, === mA" +nB™

The apparent, concentration-based, solubility product, K,, is given by:

= [A][B]" (6)

In the absence of added ions, the solubility of the solid, defined as the ionic
molarity, i.2., the numberof molesof electronic charges of each ion dissolved
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per unit volume of solutionis:
C= n[A] = m{B] _ (Kv . ayant) . ine) (7)

If dissolution occurs without dissociation, the solubility, c,, is directly given
by the concentration of the undissociated species, thus, ,

c,=[Am Bul (8)
The changes in the energy of the interactions as a solute dissolves is mani-
fested as the enthalpy of solution, AH/,,,, while the standard free energy chan-
ge, AG®, is related to the solubility c,.

AG®,=-RT inc, (9)

where R is the gas constant and 7 is the absolute temperature. According to
the van'’t Hoff equation, the logarithm of the equilibrium constant(e.g., sol- ‘|
ubility product) is a linear function of the reciprocal of the absolute temper- °
ature, as follows,

In. K, =n Kg— AA,o,/ RT
or

— AAsoi

_ or K,=Ky-e FF (10) ;

The solubility of polymorphsis related to their thermodynamic activity, to”.
the escaping tendency of their molecules, and hence to their melting point.;
For riboflavin [2] a linearrelation was found between the log of the solubil- ; |
ities and the melting points of the three polymorphic forms. The thermody-:
namically stable form at a given temperature and pressure is the form with®|
the lowest free energy and the poorest solubility. 2

For each polymorph, we.may apply the van’t Hoff Eqn. 10 in the form: —
Inc,=—AH,,/RT+¢ ap.

where c is-a constant.and the other quantities have been defined above. The.
solubility curves obtained are shown in Fig. 6. In the case of enantiotropy,
there is atransition point at which the solubility of the two polymorphsis.
identical. In the case of monotropy, 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 In c, vs. W/T for each,
modification (polymorph or solvate) allows the determination of the transi-.
tion point andthe calculation of AH,., for each modification. The difference |
of AH,,, between two forms is the transition erithalpy. 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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Plots of solubility c, vs. temperature T (solubility curves) for enantiotropic and mono-
’ tropic systems : :
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Fig. 7. Solubility curves of solvates, exemplified by the dihydrate, tetrahydrate and hexahy-
drate 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 phasesolubility 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 appearanceof the
solid phase by nephelometry orby ultraviolet spectrophotometry [38] [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 mg/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 mg/ml, the apparent solubility will be
0.5+0.4=0.9 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 polymorphism [35].

In the case ofsalts, 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 salting-in 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

ho oO} ———
+

Concentrationyofsubstancein solution(mg/gsolvent)- “ON
i re  

0 20° 40 60 80 100 120 140
Total concentration x of substance added (mg/g solvent)

Fig. 8. Phase solubility analysis of 7-(2-hydroxypropyltheophylline 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. Be-
low saturation, the data points lie on line y= indicating complete dissolution of the sample

added to the solvent (redrawn from [35]).
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|

 solution(mg/gsolvent)  Concentrationyofsubstancein’
oO 20 40 ~—-60 80. 100 =. 120 140

_ Total concentration x of subsiance added (mg/g solvent)

Fig. 9. Phase solubility analysis.-transformation ofa highersoluble into a less solubleform de-
" pending onthe time allowedfor equilibration. A: 20h; 01: 63h; O: 115 h @edrawn from [35]).

knownintrinsic solubility (the solubility of the undissociated species) and the
pK,(see Chapt. J and 2) [38] [39]. By meansof recently introducedautomat- |
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 H,O 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 H,O
increases in the rank order: hydrate < anhydrate <solvated form, but excep-
tions exist, especially when the transition temperature lies below the ambient
temperature. In organie 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 H,O 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, thisneeReiceceRUNESoRreiesOTRgaionarnATEA
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Fig. 10. Influence of particle size on the dissolution process of reserpine hydrochloride in —
0.1m HCL a) Particle size: 99% <49 ym, 90% <40 pm; (b) particle size: 99% <67 yum, 90% -

<52 jum: c) particle size: 99% <158 ym, 90% <120 pum.
f

| method has the disadvantage that the dissolution rate depends on the particle | |
size. On the other hand, this dependencyis utilized for a given form to eval- -
uate the effect of particle size, as demonstrated in Fig. 10 [41]. As for solu- :
bility measurements, the pH of measurementand the salt effect of the buffer’:
have to be taken into consideration. “

The transformation of an anhydrous form into a hydrated form and the .
transformation of a salt into the free base or acid is often observed. Fig. 11 ~
is an example of the observed dissolution rates in the casé oftransitions dur- |
ing the course of the experiment: oe
I: Theanhydrous form dissolves without change; ,
If. the anhydrous form transforms into a hydrate; OS
II: instaritaneous change of the anhydrous form into the hydrate and disso-.

lution of the less soluble hydrate.

The difference, b, between the curves IJ and [7 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 drug substance, representing two poly-
morphsof 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

> Fig. 11. Plots of the dissolution of a compound thatforms an anhydrate and ahydrate.
D Anhydrate dissolves withoutphase changes.) anhydrate dissolves followed by phase changeinto the hydrate; thehydrate, being less soluble, dissolves more slowly; I) instantaneous phase

changeinto the (less soluble) hydrate occurs, followedbytiie dissoliition of the hydrate.

Amount dissolved (mg/ml) Amount dissolved (% of dose)
100

 
0 a|1a 1 tL J 0 A ety

0.620: «-400« 60S BD 100:« 120 «140 0 40 20 30
Time (min) Time (min)

40

. Fig..12. Dissolution curves (left) of two crystalline modifications (A and B) of a drug substance
and the corresponding curves (right) the drug products (capsules). A: polymorph A; O: poly-

morph B.

od, the powder is compressed by a punchin a die to produce a compact disc
ot tablet. Instruments are now commercially available for this purpose [42].
Only one face of the disc is exposed to the dissolution medium, and the cu-
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, €.2., me/min/em’. 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/em’.
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After several minutes, the dissolution slowed down in order to continue with
the lower rate of 0.01 mg/min/cm?,resulting from the formation of a hydrate.
A separate measurement of the IDR of the hydrate indeed reproduced the
samerate of 0.01 mg/min/cm’.

3.4. Heat of Solution

The enthalpy of the solution process,i.¢., the heat of solution, AH/,,.), can
be calculated from the temperature dependenceof 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]
considerthat the slope of the linear relation predicted by Eqn. 10 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
polymorphsat temperatures close to ambient. Theresults provide an alterna-
tive to DSC for the discrimination betweenenantiotropy and monotropy,
whenthe substance decomposes upon melting. Quantitative analysis of poly-
morphs, solvates, and amorphous forms in mixtures has ‘been performed us-
ing solution calorimetry. Studies of polymorphism by solution calorimetry
have been reviewed [18].

3.5. Interaction with Water Vapor

Water vapor is an omnipresent component of the atmosphere. The vapor
pressure of H,O 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
adsorbate, 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 H,O molecules may undergo any type of interaction (Van der
Waals, ion-dipole, and specific H-bonding interactions) with the functional
groups on the surface of the adsorbent; they may cause swelling of hydro-
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Masschange(%ofdrymass) 
0 2 40 ~ 60 80 100

Relative humidity (%) .
Fig. 13. Examples of water sorption/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 poolof sat-
urated solution by thé process.known as deliquescence. 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].

Tn 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. ]3. 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 substancesat different tempera-
tures and humidities for different climates is generally studied by gravime-
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 Nto which the solid sample is exposed. In the so-called ‘dy-
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 Masschange(%ofdrymass) 
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Fig. 14. Two polymorphs(A and B) transforming into the same hydratedform. The metastable
form B takes up H,O at lowerrelative humidity than the stable form A. The hydrate form

loses H,O at rh. values below 20%.

namic water.sorption’ system [50], the sample is placed on a microbalance
and exposed to a continuous flow of air or Nz 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 samplecells 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, or.other desolvatinh 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 loweris thecriticalhu-
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(¢.g., see Table 3). Solvates may transform into hydrates
by direct displacement of a solvent guest by H,O. 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- »
cesses may bedifferent from the kinetics of the hydration step, as 0 the case
of nafragel hydrochloride [58] for which the sorption of H,O occurs in two
steps via the hemihydrate. The resulting monohydrate loses H,O in one step
yielding the anhydrate. Due to the different kinetics of their transformations,
the anhydrate, hemihydrate, and monohydrate can co-exist for an appre-
ciable period of time. Hydrates have beenthe subject of several reviews
(e.g., [59]). a

Fig. 15 illustrates the complexity of hydration and dehydration processes
in thewater-sorption isotherms of three salts of a basic drug [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 notat all hygroscopic. This exam-

“ple illustrates the importance of the study of the hygroscopicity of salt can-
didates.

 

25

20

45

10Masschange-(%ofdrymass) 
0 10 20 30 40 50 60 79 80 90

Relative humidity (%)

Fig. 15. Water vapor sorption isotherms of three salts of a basic investigational compound.
O: Hydrochioride, A: hydrogen tartrate, 0: 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 powderandare an indirect measure of the flow properties of ©
the powderresulting 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 volumeof 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 measurerhent the more densely packed form is the more stable
form at OK. For example, the densities of three crystalline modifications of
the purine derivative, MKS 492,are 1.422, 1.411, and 1.400 g/cm? [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 .
MKS492,it fails for some polymorphic systems. Of the four thermodynam-
ic rules, the heat of fusion rule and the heat of transition rule are foundto be
more reliable. - .

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 activation energy
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:
kzxAge™ , (12),

where Ais the frequency factor, which is related to the entropy of activation —
according to Eyring and Polanyi, andR and T have been defined previously
(Egn. 9). The activation-energy barrier may be reduced by catalysts, imput-
ities, and/or crystal defects. Most transformation processes in the solid state
involve nucleation, progression of a growth zone, and régression 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 presenceof seed nu-

- clei of the product, activation energy for the change, and diffusionof the
molecules, —_ CS oe

The influence of nuclei (seed crystals) ofthe stable form in a sample of
a metastable formis 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 detectedin 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 at 30°C, 50% of the stable form was found by X-ray
diffractometry and by IR spectroscopy [41] [64]. However, no trace of the
stable form was found by X-ray diffractometry in all samples of the first
batch. Samplesofthe 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
H,0. 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. J 6).

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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Fig. 16. Concentration vs. time plots showing the possible solubility behaviorof stable (A)
and metastable (B) polymorphs or pseudopolymorphs, respectively, At the time indicated 1*,
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 Polymorphs, and ofMixtures of Each Polymorph
with the Stable Form B, in H,0 [60]

Temperature

   
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 expeti-
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. Influence of temperature on the kinetics of a-solvent-mediated transformation in for-
mutations of an investigational drug substance in two crystalline modifications, monitored by
the concentration of dissolved substance after one day of storage. Full symbols and broken
lines: stable form; hollow symbols and full lines: metastable form; solvents: O: Miglyol 812,

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

of seeds of the stable form, which accelerate the solvent-mediated transfor-
mation [60]. .

The influence of temperature on the phase transformation is demonstrat-.
ed by the example shownin Fig.17 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 observedin 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 ofits 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. Crystallization fromsupersaturated solution by cooling. Plots of solubility c, 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 3.

transformation into the stable form is limited by the kinetics of dissolution
and growth [65] [66]. Difficulties in obtaining crystals of aparticular form,

which were obtained at an earlier time are discussed by Dunitz and Bernstein
(67).

Amorphousorpartially amorphous solids may result from very rapid pre-
cipitation, drying, milling, freeze 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 generally hygroscopic; they have high sol-
ubility and bioavailability, and good tableting properties, but are difficult to
mill. Amorphousforms are usually less stable chemically and physically due
to their molecular mobility; they tend to transform into crystalline forms
upon storage, humidification, and heating.

Crystallization of an amorphoussolid proceeds generally fast at temper-
atures above the glass transition temperature, which is depressed by the pres-
ence of H,O. The amorphous form may crystallize into one or anotherof 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 produces agglomerates
and consequently increases the particle size, as demonstrated by Otsuka [69].

The hygroscopicityof brequinar sodium is related to the amorphous content
[70].
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Dehydration and hydration processes largely depend on kinetic factors,
such as diffusion of H,O 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-.
“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 solvates, such as the'solid-solid, solid-liquid, liquid-liquid, and
solid-gas equilibria and‘transformations, are derived from the thermodynam-
ic phase diagrams, which express the influenceof temperatureand pressure. ..
Expeditious product developmentrequires 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 interpretations that could
arise from isomerization, dimerization, and/or 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] (53]
[74] [75].

Differential scanning calorimetry (DSC) measures the heat flow, dq/dr,
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, endothetinic 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 scanswill differ if the sam-
ple under study is stable or metastable at ambient temperature, as shown in
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Fig. 19. Theoretical DSC scans. Following a period ofisothermal equilibration, the ternperature,
T, is increased at a constant rate d7/dz. The heat flow output, gid is plotted vs. temperature.

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

Case of enantiotropy (Fig. 20A)

Sean 1. The sample studiedis ‘the stable form A, which gives the endother-
mic solid phase transition A->B (see Fig. 3,a), followed by the
melting endotherm of form B.

Scan 2. The sample studied is the stable form A, but, for kinetic reasons,
the solid transformation A—B does not occur. Instead, form A
melts. ;

Scan 3. The sample studied is the stable form A which melts. Form B crys- ,
tallizes from the meltwith an exothermic peak, and form B melts at
a higher temperature.

Scan 4. The sample studied is the metastable form B, which becomes
stable at a higher temperature abovethe transition temperature.
An exothermic peak corresponds to the solid transformation _
B— A,followed by successive transformation A > B and melting
of B.

Scan 5. The sample studiediis the metastable form B. The DSC scan shows
its melting endotherm.

Case ofmonotropy (Fig. 20,b)
Scan 1. The sample studied is the stable form A, and its melting endotherm

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

Scan 2. The sample studiedis 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 Raman microscopy, tempera-
ture-resolved or variable-temperature X-ray diffractometry).

Fig. 21 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 various other forms grow
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Fig. 21, DSC Curves of two polymorphs, A (a) and B (b), of oxybuprocaine [18]. Polymorph B
undergoes an enantiotropic transition to polymorph A at 140-150°C.-

from the melt, although they may not be present in the original solid samples
studied as resulting from the X-ray diffraction analysis.

It is difficult to distinguish between monotropy and enantiotropy in the
case of Fig. 20,a, Scan 5, and Fig. 20,b, Scan 1, as well as Fig. 20,a, Scan. 3

and Fig. 20,b, Scan 3. The interpretation of the DSC curvesis 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 pomt. Modification B is hygroscopic and undergoesa sol-
vent-mediated transition to A in alcohols at ambient temperature.

In thermogravimetry (TG, TGA) the change of the mass of a sampleis
determined in a thermobalance as a function of temperature and/or time.
Most instruments record the percentage ofmass 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 scansof a salt obtained as

hydrate or as an EtOH solvate depending on the ratio EtOH/H0iin the sol-
vent and on the temperature of crystallization.

Solution microcalorimetry andisothermal microcalorimetry are comple-
‘mentary techniques. The larger volumes of the sample cells and the higher
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Fig. 22. DSC Scans of three batches of a drug candidate, Code 205-397 hydrochloride, of
similar quality according to powder X-ray diffraction (form A) but showing different behavior
following melting [18]. I) 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 Raman spectrometers, and mi-
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Table 3. Some Physical Properties of Two Crystalline Forms of a Benzisoquinoline Hydro-
chloride That Are Enantiotropically Related [18]

Wateruptake after 1 day at 92% rh. 3.2% (= Hydrate)

 

 

  
 
 
  
   

Transformation in alcohols 

Masschange(%) Heatflow(dq/dé) 
eeiaSNOO

70 430° 190 250 70 «6130 6190 250
Temperature [°C] — Temperature [°C] —>

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

: [18].

croscopes, and to ternperature-tesolved X-ray powder diffractometers, for in-
creasing specificity and easing the interpretation of results. The instruments
may be combined,or the sample maybe 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 polymortihs 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-ray diffractograms of 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
et al. [76], the clearest indication of the existence of polymorphsand 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 givenin Fig. 25 for tetracaine hydrochlo-
tide 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 X-ray
diffractometry, and solubility studies in different solvents. No polymorphism
was observed for the tetracaine baseitself.

 
eae[se

IPR2020-00769

United Therapeutics EX2008
Page 51 of 183



IPR2020-00769 
United Therapeutics EX2008 

Page 52 of 183

74 PHARMACEUTICALSALTS: 

Heating 140°C / 140 Jig
 

 
  

 
  

 
 
 

149-150°C
120-130°C

 
 
  

92%
rh.

Water
Solvents oni
mediated 126°C |

7 Jig |

Heating
140°C XN Room

temperature
> 60%rh.

Fig. 25. Relationships betweensix crystalline forms, an amorphous form, and three hydrated
forms of tetracaine hydrochloride. Am: amorphous form, T: tetrahydrate,,M: monohydrate,

H: hemihydrate. :

X-Ray diffraction, DSC, and TG are very useful when deciding upon a
salt form. By these techniquestypical questions, which can be answered by
suitable investigations, are: is the solvent retained orreleased under certain

conditions; are the salts equally crystalline; are they hygroscopic; are they _
stable during storage; what is their polymorphic behavior; is the manufac-
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 polymorphs 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 fumaric 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 showedthe 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, andsolid transformations. Solid transformations have beendis-
cussed in Sect. 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«——Heatflow(dq/df)———»Endo 
60 80 100 = 120 140

Temperature (°C) ———»

Fig. 26. DSC Curves ofmixtures of two differentfumarate salts ofa basic investigational drug
substance. a) Fumarate salt A (base/acid 1:1); b) fumarate salt B (base/acid 3:2); c) 1:1 mix-
ture of A and B, equilibrated in EtOH or i-PrOH; d) 1:1 mixture ofA and B, ground; e) 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-NMRspectroscopy 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 dependlargely on the sensitiv-
ity and on the selectivity of the signal assigned to each form. Forall 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 employedandits
limit of detection (LOD)can attain 1% or lower [64] [79]. Powder X-ray dif-
fraction patterns, calculated from the knowncrystal structure, may be used
for purity analysis of samples. Furthermore, diffraction patterns obtained at
higher temperatures can be used for the detection of higher-melting enaritio-
tropic forms in samples of lower-melting forms. 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 amorphousfraction [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 amorphous form accelerated by the presence of humid-
ity [86] [87]. X-Ray diffraction and microcalorimetry ggive comparable re-
sults, but the microcalorimetric method is more sensitive and provides repro-
ducible results in the 1% range of amorphous content [86]. Solution calorim-
etry is also useful but is less sensitive [18]. Analysis of the stability of the
drug productis less easy and dependson the excipient matrix and on the dose
strength.

The salt form may influence. the chemical stability of the solid state.
Walkling [88] studied the solid-state stability offour salts and the free base
of xilobam and observed a salt dependentstability behavior. The counter-ion —
can react chemically with the molecule ofthe 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 ofthe 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 et 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 muchless stable than the other[90].

The amorphousstate is very reactive. Accotding to Zografi [7] [30], the
chemical reactivity in the liquid state should enable us to predict that of the
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Table 4. Influence of Temperature, Light, and Humidity on the Stability of the AmorphousandCrystalline Forms of a Peptide Drug Candidate

Stress condition Crystalline

Degradation [%}

Uptake ofmoisture [%]

se[oe

  
 
  
  

 

 
 

 

 

 1 day at 92% r.h

amorphousstate. Zable 4 illustrates the differenceof reactivity between the
crystalline and amorphousstates of a peptide drug candidate. In the amot-
phous state, 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 orstressed 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 elevated 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 amorphousform 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 a-form gave one degradation product, whereas the
£-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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a

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-atomcontributions.
The calculated intermolecular interactions can be further examinedusing 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 Rietveld

- 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 Inc., MSI). Predictions of this type are based on lattice energy, and
ignore the entropy component. The thermodynamicstability 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 polymorphsare, 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. MSY presented the commercial software package
‘PowderSolve’at the International Union of Crystallography (UCr) 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 should
facilitate comparisons of the solid-state structures of salts. The short time
allowed for today’s drug development requires the use of. advanced tools
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 wayit has been discov-
ering and developing drugs [1]. Larger, more lipophilic, and less water-solu- fhe
ble leads are being selected as a result of the quest for more potent and high- a
ly specific molecules. The widespread use of dimethy! 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 ao
newer drug molecules are unfavorable to their development as dosage forms, aa
the ‘developability’ is becomingacritical consideration for the transition of
a chemical entity from the discovery phase to the development phase [2] [3].
There is now a greater collaboration betweendiscovery and development SCi-
entists in evaluating such developability criteria as solubility, dissolution rate,
stability, permeability, and so forth, forthe selection of optimal-development
candidates. Since, as mentioned in Chapt. 2, salt formation can improvesol-
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.

Thesalt 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,ifit
is an acidor 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 answeredare: Is the acid or base form preferred because of
biopharmaceutical considerations?Is 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 compoundexists 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 stableis a particular form
in solid state and in solution? The ultimate selection of the ‘optimal form’
of a new drug candidate for development depends ona balance among the
physicochemical properties of its various available chemical and physical
forms.

 

 
IPR2020-00769

United Therapeutics EX2008
Page 61 of 183



IPR2020-00769 
United Therapeutics EX2008 

Page 62 of 183

PROPERTIES, SELECTION, AND USE a, 137 

Another critical element of a salt-selection process in any drug-develop-
ment program is the timing. Here, thecritical 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 canthesalt selection be integrated in the develop-
ment process suchthat it does not become a rate-limiting step or does notex-
tend developmenttime? .

The success of a salt-selection program also depends on how variousdis-
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 formsofsalts,
ii) selection of physical-forms ofsalts,
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 a
will be discussed in less detail, since Chapt. 3 and 7 will also cover several ;
aspects of these strategies. Salt-selection timing and composition ofsalt-se- - i
lection teams will be discussed only briefly, since no clear picture of how ot
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 amenableto 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

Nopredictive 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 Flora [4] reported that successful salt formation gen-
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erally requires that the pK, value of a conjugate acid should be smaller than the
pK, value of the conjugate base to ensure sufficient proton transfer from the
acidic to the basic species. Thus, relatively stronger acids like HBr, HCl,
H,SO,,or one of the sulfonic acids (pK, <2.0) would be suitable for the prep-
aration of salts of weakly basic amines having pK, <4. Other investigatorsalso
provided similar but rather general guidelines forthe selection of counter-ions.
Wells [5], and also Tong and Whitesell [6] recommendedthat, for the prepara-
tion of salt forms of a basic drug, the pK, of the acid used should be at least
2 pH units lower than the pK, of the drug. Although these are valuable guide-
lines, a more predictive method for assessing the feasibility of salt formation a
would be necessary to minimize trials and errors in a salt-selection program. 4

As described in Chapt. 2, the pH—solubility interrelationship and the lo--
cation of pH,,9, in the pH scale play critical roles in determining which salt,
if any, can be synthesized for a particular free acid or base. Diztert et al. [7]
reported as early as in 1964, although not for the specific purpose of salt se-
lection, that whether a basic drug would existas the free base or as a salt un-
dercertain pH conditions can be determined by studyingits 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 pH,,,,, the pHof

maximum solubility. This is shown in FY,ig. J, and the relevant equations are
given below:

 

At pH >pHmax! Sp= [BE"} +B}, co
= [B], -(1+[H,0°VK,) ee (1)

At pH <PAnax: Sp= [BH"), + [B]
= (BH*],-(1+K,/[H,0°) (2)

In both Egns. J and 2, Sy is the total or equilibrium solubility undera partic-
ular pH condition, [B] and [BH*] are concentrations of free and protonated
species of the base,respectively, and the subscript s represents the concen-
tration in equilibrium with the solid phase. Fig. J essentially illustrates that

_ a salt would not be formed in an aqueous medium,unless the pH ofthesat-
urated solution of a basic drug is not lowered below the pH,,,,., and any salt
formed would be reconverted to its free base form, if the pH of a saturated.
salt solution is raised above the pH,,,,. In other words, solid phases that re-

main in equilibrium with solutionsat pH below and above PHnax are 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 bethe equi-
librium species.at a pH below the pH,,,,,-and a salt would be formed only if
the pH is.raised. above the pH,,,, by using suitable counter-ions. The relevant
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S_= [BH*], +{B]
= [BH*], (1 +K,/ [H,0*}}‘Solubility   
 

S;=([BH}+B],
= [B],{1 + [H3O°T/ K,}  

 Solid Phase:
Base

pH

Fig. 1. Schematic representation of the pH-solubility profile of a monobasic compound, show-
ing that solubilities of base and salt can-be expressed by two independent curves correspond-

ing to two independent equations. The point where the two curves intersectis the PHynax:

Solid Phase:

Salt |

 
e-

 Solubility
S;=[AH],+ [A] 7 =

1|St= [A], + [AH]
=[A},(1 + [H30*/K,)

= [AH], (1 + K,/[H0*])

:
Solid Phase: ! Solid Phase:

Acid ! Salt

 
pH

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

equations are given below:

At pH < PHynax: Sp = [AH], +[A]
= [AH], - (1 +K,/[H307)) (3)

At pH > PHynax’ Sr = [A], + [AH] .
= [A7],:(1+[H,0*/K,) (4)
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In Egns. 3 and 4, Sy is again the total solubility under a particular pH condi-
tion, [AH] and [A7] are concentrations of free and ionized species of the acid,
respectively, and the subscript s represents the concentration in equilibrium
with the solid phase.

Solubilities of salts, as described by Eqns. 2 and 4, can be influenced by ag
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.

Serajuddin and co-workers [10-14], and numerous other authors [8] [9] a
[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: REV5901 _

To determine the feasibility of salt formation for REV-5901 (Fig. 3), a
base with the pK, value 3.7, Serajuddin et al. [14] determinedits pH-solu-.
bility profile as shown in Fig. 4. An identical profile was obtained, when
either the free base or the hydrochloride salt was used as the starting solid.
phase. The pH,,,, of the compound was 1, indicating, as mentioned above,a:
salt form would exist only at pH. below 1.0.Indeed, only twosalts, a hydro-
chloride salt and a sulfate salt, could be prepared for REV-5901, since only
strong acids like HCI and H,SO, could lower the pH of a saturated solution
below the pH,,,, 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 numberofsalts that can be prepared, saving much efforts and resources
that could otherwise be wasted in attempting to synthesize many differentsalt
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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‘pK, =3.6

Sp = 0.002 mg/ml

Fig. 3. Chemical structure of REVS90I, the compound. used in Case History 1

Ea
&,
&ra}_
36
.Solubility[mg/ml] 

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 wasultimately selected.

2.2.2. Case History 2: GWI818

Tong and Whitesell [6] studied the feasibility of salt formation ofa basic
drug GW1818, which had the pK,value of 8.0 and the intrinsic free base sol-
ubility of 0.0044 mg/ml. Forthis compound, the PHinax 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 becauseall of these counter-ions could lowerthe pH below 5.
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2.2.3. Case History 3: Phenytoin

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 pK, value
of 8.4 andtheintrinsic free acid solubility of 0.02 mg/ml at 37°C {19}. The
sodium salt is the commercially available salt form for phenytoin, and there
are numerous reports in the literature demonstrating that the free acid form
of phenytoin precipitate out of salt solutions depending on pH. Thereis also
the propensity for the conversion ofsalt to free acid in solid dosage form.It
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 abovethe PUrpax
value of 11. Since relatively weaker bases like Mg(OH),, Ca(OH)s,etc., 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 microenvironmental pH were below 11. If, unlike phenytoin,
the pH,nax 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.

 

  
 

— 4205 4 . yo
EB Tet BSNL! \
= 40f . HC A - oO
= 20 : 56 NH / . oO

* 2 40 oO en)
O 6 .mM 4b pK, = 8.4 é

4 Sy = 0.04 mg/ml 5
Oar pe . O Free Acid
0.1 | . A Sodium Salt

0 2 4 6. 8 10°C 14

Fig. 5. pH—Solubility profile of phenytoin at 37°C indicating PHyg, at 11. Identical profiles
were obtained wheneitherfree acid or the sodium salt of the drug substance was used. pH was

: adjusted using eitherNaOH or HCl.  
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2.3. Theoretical Modeling off pH-Solubility Relationship
In the case histories mentioned above, pH-solubility profiles, which were

determined experimentally, have been used to identify the pH,,,, and to de-
termine the feasibility of salt formation. However, at drug discovery and
early development stages,when the supply of drug substancesis limited, it _
mightnotbe practical to determinepH—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 areavailable. Then, an estimate of pHnay values can be
made by assuming certain valuesfor saltsolubilities: .

Fig. 6 shows pH-solubility profiles of a basic compound generated theo-
- retically according to Eqn. J by using’ a fixed pK,value of 8.0-and various
" So values ranging from 0.0001 to 10 mg/ml. In thiscase, solubilities of salt

forms corresponding to Various theoretical clirves are unknown. Anypattic-
‘ular value forthe salt solubility can: be assumed for the purpose of estimat-
ing pHypax Values. If, for example, a salt solubility of 20. mg/mlis assumed
corresponding to each curve in Fig. 5, the estimated pH,,,, values corre-.
sponding to Sp values of 0.0001, 0:001, 0.01, 0.1, 1, and 10 mg/ml would be -.
3,4, 5, 6, 7, and 8, respectively. The pH,,,, values wouldnot differ much
evenif the solubility of salt form somewhat differs, because, as mentioned in
Chapt. 2, for a ten-fold difference in salt solubility, the pH,,,, differs by one
unit only. Thus, from thetheoretical analysis.of pH=solubility relationships
in Fig. 6, it may be concluded that the salt formation of a base with the pK,:
value of 8.0 might be feasible with most commonly tsed acids when Sp val-

 

Solubility[mg/ml]    
Fig. 6. Theoretical pH-solubility profiles demonstrating the effect ofintrinsic solubility (Sq)

ranging from 0.0001 to 10 mg/mlof a basic drug with the pK, = 8.0
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ues are ca. 0.01 mg/ml and higher. This is because PHax Values in these cas-
es would be around 5 and higher. For Sp 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 pk, value of a basic
drug is lower. As shown in Chapt. 2, there is a direct relationship between
pK, and pHnax; the PHnax decreases by 1 for each unit decrease in the pK,
value. Thus,if the pK, value in Fig. 6 would be 4.0 instead of 8.0, the PHnax
would be 3 and lower for Sg values of 1 mg/ml 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, etc., ep
can lower the pH of saturated solutions below 3. The salt formation may not
at all be féasible if the Sp is below 0.01 mg/ml because the PHwax 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 Lakkaraju 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 pX, values of 8.0 and 3.6. However, the Sg values of the com~-
pounds differed; they were 0.006 and 0.0007 mg/ml for avitriptan and BMS-
181885, respectively. Because of this difference in So values, the pHynax Val-
ues, due to the effect of the higher pK, (8.0), were ca. 5 for avitriptan and
ca. 4 for BMS-181885. As a consequence,salts with many different counter-
ions, including acetate, lactate, succinate, and tartrate, could be synthesized
for avitriptan. But, with BMS-181885, it was not possible to lower the pH of
a saturated solution below 4 by using acetic acid, lactic acid, succinic acid,

 

° QO
20

H,C HINTS
NH H,C

: oR, GH,
oO oO

WNP = HNN =
N N oN —N N N\ \LY KAY VS y—/

Avitriptan BMS-181885
pK; = 8.0; pKz2= 3.6 pK, = 8.0; pk,2=3.6

So= 0.006 mg/mi. So= 0.0007 mg/ml

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

ions was not feasible for this compound. However, BMS- 181885 formed
salts with strongeracids like H,PO, and HC1.
_ It-should be noted here that self-association of drug molecules. insolu-
tions may sometimes lead to deviations. in pH-—solubility profiles predicted
from pK,and solubility. Nevertheless, the theoretical modeling canstill ser-
ve as a useful method of predicting the feasibility of salt formation because.
a DHmax value maybe estimated within a reasonable range. Also, the self-as-
sociation often shifts pH,,,,, in favor of salt formation.

| 2.4. Feasibility of Disalt Formation

_ Eqns. 1-4 are applicable to compounds with only one pK, 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 ionizablespecies. Such compounds can form only mono-salts
(e.g., mono-hydrochloride, mono-sodium,etc.). In addition, a compound may
have both basic and acidic moieties. Such a compoundcanalso be classified
as one forming a mono-salt, because only one of these groups can be usedat
one time for salt formation. In contrast, drugs can also be polybasic or poly-
protic, which might be able to formpoly-salts. Examples of disalts, such as
dihydrochloride, disodium, etc., are commonin theliterature. Some of the
questions that arise for compounds with multiple basic moieties or multiple
acidic moieties are: Should mono- or poly-salt be synthesized for such com-
pounds?Is the formation of poly-salt feasible? If the synthesis of both forms
of salts.is feasible, which one is preferred for a particular drug candidate?
Someof these issues are addressed below.

 
24.1. Feasibility of Salt Formation for Dibasic Compounds

Serajuddin and co-workers [20] [21] have demonstrated that the feasibil-
ity of salt formation. for a dibasic compound can also be predicted from its
pH-solubility relationship. Asillustrated schematically in Fig. 8, the solubil-
ity of a free base increases with a decrease in pH, and, after the first pHnax
(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 pHinax.2 Below pHinax,2, @ disalt could be formed.
Depending on pH and counter-ions used to preparesalts, there could be three
distinct solid phases (free base, mono-salt, and disalt) in equilibrium with
aqueous solutions. The equations correspondingto solubilities of these three
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S,= [BH",+ BI ; |= [BH], (1 + Kaa/IH,0*]) PMimax.2 abl
1
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Po|S,=[BH*] + (BH, ah
= [BH*], (1 + [H,O*1/K,2} See!

|

|

| ~~-

|
|
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S,= [BH*] + [B],
=[B}, (1 + [Hs0*V/Ka.1)

' Solid Phase:!
Solid Phase: Disalt ! Mono-Salt |! Solid Phase: Base

pH

Fig. 8. A schematic representation of the pH-solubiliry profile of a dibasic compound, show-
ing that solubilities of the base and its mono- and disalt forms canbe expressedbythree in-
dependent curves corresponding to three independent equations. The profile indicates that two

PHinax Values, PHax,1 204 PHmax,2 May exist for such a compound.

  
phases are givenbelow:
- AtpH>pHmax: Sp =(BH*]+ [Bl], /

. = [B],-(1+ [H30°VK,1) | (5)
‘At pH < PHax, i and > PHnax, 2 . .

Sy =[BH3"] + [BH"),

 
= [BH"],- (1 +[H,0°V/K,, 2) (6)

At pH < PHax, 2" St = [BH3"1, + [B*} :
= (BH3*],- (1+ K,,/[H;0*)- mane)

Forthe sake of simplicity, no consideration 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 mono- anddisalt forms may not be obtained if pK, and/or pHynax
values of the compound are notfar apart (ca, 2 units). If two pHnax 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, protonationof the piperazine N-atom
and the pyrimidine N-atom was responsible for pK, values of 8.0 and 3.6, re-
spectively, for the compound. By using HCl to adjust pH, it was established
that the compound.could have two pH,yax values, one at pH. 5 (pHyax,1) and
the other at pH ca. 2 (PHmax, 4). This is shown in Fig. 10. Itis evident from
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-

Fig.

35

30

Solubility[mg/m]    
Fig. 10. pH—Solubility profile of avitriptan at 25°C where HCl was used to adjust pH, indi-

cating wo PHnq, values. Solubility profile at pH above 5 is shownin the inset.

Fig. 10 that both mono- and dihydrochloride salts can possibly be prepared
for avitriptan; the monohydrochloride salt would be the equilibrium species
at pH between 2 and 5, and the dihydrochloride salt would be the equilibri-
um species at pH below 2. Among various acids used by Lakkarajuet al. [20]
to form salts with avitriptan, only HCl could lower the pH of a saturated av-
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Solubility[mg/ml]  
s| 3 5 7°: 9 1

pH

Fig. 11. pH-Solubility profile ofavitriptan at 23 °C where tartaric acid was usedto adjust pH,
indicating the presence of only one pHig, value

itriptan solution below 2 and thus could form a disalt. The pH of an avitrip-
tan solution could be lowered below 5 (pHyax, ,) but not below 2 (pHimax, 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

_in presence oftartaric acid is shown in Fig. 17, where the pH could not be
lowered below 2.5 by adding excess amountoftartaric 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 moleculeintuitively sug-
gested that attempts for the synthesis of disalts using various counter-ions
should be made. Thus, conducting a feasibility analysis based on pH-solu-
bility relationships can save considerable time and efforts in a salt-synthesis
program.

 
2.4.2. Feasibility of Salt Formation for Diprotic Acids.

Equations analogous to Eqns. 5-7 above can also be derived for acids
with two ionizable groupsin 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
(i.e., the stronger ionizable group with lower pK, value). At a certain pH, the
first PHnax (PHmax, 1) Will be reached, and above that a mono-salt will form.
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With a further increase 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 pHiax (PHimax,2) Will be reached. A disalt will be formed above
PHimax,2: The relevant equations are given below:

At pH <PHax, Vv Sp = [AH], + [AC] i ,
= [AH], -(1+K,,;/[H30") . (8)

At »H> PEmae1 but < PHax, 2:
Sp=[A],+[A-]

= [A], (+ [H30°VK,1) (9)

AtpH>pHax2?  Sp= [AT], +14] | 7
=[A-7],-(1+[H,0°VK,,2) (10)

In any salt-screening program for diprotic acids, the pH-solubility relation-
ships can be studied either experimentally or by theoretical. considerations
using Eqns. § and 9. Then, whethera compound will at all formasalt, and,
if it forms a salt, whether it will form a mono- ordisalt can be ascertained
by studying the effect of counter-ion on the pH of a saturated solution. If the
pH of a saturated sohition cannotbe raised above pHynx,; by adding a. par-
ticular counter-ion, a salt would not be formed. If the pH remains between
PHinax,1 and PHyax,2, 2 mono-salt would be formed. A disalt would be formed
only if the pH rises above pH,,,x,2. In other instances, whenpK, values of
two acidic moieties are closer, and, as a consequence, pH; and PHinax 2
ate 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 asituation, the preparation of only disalts may be consid-
ered, and, if acceptable disalts are notavailable, du¢é corisideration 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 et al. [16] attributed the difference in
aqueous solubilities of lactic acid, methanesulfonic acid, HCl, and H3;PO,
salts of terfenadine on the difference in their K,, values with different coun-
ter-ions. Anderson and Flora [4] reviewedthe literature for this aspect ofsalt

. formation; however, no predictive relationship emerged. It is often difficult
to predict a priori how solubilities of different salt fornis 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, for a 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 inaccurate and misleading solubil-
ity value. Otherfactors suchas crystal lattice energy, solvation energy, com-
mon-ion effect, hydrated state of crystals, and so forth, could also be respon-

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

pound. Anderson and Flora [4] noted that contributionsofsalt-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 anincrease in cation or anion charges and
decrease with an increase in ionic radius, the overall effect of a changeinsalt

form on water solubility will depend on which term, the ionic charge or the
ionic radius, is most sensitive to the change in structure. Lakkarajuetal. [20]
reported that aqueoussolubilities ofmono-salt forms of avitriptan with five
counter-ions, namely, acetate, lactate, methanesulfonate, succinate, and tar-
trate, were similar and ranged from 14.7to 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. Common-Ion Effect on SaltSolubility and Dissolution

Whena basic drug formsa salt witha 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

Sp= (it K.8.0"D [Kop ay)
where, for a memessalt, the solubility product, Kp, is defined by

. = (BH*), -[CI.

It'is evident from Egn. 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 K,, 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 isrelatively less pronouncedin caseof salts
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of basic drugs with relatively weak acids, such as acetic acid, lactic acid,etc.,
because the ionization of such acidsdecreases.with the lowering of pH..

Solubilities of alkali salts of acidic drugsare also governed by thesolu-
bility product (K,,) and decrease with an increase in common-ion. Serajud-
din et al. {26] reported that the solubility of the sodium salt of an experimen-
tal drug REV3164 decreased from 7:8 mg/ml in distilled water to 1.1 mg/mi
in a 0.1M NaClsolution. This common-ion effect.on solubility adversely in-
fluencéd the development of REV3164 as a solution dosage form. Such an
effect of Ky, on thesolubility of the salt form of an acidic drug can be siud-
ied using the following equation:

Sp=(1+{H30°VK,) [Ky (12) -

where, for a sodium«salt, K=[Na*] [A]. The possible effect: of K,,, On Salt -
solubility anditsinfluence on dosage formdesign should,‘therefore, ‘be care-
fully analyzed during thesalt:form selection for acidic drugs. Although no.
systematic study has been reportediin the literature, it is usnally assumed that
organic counteér-ions(e.¢., amines)exert relatively less effects on solubility
as compared to the inorganic ones.

The use of counter-ionsother than hydrochloride may also provide high-
er dissolutionrates for salts of a basic drug as comparedto its hydrochloride
salt form in 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 formsof a particular drug are converted to
the crystalline hydrochloride salt during dissolution, no common-ioneffect
oti the dissolution rate is expected. Since the dissolution is a dynamic pro-
cess, the hydrochloride salt may notreadily form on surfaces of dissolving
non-hydrochloride salts. Also, any dissolved’ drug may notcrystallize 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 et al. [28] reported that the methanesulfonate salts of
two basic drugs had 2.6 and 5 timeshigher bioavailability in dogs than their
corresponding hydrochloridesalts.

2.5.2. in-situ Screening of Counter-Ion Effects on Salt Solubility

Since salts with different aqueous solubilities can be produced for a par-
ticular compoundby using different counter-ions, Shankeretal. [29] report-
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ed a method whereby salt solubilities can be screened in situ using small
amounts of drug substances. In this method, small volumes of concentrated
drug 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-situ screening of salt
solubilities for a basic drug having a pK,-value of 8.02 and the free base
solubility of 0.0044 mg/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 pH,,,, are often
formed, when a free acid or base and its counter-ions are mixed together
[10] [12] [13] [18]. Unless crystal forms of salts are produced and equilibria
are reached, any measurement of drug concentration may lead to erroneous
conclusions regarding 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 ofsolution is favorable for salt forma-
tion (for example, its position with respect to pH,,,, in the pH—solubility
profile). Co,

One should also keep in mind that a negative result with respect to crys-
tallization during in-situ screening in aqueous media doés not necessarily
mean that a salt would not be formed. When salts are not produced in aque-
ous media, it mightstill bepossible to crystallize them from organic solvents
or water/organic.cosolvent systems. Forthis 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. Ih addition to a greater ef-
fort in salt synthesis, this makes the numberof samples for subsequent phy-
sicochemical characterization very large. For example, if 10 counter-ions are
tested for a compound, and for each counter-ion 10 solvent systemsare 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
greatly reduce the numberof such samples and thus accelerate the salt-selec-

' tion process.

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

ahammar
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are frequently used for the preparation of salts. Although not much has been
reported in theliterature, it has been the experience of present authors that
pH-solubility theories may also be applied in assessing the feasibility of salt
formation from-organic systems. .

An organic solvent may influence the solubility of a compound in sever-
al ways: i) increase solubility of unionized species, iz) decrease protonation

‘or ionization of the molecule, and iii) decrease solubility of salt formed.
Kramer and Flynn [8] postulated that the pH,,,, of a basic drug can increase

‘due to an increase in Sg value in a cosolvent system. Similarly, the pH,,,,. of
an acidic drug may decrease because of an increase in Sy 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 pX, val-
ue, of the compound remains unchanged. It has been extensively reported in
the literature that an organic solvent may adversely influence the ionization
of drug due toa decrease-in dielectric constant as compared.to H,O [30-32].
For example, alcohols-weaken beth acids and bases. Albert and Serjeant [30]
noted that the pK, value of’an acid was raised by ca. 1 and that of a base is
lowered by ca. 0.5-in 60% MeOH in H,O. A greater depression in ionization
or protonation can be observed in mixtures of acetone, dioxane, etc., with
H,0. Thus, any positive effectof an organic solvent on pH,,, due to an in-
crease in Sy of a drug molecule may be negated by the depression ofits ion- |
ization. The net effect might be such that the pH,,,, 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 onthe salt formation of
drugs, one should also consider their effects on the ionization of counter-ion
species used. Por example, in forming salt of a basic drug with a carboxylic
acid, the organic solvent may not only decrease the pX, of the base, it may
also increase the pX, of the conjugate acid as compared to its value in H,O.
This will have a negative impact onsalt formation.

Thus, due to conflicting effects of organic solvents on Sp, pK,, PHinax.
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 proneto dis-
proportionation in presence of H,O or moisture to produceits 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 pH,,,, 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 sucha salt, thus saving time
and efforts in the salt-selection program. However, many drugs can still form
multiple salts, and the numberof potential salts depends on pX, and So val-
ues. When the synthesis of multiple salts is feasible, it is important to narrow
down the numberof salts and ultimately select the optimal salt form based

on physicochemical characterization of solids.

 
3.1. A Multi-Tier Approach

Morris et al. [34] reported a multi-tier approach 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 physicochemical
properties of salts are studied at each tier, and critical ‘Go/No Go’ decisions
are made based on the results of those studies.The numberof tjers usually

Tier 17 = Crystallinity (visual, microscopy) |
= Crystallization from,different solvents

_ m Aqueous Solubility, including
microscopic examination of suspended solid

 
Tier 2 = Evaluation of crystalline form

. (powderX-ray diffraction, hot-stage microscopy)
mw Thermal properties (DSC, TG)
= Hygroscopicity

Tier 3 m= Humiditytemperature-dependent changesin

| crystal form (powder X-ray, DSC, TG, VT-XRD,etc)
Tier 4 a Bioavailability screening (optional)

. m Stress stability |

i = .Scale-up considerations
Final Form

Fig. 12. Schematic representation of a multi-tier approach for the selection of optimal salt
formfor a drug :

 
IPR2020-00769

United Therapeutics EX2008
Page 79 of 183



IPR2020-00769 
United Therapeutics EX2008 

Page 80 of 183

PROPERTIES, SELECTION, AND USE 155 

depends on the number of salt forms available for a compound. Various
methodsfor the characterization of physicochemical properties of salts have
been described in Chapt. 3 which can be applied in a systematic mannerin
the salt-selection process as discussed here.

In Tier J, the crystallinity of saltsis examinedby simple visual or micro-
scopic method.If the results of visual and microscopic examinations are incon-
clusive, powder X-ray diffraction may be used. Equipmentis nowavailablefor-
the usé 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. Aqueoussolubilities are then determined for those salts that
are found to be‘crystalline. During the determination of' aqueotis solubility,

-excess solids in equilibrium with solutions are examined to determineany -
change in-crystal form. Based on these sttidies, salts that are deemed to have
acceptable crystallinity and aqueous solubility are elevated to Tier 2. Which
aqueous solubility is ‘acceptable for a particular drug often depends on the.
scope of the drug-developmientproject. If a salt needs to be administered as as
solution, a certain minimum solubility might be necessary depending onthe
dose. For a salt designed specifically for oral administration as a solid dosage
form, it is not necessary that a salt.with the highest aqueous solubility must be
chosen; a salt with a relatively low solubility can also provide adequate disso-
lutionrate for the product. Since manysalts-andtheir solid forms may possibly
be producedatthis stagé, any attempt to conductfull physicochemical charac-
terization. of all those formsshould be restricted at this time, because thie re-

sults would be useless if the salts are not elevated to the next highertier. For
this reason, the microscopic examination of saltsis recommended in Tier J, and
powder X-ray diffraction should beused only ifmicroscopic studies are incon-
clusive.It should also-be mentioned that an amorphous form of drug should be
elevated to Tier 2 only in exceptional situations.

In Tier 2, an in-depth characterization of crystal properties are conducted
byusing 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 nexthighertier. If any salt selected in Tier 2 is found 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 numberof 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 studiedat this
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tier. Since the stress stability testing of salts is labor-intensive and require
much time, conducting this study in Tier 4 with a limited numberofsalts
avoids the generation of unnecessary data with other salt forms. Screening
for the polymorphism of salts may also be conducted in Tier 4 bycrystalliza-
tion from different solvent systems. Again, time and effort are saved by con-
ducting polymorphismscreeningin this tier ratherthan with a larger number
of chemical forms at an earliertier.

Salts are usually prepared in test tubes and beakers during salt screening.
However, priorto selecting a salt for development, appropriate consideration
rust be given in Tier 4 whether the manufacturing process can be scaled up,
and what would bethe relative ease or difficulty in the scale-up of different Be
salts studied in this tier. In many cases, bioavailability testing of differentsalt A
and acid/base forms of drugs in animal modelsis also conducted atthis sta-
ge. A dog model is commonly used. However, to save developmental time
and resources, one mustbe judicious in determining whetherthe bioavailabil-
ity test should be conducted or not. Thesalt fortiation is an additional step
in the manufacture of a drug substance.If a free acid-or base has acceptable
physicochemical properties and has comparable bioavailability to its salt -
forms, 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 form is extremely water-insoluble), a
comparative bioavailability testing will not be necessary for the selection of
a salt form. Similarly, a comparative bioavailability testing of different salt
forms would not be necessary if the salts.have acceptable dissolution rates,
even though their aqueous solubilities might differ to a considerable extent.

Morris et al, [34] applied the above multi-tier approach for selecting the
optimal salt form for an HMG-CoA reductase inhibitor containing a carbox-
ylic group 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. Engelet al. [28] has
recently adopted this multi-tier approach in selecting the methanesulfonate
salt form for a basic drug.

“4. Salt-Selection Timing

Morris et al. [34] pointed out that the selection of suitable chemical forms
of new drug candidates, which includessalt selection, must be doneat the
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early stage of drug development. This is because any later changeinsalt 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. Dueto 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

- newdrug candidates, it is during this time that the developmental scientists
should make assessmentfor the feasibility of salt formation. Whenaselec-
tion is made from among many potential candidates, some of the molecules
may be 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.

Muchof the assessmentat the drug-discovery stage for the feasibility of
salt formation can be donein silico based on physicochemical principles out-
lined in the present chapter, and any experimental work needed might be
minimal. The actual synthesis and characterization of salts for thepurpose of
selecting an optimal form for development should preferably start as soon as
a developmental candidate is identified. In many cases, the selection begins
through prospective research. before 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 arestill involved with the scaling 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

eae
The selection of optimal salt forms of new drug candidates involves a

multi-disciplinary team approach. The team may even decide that a salt is not
warranted for a particular drug, and a free acid or base form should be used
instead. Since the ultimate use of a salt is in a dosage form, the formulation
needs must carefully be addressed in the selection process. At the same time,
a salt, as a drug substance, must be easily synthesized and manufactured. In
addition, various analytical tools and techniques are required to characterize
different salts prepared during the salt selection. For these reasons, in most
pharmaceutical companies, representatives from pharmacettics, 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 ofsalts. 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 pattici-
pate in the expanded salt-selection team. Inputs from. drug safety and mar-
keting are also necessary forthe 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 pre-
ferred. Based on physicochemical principles described in this chapter, it is .
hoped that someof the ‘irials and errors’ usually associated with salt selec-
tion can be avoided, thus saving valuable time and resources in a drug-devel-
opment program. , os -

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.

]. 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 a protonatable moiety for a basic
drug does not necessarily mean that a salt. wouldbe formed. To form a
salt, the pH of the aqueous solution (or suspension) of an acidic drug
must be adjusted aboveits pH,,,, value, and, fora basic drug, the pH of
the solution must be below its pH,,,,. 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 pH,,,, principles have been discussed in detail in Chapt. 2 of this
volume. The pH,,., 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, and solubilities of free and salt forms of
the compound.It is not necessary that pH—solubility profiles for a partic-

 
IPR2020-00769

United Therapeutics EX2008
Page 83 of 183



IPR2020-00769 
United Therapeutics EX2008 

Page 84 of 183

PROPERTIES, SELECTION, AND USE . 159

ular compound should be determined with all counter-ions considered for
salt formation. Aprofile of the compound with only one suitable counter-
ion can give:a fairly good idea ofits pH,,,, valle. A reasonably good es-

. timate of the pH,yax value can also be obtained from a theoretical pH—sol-

ubility profile generated from S$, and pX,values, even without the solu-
bility of a salt form.

3. Multiple pH,,,, values might exist for compounds with more than one
- jonizable or protonatable groups. pH—Solubility and pH,,,, 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-lon. Mono-

or multi-salts may selectively be synthesized by using appropriate coun-
ter-ions.

4, Itis granted that aqueous solutions alone are not always used to prepare.
salts, and mixturesof aqueous and organic solvents are often used. The-
re are, however, conflicting effects of organic solvents on Sp, pK,, and
salt solubility, and, asa consequence,the pH,,,, may be.positively or neg-
atively impacted: The major advantage of using an organic solventis 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 mightbe formed in a cosolvent system due
to a more favorable pH,,,, value. However, such a salt might dispropor-
tionate into its free pniomzed or nonprotonated form, when it contacts an
aqueous medium. Forthese 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-ionsfor salts, the fact should be considered that cer- —
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.).
When several salts for a particular compound are synthesized, physico-
chemical tests to characterize solids can be conducted at different tiers

with a ‘Go/No Go’ decision at the endof each tierof 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 proper planning,the salt selection can be removed fromthe critical
development path, thus accelerating drug development.
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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 compounds-peryear. 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 numberof‘hits’ foundis large, the numbersare ‘usuallyrefined
by a more involved and specific ‘low throughput screen’ (LTS) and otherse-
lection processes, until a manageable number of ‘leads’ is available. Often,
severalof these ‘leads’ show only moderateactivity, 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 1~5) 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 DMSOpriorto being used in screening procedures, there is no need
to ensure that they are crystalline. Also, the preparation of any salts of these
compoundsis rarely necessary asthe neutral/covalent molecule usually ex-
hibits better solubility in both DMSO andthe assay system to be used by the
pharmacology group. As can be seen readily, these new proceduresfavor lipo-
philic molecules, whereas the majority of marketed drug substances are hy-
drophilic. The need for water-soluble candidates foruse 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 efc., 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 e7c.) and mechanical(¢.g.,
hardness,elasticity etc.) characteristics of the potential drug substanceandto-

develop dosage formswith good bioavailability stability, manufacturability,
and patient compliance.

For weakly basic drug substances, salts of an inorganic acid (e.g., hydro-
chloride, sulfate or phosphate), a sulfonic acid (mesylate, esylate, or isethion-"
ate), a carboxylic acid (acetate, maleate, or fumarate), 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 basicdrugs, sirice, as a consequence of the. low counter-ion pX,,salts
can nearly alwaysbe formed; and recrystallization from organic solvents is
normally straightforward. However, the potential disadvantages ofhydro-
chloride salts include unacceptablyhigh acidity in 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 for
poorstability, if the drug is acid labile and hygroscopic [2].

’ Historically, prior to the severe regulatory constraints that abound today,
it had been possible to develop the neutral species (free acid.or free base) to-
gether with one or more different salts. These different chemical forms were
often used for specific purposes. An excellent example of this concerns the
phenothiazine drug substance, prochlorperazine. The free base was usedin
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 for the manufacture of tablets.

Occasionally, salts were also prepared in formertimes to decrease drug
substance solubility for use in suspension formulations where very low sol-
ubility is necessary to prevent ‘Ostwald ripening’, for taste masking(¢.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., chlorpromazine 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 forms of drugs with good-to-moderate
potency. However, for parenteral solution products, higher solubilities, per-
haps 10 mg/mlor greater, depending on the required dose and dose volume,
may be required. Forparenteral 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 a |
melting point that is 50-100 °C higher than that of the free acid or free base. m
Also, being more ionic, the crystals are likely to be less plastic and more
easily deformed bybrittle fracture.

Chapt. 6 describes someof the theoretical aspects behindsalt formation.
This chapter describes some of the procedures adopted by the Preformula-
tion team at the Aventis Pharma (previously Rhéne-Poulenc Rorer) Dagen-
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 amountof information from the minimum

amount of precious candidate batch. The outline of the process is shown in the
Figure.

Where possible, we prepare a rangeof salts for each new candidate and
cornpare their properties in our preformulation program, whichis designed
to give us the relative suitabilitiesof each one. Only one salt form is devel-
oped, and its properties should be appropriate to the primary route of ad-
ministration and 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, orits salt, properties on the finished productis
essential to ensure selection of the optimum salt form. Someof 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. Arhong the first informa-
tion added as an entry into this database for each compoundis the calculat-
ed pK, 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-
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Figure. Process of salt selection and optimization

ly are again entered into the database. The log P valueis usually determined
concurrently by chromatography using an octanol-loaded HPLC column
[10].

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 compoundfor 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 madeavailable to Physical Chemistry and the
Preformulation teams together rarely exceeds 1 g and is often less than 0.5 g

With the pK, value of each ionizable group in the molecule known,
either by experimental determination or by calculation,a list of potentialsalt
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 stablesalt,
there. should be a minimum difference of ca. three units between the pK,
value of the ionizable group and a possible counter-ion. This is especially so
whenthe drug substanceis a particularly weak acid or base where dispropor-
tionation back to the componentparts 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 pK, 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 mg.of sample, into each glass micro-
plate well. Concentrated solutions of each potential counter-ion in equimolar
proportion, or (if the molecule could form double ortriple salts) other appro-
priate stoichiometric ratios, are prepared, and a few microlitrés of eachis
added sequentially to each well. Thus, all the wells in line 1 (‘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 microscope
(Leica, model DMIRB) at regular intervals for the appearance of crystals or |
solid. Occasionally, crystallization can be promoted by evaporation of any
excess solvent in some wells using a slow stream of.dry N. gas.

Once the possible combinations of counter-ion and solvent(s) are identi-
fied, studies at a slightly larger scale (usually 10-50 mg) can beinitiated 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 a dynamic vapor sorption (DVS) analyzer
(Model DVS-1, Surface Measurement 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 amorphousmaterial. Frequently, these-studies
can also give information .on the existence of solvates and hydrates, especial-
ly if differential scanning calorimetry (DSC; Metiler Toledo DSC, model
820), thermal gravimetric analysis (TGA; Mettler Toledo TGA, model 850),
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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 methodis developed
within ca. one week, and, after completion of 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 purity is important at this stage, as the
presence of high levels of some impurities can often hindercrystallization
by ‘poisoning’ crystal growth or promote the formation of a specific poly-’
morphic form. Immediately after the developmentofthis‘ HPLC method for
use in the assessment pf the main manufacturing impurities,the analytical
chemists turn their attention to the developmentof the correspondingstability-

. indicating method. The development and partial validation of this method in-
volves the use ofdegraded solutions of the drug substance produced in ac-
celerated stress studies. This method takes ca. three weeks to complete and
can then be usedin the early stability evaluationofsalts; their solutions and,
ultimately, simple formulations.

Thus, by carefully planned studies using a small quantity of drug sub+
stance, it is possible to identify quickly the possibilities 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 forinitial evaluation;

they also give the chemistideas 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 factoris that it should yield a crystalline salt. Crystallin-
ity in a salt affords a means ofpurification and removal of unwanted impur-
ities. Lack of crystallinity (i.e., the salt is amorphous) normally would be ex-
pected to lead to severe problems and uncertainties, if the product intended
to be developedisasolid, 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, Regulatory, and Marketing
groups could notlive with. Absenceof crystallinity is often less of a prob-
lem if the dosage form intendedis a liquid.

The choiceofsalt is also governed largely by the acidity or basicity of
the ionizable group, the safety of the counter-ion and the drug indications.
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Table 1. Classification of Common Pharmaceutical Salt Formers

 
  Inorganic acids 

 
  
 

 

Sulfonic acids

 Carboxylic acids

Anionic amino acids

  
Hydroxy acids

Fatty acids

Acids for °
insoluble salts

  
 

 
Metallic

 
  

  
 

OrganicAmines

  
_| Bases for

insolublesalts

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 numberof categories depending upon their functional-
ity and purpose. Some of the most frequently used examples are listed in
Table I,

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

  

 

 
  
 

 

Cations

  

Procaine, Benzathine ,

 
Hydrochloride, Hydrobromide,
Sulfate, Nitrate, Phosphate

Mesylate, Esylate, Isethionate,
Tosylate, Napsylate, Besylate

 
Acetate, Propionate, Maleate,
Benzoate, Salicylate, Fumarate

 
 

Glutamate, Aspartate

Citrate, Lactate, Succinate,
Tartrate, Glycolate

Hexanoate, Octanoate, Decanoate,
Oleate, Stearate

Pamoate (= embonate),
Resinate (¢.g., Polystyrene sulfonate)

Sodium, Potassium,
Calcium, Magnesium, Zinc

 Triethylamine, Ethanolamine, Triethanolamine,
Meglumine,
Ethylene diamine, Choline  
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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 aimis to manufacture rapidly 50-200 g of each candidate to
permit their evaluation by teams from various departments, including Toxi-
cology. A significant portion of this batch is destined for the preparation of
3 —4-g of eachofthe salts that wereconsidered viable from the early studies
on the smaller batches.. An equivalent portion of the free base/acid is also
taken for comparison purposes. The combination of individual studies that
are undertaken on: each of these 3—4-g portions varies depending on the
type(s) of dosage formrequired for initial clinical evaluation and also that ul-
timately required for marketing. _ .

The most common route of administration for drug substancesis orally. —
For the oral route, the dosage forms most commonly encountered during ini-
tial clinical investigations for the drug substances are highly dependent on
company’s philosophy. Some companies use simple oral solutions whenever

' -the drug substance properties permit; they revert to capsules for less soluble
‘candidates. Others prefer to’develop tablets that would closely resemble a po-
tential marketed formulation. The majority 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 form in humans. Obviously, if the candi-
date is required for the treatment of asthma, inhalation dosage forms would
be developed, together with an injection formulationfor limited: stucies.

To generate data that is an invaluable preliminary to the development
process for the drug product(s), a basic ‘checklist’ has beet devised. This
list contains a-reasonably comprehensive range of tests that give an initial
database of properties to establish a firm basis for later decisions. The 4-g
batches of each salt, plus the free acid or free base, are examined using each
of these tests. Similar ‘checklists’ can beestablished for drug substancesthat
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 (MDI), suspension metered dose inhaler, or dry powderinhaler
(DPI)). 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 forthe 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 humangas-
tro-intestinal system (a lowertarget 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 importantto de-
termine that the solubility in the new hydrofluoroalkanes (HFA 134a or
HFA 227) was high enoughto 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.

A typical compilation of the main tests used for “ug substances intend-
ed for solid, oral dosage formsis presented in Table 2; it shows the types oftests normally chosen and the information that thesetests 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 ~ 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 ‘Preformulation Database’. The results are tab-
ulated for comparison andthe collated results discussed by allthe scientists
concerned in the project. The Preformulation scientists assess the relative

_ merits of each form foruse in the proposedclinical formulations, and whether
the properties such.as.solubility are adequate to give the high concentrations
required-in the variouspre-clinical formulations. Process Chemistry needs to
assess the likely yield of each salt, as salt formation normally creates 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, occa-
sionally, it is seen that none of the salts has optimumproperties, and two dif-

‘ferent salts can be proposedfor 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
pK, value (or a correspondingly high value, if the candidate is an acid), and
the resulting salts are less stable than required, when thesalts are particular-
ly hygroscopic, or when they exhibit complex polymorphism/pseudopoly-
morphism (hydration or solvation).

These simple investigations give much useful information very quickly
and with low usage of drug substance.It is 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. Preformulation Studies That Are Normally Consideredfor Comparison of Salt Forms
and Parent Compound for Oral Dosage Forms

Dissociation constant

Melting point °

 
 
 

 

 
 
 

  
 

 
 
 
 
 

 
 

 

 
 
 

 
 

Potentiometry, solubility, Determine pX, for parent drug
UV spectrophotometry.

Perform on each salt and compareto
parent.

Capillary m.p., hot-stage
microscopy, differential
scanning calorimetry.

 
 

 
 

 
 

 Aqueoussolubility Overnight equilibration at
25 °C;analysis by UV

spectrophotometry or HPLC.

pH of solution - Examine pH ofsaturated solution if
quantities permit.

Cosolvent solubility Overnight equilibration at Determinesolubilities: in:
25 °C, analysis by UV ethanol, polyethylene glycol,
spectrophotometry or HPLC. ‘| propylene glycol, and glycerol

- (as a minimum) _
and compare to parent.

Perform.on each salt and compare to
parent. 

 
 
 
 

 
 

 
 
 
 
 
 

 
 

 
 ‘Common-ion’ effect

on solubility
Overnight equilibration at
25 °C in suitable media and -

analysis by UV spectro-
photometry or HPLC.

Compare solubility in demineralized
water with 1.2% NaClforsalts and

parent.
 
 

   
 
 

  
 

Hygroscopicity Use DVS apparatus or expose
to various humidity values and
measure weight gain after one
week,

Perform at 53%, 93% and 97% r.h.,

and other valuesof interest. Assign
hygroscopicity classification to each
salt[14].

  

  
   

 

Intrinsic dissolution|Use Wood’s apparatus[15], Compare dissolution rates at various
rate (IDR) pH values(can provide information

on wettability).
If appropriate, consider use of
‘Dressman buffers’ [16].

Crystal shape and SEM oroptical microscopy.|Compare crystal habits and levels of
appearance agglomeration.

SEM andlaserdiffraction Examineparticle size distributions.

Polymorphism/ Recrystallization from various
Pseudopolymorphism|solvents of differing polarities,

-| HSM, DSC, TGA.

Powder properties Bulk density measurement Determine Carr’s Compressibility
Index [17 — 19].

Stability Various

  
  
   

  
  
 

 
 
 

  
 
  

  
 
 

 
 
 

Preliminary exploration.

  
 
  
 
 

  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

  
Amount required [mg]

Elemental Analysis 10

Structural Analysis

Mass spectrometry") 1
'H-NMR’) 5
3C-NMR 25
IR 1
UV 1

Fluorescence spectrum") 1

Physicochemical Properties

Melting range 2
pX,") 5
C logP/logP"*) 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 . 20
Microscopy (SEM/Optical) , 10
Particle size (Malvern) . 100°
Size reduction(sonication) 300

 
Impurities (HPLC) .

Related substarices*)
Degradation products")
Chiral purity")

Stability Studies

Stability to hydrolysis (pH 2, 7, 10)")Stability to oxidation (peroxide/peracid)") 13
Stability to photolysis") 15

 
  

  

 
 

*) Determined on free acid/base only. by Includes solubility in saline, 5% dextrose
solution, and some buffers. “) Also solubilities in complexing agents/surfactant sys-
tems where appropriate. “) Propellants and propellant/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—2-g) and to repeat someof 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 dehydiation temper-
ature and the polymorphic form produced upon dehydration. ..

- Once we have completed these initial studies, a short documentis 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 uponthe
choice of 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 managementfor
ratification.

 

3.4, The Negative Aspects of Salt Formation

Oneofthe negative aspects of salt formationis thatthe 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 necessary for the patient to be prescribed a rela-
tively high dose for a clinical effect. It is quite common to havea situation
where 20-50% of the weight of the drug substanceis due to inactive counter-
ion. Because most drug substances have flow properties 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 successfully. Addition of the contribution made by the
inactive counter-ion to that of the excipients may result in 4 very low percent-
age of active ingredientin the final: mixture. 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 meanthat 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 increased tendency 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 shells contain
ca. 12% (w/w) loosely bound water) etc.
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é. 4, Recent Case Histories

To demonsirate 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 someof the principles involved. 
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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 pK, at 4.25 that

_ is consistent with the presence of the pyridyl group. The logP 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 (RPR111423B), 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 ¢ of each were prepared.

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-clini-
cal studies and for the determination of absolute bioavailability in man at a
later stage in development. Becauseofits 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 linkedwith an assessment for size
reduction by milling or micronization, thus became quite important.

4.1.1. Basic Physicochemical Properties of RPR111423

The free base crystallized in large laths, in the range of 10-100 pm
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 a.DVS apparatus
(model DVS-1, Surface Measurement Systems Lid., UR) confirmed the ma-
terial was non-hygroscopic.
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As expected from the pK, value and the chemical structure, the solubil-
ity profile was shownto be markedly dependant on pH(see Zable 4 for data).
The intrinsic dissolution rate was determined using Wood’s apparatus [20]
and was foundto be 0.55, 0.085, and 0.017 mg/min/cm? into solution at pH
1.0, 2.0, and 4.0, respectively.

Preparation of a very simple capsule formulation containing 25 meg of the
base, together with other common excipients and sodium dodecylsulfate as
wetting agent, gavean acceptable dissolution profile when tested over the pH
range 1.0—4.0 with to, values of ca. 12 min.

4.1.2. Basic Physicochemical Properties of the Hydrochloride RPRII423A

A similar investigation was undertaken on the hydrochloride. As noted ear-
lier, the melting point was determined to be within the range foundforthe free
base, and an investigation was undertaken using thermogravimetry (model
TGA 850, Mettler Toledo Lid., UK): This technique clearly showed a weight
loss, consistent with loss of HCl, between-110—120°C and explained the sim-
ilarity. of melting rangeto that of the free base. Theinitial sample consisted of
aggregates of micro-crystals, typically 1-2 um, and further recrystallizations
from a variety of solvents producedat least four different polymorphic forms.
None was hydrated or solvated, and no evidence was foundfor the presence of
an amorphousform. All these forms were shown to be metastable with respect
to the form originally provided and reverted to that form on standing over 4
few days. Recrystallization from aqueous ethanol retumed the free base. The
original form was shownto beslightly hygroscopic when stored at 53% rh.
(2.0% weight gain) but gave a 22% increase in weight on storage at 97% rh.

As with the free base, thesolubility 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 Physicochemical Properties of the Mesylate RPRII]423B

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

Do 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, tectystallization
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% rh. and a 28% weight increase at
97% rh. 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 pK,value; the salts werequite weak and dissociated to liberate the
free base in media with pH values around the pK, value. The very low solu-
bility of the free base resulted in immediate precipitation following dissoci-~
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 whetherit had sufficient solubility in gastro-intestinal media. Studies
performed on samples of drug substance andon simple capsule formulations
demonstrated that the dissolution rates of micronized free base were equiva-

lent or superiorto 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 pX, of 4.10 that is commen- —
surate with the presence of an aromatic secondary amine. The log P 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

*i

IPR2020-00769

United Therapeutics EX2008
Page 102 of 183



IPR2020-00769 
United Therapeutics EX2008 

Page 103 of 183

=m

178 PHARMACEUTICAL SALTS:
 

dose (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 pK,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.

 

42.1. Basic Physicochemical Properties of RPRI 27963

Whenthe properties of the anhydrousfree base were evaluated, evidence
forthe existence of a mono-, di-, and trihydrate was found rapidly. It was
shownthatall these fourforms could be interconverted under conditions that
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-
lem. It was decided to do no further studies on the free base.

4.2.2. Basic Physicochemical Properties of the Hydrochloride RPRI27963A —

_ The hydrochloridesalt exhibited complex melting behavior (see Table 5) |that indicated the probableexistence of different polymorphs. Recrystalliza- 4 |
tion experiments produced two different monohydrates but no additional an- - :
hydrates as was suspected from the phase changes observed 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 Mesylate RPR127963B

The 4-g batch of the mesylate salt that was provided had a melting range
(280.9 —282.2 °C) that was significantly higher than 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.
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4.2.4. Basic Physicochemical Properties of the Citrate RPR127963C

Preliminary studies showed that the citrate salt readily formed as a
low-melting and apparently stable hemi-hydrate. The aqueous solubility
(0.83 mg/ml) was significantly less than that of the hydrochloride salt, salt A.
As one of the main reasonsfor 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 RPRI27963D

The tartrate salt was shown to suffer from the same solubility problem as
the citrate, 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 (305.7- 308.9 °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 ofthis
salt. Solutions containing more than 40 mg/ml drug substance could be
achieved in water and in 5% (w/v) dextrose:solution. However, the solubility

in 0.1M HCI wassurprisingly low at ca. 6 mg/ml, i.e., about the same order
of magnitude as that of the hydrochloride.

-

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 basestill remained a possible
candidate especially if a stable hydrate could be found. It was, therefore, de-
cided to undertake some additional evaluations on these three forms: the re-
sults from these are presented in 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 dosein an injectablefor-
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Table 6. Comparison of Additional Properties of the Free Base Anhydrate, Mesylate, and
Sulfate Salts of RPR 127963

Test. Base anhydrate|Mesylate salt Sulfate salt .
RPR127963 RPR127963B RPR127963E

Solubilityin co-solvents at 25 °C [mg/ml]
Ethanol

Propyleneglycol |

  
 
 
 

 

  
 

02
1.7

0.2

io

8.5

2.7

None detected

Notdetermined

77

Sticks slightly

0.6

0.7

0.2

14

4.4

Not determined

 
 Polyethylene glycol 400

 

i

ii.E
i
;
;
b
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:i

t Dimethyl sulfoxide  
  
 

N-Methylpyrrolidone _

 Glycerol
  Peanut oil 
 

 
 

  
  
 

Nonedetected

 

 
Intrinsic dissolution rate
[mg-mincm]

— in water 0.01 Not determined

-in 001M HCL 0.35. 73

Powderflow properties - Not determined|Good, but
becomes much
worse with

increasing
humiclity -

 SorePeerTONMTATeRTSTE
 

 

 
mulation. The sulfate salt was thus proposed as the form for further 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 forthe treatment of
rheumatoid arthritis. It is another crystalline, weak base containing a substi-
tuted pyridine ring system with a pK, 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 Physicochemical Properties of RPR200765

Barly 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 g/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 a mesylate, a camphorsul-
fonate, a hydrochloride, and a hydrobromide each of which was crystalline.
Aqueoussolubility, particle size and shape, powderproperties, and polymor-
phism profile were considered to be the key properties to permit a choice of
salt to be made.

4.3.2. Basic Physicochemical Properties of the Mesylate RPR200765A

The mesylate salt was a free-flowing powder with a particle size and sha-
pe that waspotentially ideal for the manufacture of tablets and capsules; the
melting point was 214°C. It was highly soluble (39 mg/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 ot the salts.

The mesylate salt was shownto be a rather stable monohydrate that lost
moisture at very low humidity (< 10% rh.) 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 waslittle risk of changes in the hydration state on processing or stor-
age under normal conditions.

4.3.3. Basic Physicochemical Properties of the Camphorsulfonate
RPR200765C

The camphorsulfonate was again a free-flowing solid with a high solubil-
ity (ca. 20 mg/ml), thoughsignificantly less than the mesylate. It was'a 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 was considered that this could create
problems with capsule or tablet size and weightlater in development.

4.3.4. Basic Physicochemical Properties of the Hydrochloride 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 Hydrobromide RPR200765E

The hydrobromide had the lowest solubility and the slowestdissolution
rate of all the salts and was particularly hygroscopic, resulting in the forma-
tion of multiple hydrated forms. It had the highest melting rangeof all the
salts of 276 —277 °C. With these problemsand the disadvantageous pharmac-
ological activity of the bromide ion, no further studies were undertaken.

43.6. Discussion of Results

The results of these studies 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 onthe basis ofits low hygroscopicity, clean poly-
morphic profile in the preliminary screen, highsolubility, and rapid dissolu-
tion rates. Another favorable factor supporting the selection of the mesylate
salt proved to be the good flow properties, whichlater 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
eachof the different salt forms normally can be generatedin 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 downto one can-
didate that should be suitable for further development. The next step is to
build wpon 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 §. Upon
completion of this secondbattery oftests, the Preformulation team will have
generated much additional, solid-state information to add to the database and
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 TagTRERRINIRISRMNERNRYETTA
developed all thedifferent dosage forms required forinitial preclinical eval-
uation. 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 particlesize may differ, however, because of dif-
ferent cooling rates. One of the key activities for the Preformulation Scien-
tist and the Process Chemistis to start investigations into which other poly-
‘morphic or pseudopolymorphic forms exist. In the short development phase
where initial preclinical administration occurs, it is rarely necessary to undetr-
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 this screening on ca. 0.5-1-g ofsample;
small portions are recrystallized from anhydrous and hydrated solvents of |
differing polarity. Any crystalline product recoveredis examined by a varie-
ty of techniques in order to determine how many different forms are pro-
duced, and whether any of them are hydratesor solvates. Preliminary infor-

*. mation onthe inter-relationships between the different forms can often be fo-
und, even at this early stage.

The remainderof the tests are designed for two main purposes:

1. To define the various preclinical formulationsthat 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 throughthe initial battery
of safety studies, the main requirementis 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 reasonablyclear picture of the inter-
relationships betweenthe different solid-state forms of the drug substance and
should have started to define the most stable form. As Process Chemistry pro-

duces more batches at increasing scale, they are also examined using some of
the key tests (see Table 8) to add information to the database. Also, with the

 
Table 8. Tests To Be Consideredforthe Second and Third Phases for Compounds Intendedfor

Use in Oral, Injection, and Inhalation Products

Amount required

Test|SecondPhase_|Phase Third Phase
Physicochemical properties

Melting range

 

  
   30 mg

 
 
 
  

 
  
 

 

 
 
 
 
 

 
 
 

Optical Rotation -
Polymorphism 500 mg
X-Ray diffraction 20 mg
Intrinsic aqueous solubility 400 mg

 Cosolventsolubilities”)

Propellant solubility’)

Physical properties

500 mg |

 

 

 
 
  

 
 
 

 
  

 
 
 
 
 
 
 

 

 
 

 
 
 

 

 
 
 

 
 

Hyproscopicity 800 mg
Microscopy (SEM/Optical) 100.mg 100 mg
Particle size (Laser) 200 mg 200 mg
Micronization 5g -

Specific surface area 22 (R)) 4¢(R)9
True density 200 mg (R)‘) 200 mg (R))

Bulk-powder density 2.5 g (RY) " : (R))
Werabiity
Related substances - - 10mg

Degradation products 10 mg
Chiral purity 10 mg
Electrophoresis, TLC

Stability studies

Compression properties
(for dry powderinhaler only)
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Table 8 (cont.)

  
  
 

 

  “PRECLINICAL FORMULATION DEVELOPMENT ‘

Intra-tracheal suspensions
Oral solutions/suspensions
Solutions for nebulization

Intravenous solutions

 
Otherroutes (i.p.; s.c.)

CLINICAL FORMULATION DEVELOPMENT
 

 
 

 

 

  
 

Predict suitable

dosage forms
3g

Pm
TOTAL SUBSTANCE REQUIREMENT 20-25 g Depends on

dosage and form

*) Also solubilities in complexing agents/surfactant systems where appropriate. >) Propellants and
‘ propellant/cosolvent systems for inhalation dosage forms. *) (R): possible to recover drug substance

for certain othertests; (?): Depends on supply. of sample material. *) Develop and specify Phase-I
formulation — commencestability/compatibility studies.

Phase I— Ia*)
250 — 1200 g

 
 

Microbiological Controls. _

increased availability of drugsubstance,it is possible to finalize the definition
of the solid-state form using ca. 50g 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 predictionsis 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 developmentor 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. 8
become available, it is imperative that the variations in basic physical and ‘
solid-state properties (¢.g., crystal size and shape, specific surface area, pow-
der flow properties, bulk and 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 throughinitial clinical evaluation (Phases la and
Ib), 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 improvethe 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 et al. [22]. The aim of both the Development and Process Chemistry
teamsis to finalize definition. of all the characteristics of the drug substance
in readiness for the initiationof Phase Ib.
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Chapter 3

Large-Scale Aspects of Salt Formation:
Processing of Intermediates and Final. Products

by Stanley Lee and 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 Developmentfor 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 case, it is necessary that
the compound is obtained in the physical form best suited for the intended
use. Whilst there are examples of gases and liquids being produced onalarge
scale, the vast majority of synthetic organics are produced as solids. This is
particularly true in the pharmaceutical field.

As made apparent within the context of industrial drug development and
production, there are major reasons for the preference of solids:

i) Thefirst reason is the case of handling. Viscous oils and amorphoussol-
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 material-is isolated from the syn-
thetic reaction by column chromatography and.evaporation to dryness of
the appropriate column fractions. This very 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-
poundis selected for developmentandlarger 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
, 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 butalso high levels of impurities. The formation of a solid
is a valuable technique both to isolate and purify the desired:product.

iii) Stability: Solids are much more stable to oxidation and hydrolysis than
liquids. Therefore, solids are generally expected to have longer shelflife.

iv) 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 drag products.
However, there are also some negative aspects in handling solids:

i) The low bulk density offinely milled solids renders them bulky to store

dnd difficult to handle for manufacturing dosage forms(insufficient flow-
ability, problems with compressibility).

ii) Handling highly active solids requires high alertness and extensive engi-
neering, and procedural measures for avoiding cross--contaminationn by
airborne particles and for protecting operating personnel,
This chapter covers an overview of general techniques, concentrating on.

the physicochemistry and the chemical-engineering aspects of controlling the
crystallization of solids and concludes with examples where salt formation

‘has been successfully applied for intermediate steps within a synthetic route.
It is appreciated that in no way are they exclusive. They are intended to con-
vey an idea of the principles and issues involved.

 
2. Principal Techniques of Isolation and Purification

2.1, Crystallization

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 ob-
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. 

LisyanisiE
2.2. Chromatography

Chromatography is a superb technique for isolation of productsin 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. 11 of solvent to elute ca. 1 g of
product. The procedure can be difficult to scale up due to ‘edge effects’,
which meanthat there is no longer ‘plug’ flow down along wide columnsre-
sulting in poorer separations.

Great advances have been maderecently in improved scale-up of chrom-
atography, and now, for example, columns of 300-mm diameter or greater are
available, Nevertheless, the procedurestill remains as a low-output one and
is only used on the large scale when most other proceduresfail.

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 eutomer(the desired isomer) from the distomer (the unwanted isomer),
and it is oceasionally the only technique left where separation by fractional
crystallization of diastereoisomeric saltsis impossible.

2.3. Distillation ;

Distillation is an efficient high-throughput procedure for isolation and
purification of volatile organic compounds. However, many compounds are
not sufficieritly volatile and stable for the technique to have universal appli--

_cability. Use, of continuous-feed, short-path distillation canto some extent
overcome some ofthoserestrictions. In reality, distillation is confined to, re-
movalof reattion solvent andis used for purification of relatively few com-
pounds only.: ,

2.4. Other Techniques

Various specialized techniques are available which have advantages for
purifying a particular material. These include zone refining (zone melting),
freeze drying, ion exchange and countercurrent extraction.

t qi

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.
Forthe 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 productresults. ‘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
e ~ mentioned below depend 6nit. 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 environmentthat 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 Involvedfrom the Solid to the Final Product

From the time the crystals of drug substance are formed until that when
the pharmaceutical productis manufactured in its commercial form, the solid
undergoes many operations and the resulting tablet (or other dosage forma)re-
flects, as it were, a ‘history’ of all the steps.
For a typical tablet product, these are essentially:

crystallization,
filtration,

dehumidification and drying,

milling and sieving,
mixing with other powders (excipients),
wet granulation with subsequent drying, or dry compaction,
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:

e solubility and especially the dissolution rate [1];
e surface properties: adsorption, wettability, pore size, specific surface area;
© powder properties related to flow, angle of repose, cohesion, bulk den-

sity, mixing behavior, compressibility, generation of static electricity,
minimum ignition energy,

e tablet properties: hardness, homogeneity, divisibility, friability, disinte-
gration, stability in the presence of heat and humidity;

e 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 reliability.of 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

_ tapid crystallization initially involves the formation of the least stable poly-
morphs.

Historically and rather frequently, the first polymorph 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

- mnarketing, a newer polymorph occasionally appear’s 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.

Atthis point, tests must again be carried out on the bioequivalence of the
two polymorphs, the pharmaceutical form, the analyses, stability tests, etc.,
i.é., practically the whole pharmaceutical dossier based on the first poly-
morph. Consequently, it is extremely important to carry out.intensive screen-

ome
aj

 
IPR2020-00769

United Therapeutics EX2008
Page 120 of 183



IPR2020-00769 
United Therapeutics EX2008 

Page 121 of 183

 
PROPERTIES, SELECTION, AND USE 197 

_ ing of the different potential polymorphs as soon as possible (see Chapt. 3),
_ at the risk of a sudden withdrawalof 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
7 disastrous situation on their hands, when a different polymorphic form start-
es ed to be routinelyproducedin 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 becomea strategic issue for the large pharmaceu-
tical companies, and there have been examples of individual polymorphs of
some drug substances being patented. Another risk is the discovery of a new

‘polymorph by a competitor, which can then be patented. -

4,2. Choice of the Solvent

This is also an important parameter, for various reasons:

® the toxicity of trace levels of residual solvent in the dry product,
® the possibility of stable solvates or hydrates, to
@ the productivity of the process depending on solubilities varying with

temperature,
* the crystallization yield depending on the solubility limit whencold,
e the definition of a crystal form,as the crystals.can vary: in terms of poly-

morphism and also habit, ie., 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.
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The problem is that there are practically no general definitions; each
product is essentially a special case, which meansthat, 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 Developmentscientists from among different samples provided
by Chemical Development scientists.

Rather often, the tendency is for the Pharmaceutical Developmentscien-
tists to request a very fine and uniform powder(typically with a median in
the range 30 —300 pum) for bioavailability requirements and for the Chemical
Developmentscientists 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 almostall 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

Generally, the final crystallization of a pharmaceutical active substance
has two simultaneous objectives: to obtain the specified crystals and to pur-
ify theproduct so that traces of compoundsresulting from the chemical syn-
thesis are removed. This final crystallization is carried out either directly in
the last synthetic step or more often on the ‘crude’ product. The crystalliza-
tion steps are,conventionally defined as follows:
e dissolution in a given solvent by raising the temperature, generally fol-

lowed byfiltration to eliminate foreignparticles and decolorization on ac-
tivated charcoal,

® nucleation after cooling, or seeding,

e crystal growth by programmed cooling,
« agglomeration of crystals (sometimes),
e attrition, due to particle collisions, which is proportional to the stirring

speed.

Whatare the essential parameters?. ;
To control crystallization, the following parameters mustfirst be studied:

'@~~supersaturation,
* seeding,
* coolingirate,
e=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:

e by the difference betweenthe concentration c of the solution and the con-
centration at equilibrium c* (at the same temperature) (see Fig. 1).

 

Acse-c® (1)

e by theratio of the two concentrations:
| Bacle* | (2)

e or relative supersaturation

cu (2)

Thermodynamically, the driving force is the difference between the chemical

ileeermMEROSMEITMNTTEEAECopMETAd

 
potentials: os

. Ap= p- pk =k-T-Incic* - (4)
where k= 1.38-10-73 J/K, the Baltzmann constant, and T the absolute tem-
perature.

Industrially, supersaturation can be achieved by:

e evaporating the solvent (adiabatic crystallization),
e cooling the solution,
e adding an antisolventto decrease solubility,
e chemical reaction: double decomposition of salts,

 
  

  
 
 
 

A Conc.

Supersaturation Metastabie Solubility
Zone Zone Zone

Cooling
C Leeee

*

Cj |-----------~--=7£-----F------=

ot Supersaturation = c— c*pennenonceenn
 

Ternp.call
 

Fig. 1. Supersaturation as the driving force in the crystallization process (see text)
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Fig. 2. Definition of the metastable zone in crystallization fromsolution(see text)

e changing the pH, which is a widely used process for crystallizing salts by

adding acids to the active basic substance (or bases in the case of acid
compounds) in solution.

When supersaturation increases, crystals spontaneously start appearing at
a certain temperature, i.¢., primarynucleation occurs. By changing the con-
centration several times and repeating the operation, the supersaturation
curve is obtained. By increasing the temperature, the crystals are dissolved
(reverse process). This determination iis repeated by varying the concentra- »
tion to obtain the solubility curve. The two curves define three ranges (see
Fig. 2):

e the total solubility range at high temperatures, where it is impossible to
crystallize the solute,

e the metastable range between the solubility curve and the supersaturation
curve, where crystallization may or may not occi, depending on the con-
ditions,

e the supersaturation range at low temperatures, where there is 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 cooling rate but also onstirring andimpurities (wa-
ter content, other solvents present, particulate impurities in suspension, etc.).
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5.3. Seeding

‘If the solution nucleates spontaneously, large numbers of nuclei are ob-
tained, i¢., there is the formation of very small crystals that are-difficult to
filter and dry, and that are difficult to control. from one batch to another. In
some cases, the whole mass in the yessel can crystallize, resulting in a sub-
stantial exothermic process. The phenomenoncan beviolent and cause prob-

- lems both-for process security: (boiling solvent), and the equipment (damage
to stirring system, i.e., the impeller shaft, speed selector, electric motor).

Consequently, controlling the crystallization process by cooling often in-
volves a seeding study.

The following points must be optimized:

seeding temperature,
seed quantity,
seed quality,
cooling rate.

Seeding Temperature. Seeding nearthe solubility curve (Fig. 3, Case 1)
is carried out at low supersaturation. There is little secondary nucleation,
crystal growth is slow and large crystals are obtained. *

Seeding near the supersaturation curve (Case 2) is carried out at high

supersaturation. It induces abundant secondary nucleation, crystal growth is
rapid, and small crystals are.thus obtained.

Seed Quantity. If the quantity of seeds is too small, secondary nucleation
and growth 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 process, consisting of large and small particles.
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Fig. 3. Effect of seeding on crystallization while system is within 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 bystirring in
the same solventrather than directly charging the crystallization vessel with
dry powder.

The effect of the seed particle size on the final size is also a factorto take
into account, especially if seeding is carried out at low supersaturation, i.e.,
the larger the seed, the larger the final particles obtained, and inversely. Seed-
ing in continuouscrystallization 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 allowsthe nuclei totake up the supersaturation, and
the course tends to approach the solubility curve (Case 1). In this case,

' ratherlarge particles are obtained. -
e If the coolingrate is rapid (Case 2), supersaturation continues to increase

' during cooling, and thecourse 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 pop-
ulation isalways problematic, becausethe filter medium can clog, result-
ing in an unacceptably longfiltration time, or the solid can even be lost
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Fig. 4. Effect of the cooling rate onthe crystallization process (see text)
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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 coolingis started.

5.5. Stirring Rate

This is a typical chemical engineering parameter, which must be extrapo-
latedcarefully.

As avule, rapid stirring favors nucleation by seed proliferation. Another

effect is to favorattrition by increasing the number of collisions among par-
ticles or with the impeller.

Stirring can also enhance growth kinetics, especially if the volumeis lim- —
ited, i.e., in a viscous mixture with less diffusion of the solute towards the

growing crystal surface. When the process is transferred from the laboratory
_ tothe industrial scale, several rules of extrapolation can be used:

“maintain constant peripheral impeller speed,
maintain constant turbulence (Reynolds number),
maintain constant power input per unit volume,
more empirically: increase the stirring rate to-obtain a wniform suspension.

v

The most widely used rule is the extrapolation of the speed to maintain con-
stant power per unit volume, Py:

Py=N,-0-N?- dV (5)
where N = stirring rate [s74,

N= the power numberofthestirrer, a dimensionless coefficient,
@=the density of the solution stirred [kg-m™*],
d the diameter of the stirrer [m].

tt

AS an approximation, @ and N, can be considered to be constant (k,), and thus

. N3. d/V=k, (6)
from whichthe relationship for the large-scale stirring rate can be derived:

 
 

 
5

Varo | fab (7)
Viab prod

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.¢., they have compar-
able geometryand identical stirring device. Vatious examples are explained
in detail in [4].

Noxoa = Map 3
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6. Control of Crystallization by Measurement

The complexity of the crystallization process, ie., 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 systemto allow control of temperature gradients as
well as isotherms.

Particle size during crystallization 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].

Supersaturation 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 measurementis often disturbed by crystals depositing
and growing on the sensots [7]. Another method that avoids this drawbackis
monitoring the heat released by crystallization with a reaction calorimeter.
The crystal mass formed is proportional to thé 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 precisély
(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 showsdifferences. However, this is not al-
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Fig. 5: Multichannel stripchart recording of a typical batch crystallization process without
seeding, isothermal mode. Initiated by slow cooling (race J), at time 0:50hfirst crystals be-
gin to appear (Trace 4), from whichtime on constant temperature is maintained. The number
of particles rises slowly (beginning at 1:00 h,. Trace 5). At 1:30-h, secondary nucleation occurs
resulting in a increasing number of small particles thereby reducitig thie mean particle size
(Trace 4). Between. 1:30 and 2:00 h, massive nucleation and crystal growth run in parallel,
thereby producingthe 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

(Frace 3). - .

ways true. 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 a shows crystals
of one polymorph, while frames b and c show a second polymorph, which
crystallized in two different habits, ie., with the same crystal lattice (X-ray
diffraction pattern), but with quite different morphologies. The crystals in
frame b 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-
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Fig. 6. Time profile of particle size distribution during a batch crystallization process. Crys-
- tallization was induced by seeding.

 
Fig. 7. Microphotographs of three crystalline forms of a drug substance (see text)

a

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 undertaken by DSC should ideally be complemented by a
temperature scan of the X-ray powder diffraction (XRPD) on a temperature
programmable hot-stage. an

Infrared (IR) spectroscopy can be used to distinguish polymorphs, on
condition that the interactions in the solid differ enoughto shift some bands.
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NearIR 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 monocrystal is pre-
pared, which provides very precise information on the crystal lattice and
makes it 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 are many -
applications: determining the absolute density of the solid, representing the
surface atoms on each face, lacunae,etc. It is possible to deduce the hydro-

phobic or hydrophilic properties, the faces where growth canbe predicted to
be slow, or those faces where it could bepredictedto befast, the possibilities
for ‘poisoning’ the growth on certain faces by the use of additives (‘crystal
engineering *), etc. {11} [12].

aPSSSthtagoeESsg
. 7. Filtration and Drying ~

When the crystallization process finally yields the desired crystals in
_ terms of polymorphsand 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 developmentof 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 productis
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 residual levels of any catalysts used. It must
also be free of cross-contamination by otheractive 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 borne, sub-micrometer dust par-
ticles that can remain in the atmosphere for some time and settle very
slowly.

 
A
a
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7.2. Stability of the Moist Product

Moist powder can be the site of many transformations, for example
agglomeration, settling, partial recrystallization, and polymorphic conver-
sion.

The methodsthat are usedforfiltration and drying include the following:

e The most conventional method involves the Bichnerfilter 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.

e For larger batch sizes, the double-cone spin-rryer or conical dryer with
an epicycloid screw is very effective. However, this is intendedforlarge
manufacturing operations dedicated to a single product.

e Theuse ofsealed 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), washit, take up
the cake again in a solvent, filter it again, and dry it with imert gas or in
a vacuum by heating the walls andstirring moderately.
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Fig. 8. Schemutic representation of a filter dryer. M, stirring motor; T;, jacket temperature,
Tm: temperature of product mass; J, 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:

e asmall filter surface; oe
e. asmiall heat exchange surface between the wall and the powder;
« strong stirring, causing crystal attrition, and agglomeration of the moist

powder; product degradation can even occur dueto frictional heating,if
. the stirring is too intense;

* occasionally static electricity is generated due to rubbing againstthestirrer.

73. Optimizing the Filtration Process

_ To avoidfiltration difficulties, the specific flow 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 suspensionto be filtered is
added, and the time-course ofthe filtrate volume is recorded. The following
relation is obtained by applying Darcy’s law:

IV=Rim MA AP+(a-m-n/2A?-AP)-V (8)
where: t = thefiltration time [s]

. Rem = vesistanceofthe filter medium [m™™}.
A = filter surface area [m7]
a = specific resistance of the cake [m- ke]
3a I mass ofthe solidper unit volume offiltrate [kg - m°]
n = viscosity of the liquid [Pa-s]
AP=filtration pressure [Pa]
V=filtration volume [m?*]

Infact, it is sufficient to plot 1/V vs. V (see Fig. 9):

The y-intercept is: Rem WA+ AP

and the slope is: ct-m- NIZA? AP

Thus, the resistance of the filter medium (R,,,) 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 a, whichcan be used
to optimize the operating procedure for crystallization. Values of a below
10° m- kg! provide very easy filtration, values between 10° and 10" m-kg7’
give moderately rapid filtration, and above 10 to 10! m-kg™filtration is
rather difficult, especially with a sealed filter dryer. ,
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t/V

 
V

Fig. 9. Obtaining relevantfiltration characteristics from plot according to Darcy's law

Byplotting the curve In a=/(In AP), the cake compressibility is obtaihed
from the slope 1:

lin =0, the cake is incompressible.
If n>1, the cake is very compressible.

The use of a sealed filter dryer requires crystals with a specific resistance of
ca. 10° to 10!°m-kg™ to obtain reasonable process times (from several
hours tolea. 48 h). Beyond this, acentrifuge is preferable.

I

7.3.1. phange of Temperature
The solubility of most materials is lower in cold solvent than in hot sol-

vent. This is the typical principle applied in traditional crystallization. The
material to be crystallized is dissolved in hot solvent, and the resulting solu-
tion if cooled. Nucleation (initial deposit of solid material) occurs, when the
concentration in solution exceeds thesupersaturation thresholdat the given
temperature. Control of the cooling rate controls the rate‘of change of solu-
bility and hencethe rate of crystal growth.

l ;:

7.312, Change in Polarity/Solvent Composition
Many materials have high solubility in one solvent and low solubility in

a decond solvent. Advantage can be taken of thisdifference by dissolution in
the high-solubility solvent and addition of the low-solubility solvent either in
a controlled mannerat constant temperature or in combination with a change

' iri temperature. -
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7.3.3. Supersaturation and Seeding

When a solution ofa solid is cooled in absenceofparticulate matter, often
no crystals are deposited even though the equilibrium solubility at a given tem-
perature has been exceeded. This phenomenon is known as supersaturation.

_ Control of supersaturationis vitally important in achieving a controlledcrys-
tallization,.as poor control often leads to the material ‘crashing out’ of solution

‘in a poor physical form and impure state.
One common way that the supersaturation can be reducedis by seeding.

This has a twofold effect. First, it provides a template of the correct shape
for the new material to be deposited onto and promotes additional nucleation.
Second, once the crystallization has. been.induced, the material being depos-

~ ited as a solid is continually reducing the solutionsupersaturation concentra- |
tion. This leads to a more uniform product quality. ,

7.3.4. Control of Polymorph

The topic of polymorphism is dealt with in Chapt. 3. For most pharma-
ceutical purposes,it is preferable to use the most stable polymorphic form.
Controlof crystallization parametersis vital in 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 polymorph.

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 orgamic processing sol-
vent, because the salt formed is a new species, which is typically less solu-
ble in such solvents. The driving 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 commonacids
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).
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8.1. Acids for Salts of Organic Bases

8.1.1. Hydrochloric Acid

This acid is the most 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 HCI 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. Ona 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.g., 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.2., two moles of base to one mole of sulfuric acid) or acid

salts. It is important, therefore, to ensure that the correct stoichiometry is
used in the formation of a sulfate salt. .

8.1.3. Hydrobromic Acid

' 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 isolation .of intermediates, since hydrobromides .

are often of lower solubility and better crystallinity than the corresponding
hydrochlorides.

Hydrobromic acidis 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)-isomer, fumaric acid. For this reason, high
temperatures must be avoided. , oo

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 formsstable 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. eS

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-Toluenesulfonic Acid

This strong acidis relatively cheap. Because of its high molecular weight,
+t formsinsoluble 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 Acid

This is a very weak acid andonly 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 includetartaric,citric, fumaric, succinic, acetic, formic, lactic, malic,
malonic, and many other acids. The primary choice of salt is 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 degree of crystallinity are
preferred from a manufacturing viewpoint, since they offer good purification
and chemical stability properties.

8.2. Bases for Salts of Organic Acids

8.2.1. Sodium

This is the most commonly used base both for final pharmaceutical prod-
ucts and for intermediates. Sodium salts are often crystalline, but often have
a tendency /|to form hydrates of variable water content. Someofthe salts are
very hygroscopic, which can give rise to handling issues. Those may be
prone to support microbial growthbecause of the water content, and special

as precautions are needed to eusure freedom from contamination.
tf There are several techniques used for formation of sodium salts on a large
af , scale. The simplest way is to neutralize an aqueous solution of the acid with
- 7 sodium hydroxide or sodium carbonate/bicarbonate. The water is then re-

moved by distillation or freeze-drying, or the sodium salt can be precipitat-
ed by addition of a miscible organic solvent suchas 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
workup. }\

8.2.2. Potassium

The comments about sodium salts referred to above are in general equal-
ly applicable to potassium salts.| ” .

 

oo
8.2.3. Calcium

|
The simplestmethod of formation is by addition of an aqueous solution

of calcium hydroxide to a solution of the acid in water, followed by evapo-
~  ration/cgncentration. oe

. /
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Anothertechnique is stirring the organic acid and a stoichiometric excess
of calcium carbonate in water, producing a water-soluble calcium salt. The
excess insoluble calcium carbonateis filtered off, and the aqueousfiltrate 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. Care 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. Arginine

Bearing a guanidine group, L-arginine is a very strong organic base. For
this reason, it is able form 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 (triethylamine, diethylamine,
ethanolamine, diethanolamine, triethanolamine, piperazine, morpholine,
meglumine, imidazole, ethylenediamine) 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.

$.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 developasingle
enantiomer—the desirable eutomer rather than the undesirable distomer—

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 (¢.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 bas-
es and acids, respectively, are mixtures of diastereoisomeric salts, which can
be separated dueto their different physical properties, in particular, by frac-
tionated crystallization due to different solubility. After formation and crys-

_ tallization of the desired diasterecisomeric salt, the eutomer is recovered

from the salt as well, as the optically active acid (or base) used forresolution.
Examples of the procedure are described below.

8.3.1. Agents forChiral Separations

There are more chiral acids and bases that have been used on a large-scale
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 (+)- and (—)-isomers. Be-
cause ofits high basicity, itforms stable salts with many organic acids, which
often have ahigh degree of crystallinity, which aids the separation.

In practice, the procedure followed is to dissolve the (+)-racemic 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 preferentially crystallizes fromthe system. The crystalline
diastereoisomeric salt is filtered off leaving the other enantiomerin solution
in the filtrate. Separation into the two single enantiomers has thus been
achieved. Thecrystalline salt separated byfiltration is then treated with aque-
ous hydrochloric acid, and the regenerated pure enantiomeracidis extracted
into a suitable solvent. Sometimes,it is necessaryto recrystallize the salt to
ensure high chiral purity.

Since both the (+)- and the (-)-isomers of this base are readily available,
it is usual to choose the benzylamine isomer, which forms a less soluble and,
therefore, preferentially crystallizing salt with theeutomer, since this gives
overall a much more efficient separation.

8.3.3. Brucine and Strychnine

These alkaloids have been widely usedfor resolution due to the highly ~
. crystalline nature of the salts. Both alkaloids are toxic, for which reason it is

obvious to ensure complete removal of the resolving agent once the Separse
tion has been achieved.

The alkaloids -are obtained from natural sources, and. 50 only one isomer
is readily available. This can be a limitation, since, in general, it is easier 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. Itis 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 1
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went evaluation as a potential histamine H2 blocker. The initial synthetic
route is indicated in Scheme J.

The initial four-step route gave rise to many impurities which prevented
crystallization of the final product ICI 162846 as the free base. Advantage
wastaken of a highly crystalline hydrogen maleate salt to isolate ICI 162846
from the crude reaction mixture. It was considered preferable to develop
ICI 162846as the free base. This was easily achieved by treatmentof 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.

The aboveroute 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,

To avoid various problems associated with the initial synthesis, an alter-
native route was developed for large-scale manufacture. This route usedsalt
formation at various points to enable hundredsof kilograms to be made.

The alkylation of 3-aminopyrazole with 5-bromovaleronitrile gaverise to
a mixture:‘containing ca. 20% of the unwanted N(2)-isomer (Scheme 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 1 ‘for removingthe last traces of the N(2)-impurity.
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A superior technique relied on the salt formation with toluene-4-sulfonic
acid to isolate the desired N(1)-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 aminonitrile 1 with 2,2,2-trifluoroethylcyanamide formed
guanidinenitrile 2 in good yield, but this required separation. from the other re-
actants, which also had basic properties. Guanidines are strongly basic and.
form stable carbonate ahd bicarbonatesalts. 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 bicarbonatesalt.

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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Selected Procedures forthe Preparation
of Pharmaceutically Acceptable Salts
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1. Introduction

The preparation of pharmaceuticalsalts 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 fromthe literature and to present them in this chapter as pos-
sible models. Most of the ‘recipes’ stem from the patentliterature 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 .

Hydrochiorides do sometimes require strictly anhydrous conditions to be
prepared (e.g., HCl gas in anhydrous diethyl ether (Et,O)), at other times they
require stoichiometric amounts of H,O to be presentin order to yield hydrat-
ed crystals, A typical procedure is 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 canibe induced by progressive additions of Et,O. Only if both pro-

' cedures fail, salt formers other than HC1 should be envisaged. 
Cyclopentamine Hydrochloride CH

Clopane®(Lilly) oy |Hot
Procedure [1] CH

Dissolve A141 g (1mol) of 3-cyclopentyl-N-methylpropan-2-amine in
500 ml of dry Et,O, and pass dry HC] into the solution, until the weight of
the mixture and container has increased by 36 g. During the addition of the
HCl, the HCI salt of 3-cyclopentyl-N-methylpropan-2-amine precipitates as
a white powder. Thesalt is filtered off and washed with dry Et,O. 3-cyclo-
pentyl-N-methylpropan-2-amine hydrochloride thus prepared melts at ca.
113-115 °C. Theyield is practically quantitative.

Caution!

Whenthis procedure is performed on a small scale, it is often observed
that the initially formed hydrochloride re-dissolves. This is due to the fact
that an excess of gaseous HCl in anhydrous Et,O producesthe very polar di-
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ethyloxonium chloride, which solubilizes theinitially precipitated hydrochlo-
ride.

. NHo

Cytarabine Hydrochloride oe XY |
Cytosar® (Upjohn) ©. HO OF NT ee

Procedure [2] a OH

A solution of 250 mg D-1-f-arabinofuranosylcytosine in absolute metha--
nol (MeOH) was warmed and stirred with decolorizing charcoal. The mix-
ture was filtered through a bed offilter aid, and thefilter bed was washedre-

- peatedly with absolute MeOH. The combinedfiltrate and washings were pale
‘ yellow. The solution was diluted to faint cloudiness with anhydrous Et,O,

and an excess of anhydrous HCl wasintroduced. Crystallization beganat ca.
25°C and further crystallization was induced bychilling at 0°C for 14 hours. |
The crystalline product wascollected on a filter, washed with anhydrous
Et,0,and dried in air. There was thus obtained 180 mg ofpale yellow pD-1-
B-arabinofuranosylcytosine hydrochloride melting at 186 to 189 °C. .

The pale yellow product was dissolved in warm, absolute MeOH, and
after treatment with decolorizing charcoal the solution wasfiltered through a
bed offilter aid. The filter bed was washed with warm absolute MeOH, and

the combined methanolic filtrate and washings were warmedanddiluted with
anhydrous Et,O to incipient crystallization. The MeOH/Et,O 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 Et,O, and dried at 85°C, yielding 100 mg of D-1-6-arabino-
furanosylcytosine hydrochloride with a melting point of 186 —188 °C.

Fendiline Hydrochloride

o
— CHg

_® : Hee NHN
Sensit” (Thiemann) AAW

o7 °N Nye!
CHsProcedure [3]

The freshly distilled base, 25.38 g of 1,7-dihydro-1,3-dimethyl-7-{2-[(1-
methyl-2-phenylethyl)amino]ethyl}-24,6H-purine-2,6-dione is dissolved in
134 ml of 96% EtOH, whereupon 26.8 ml of concentrated HC! and 201 ml
of hot H,O 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.
M.p. 200-201 °C. Onrecrystallization from 285 ml of a 2:1 mixture of H,O
and 96% EtOH the melting point remains unchanged.
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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 (NaOH, K,COs;) and
extracting the free base by means of a water-immiscible organic solvent.
However, under some circumstances it may be desirable to work wnder an-
hydrous conditions. This can be achieved for example in bringing the hydro-
chloride to react with an HC! scavenger such as propylene oxide, according
to the reaction below:

 
R? CH RF? CH{ 3

R'N-H GO + V7 REN +
As 0 RE Cl OOH

The 1-chloropropan-2-ol formed can be easily removed under reduced
pressure. One ofthe interesting applications ofthis procedure is the transi-
tion from hydrobromides, 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-methoxyphenyl-
alanine hydrochloride in 150ml 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). Theprecipitated crystals are collected
and purified by dissolution in 40 ml of absolute EtOH and inducing the
crystallization by adding some drops of H,O.Theyield is 2.15 g of color-
less crystals of L-3-hydroxy-4-methoxyphenylalanine melting at 251- .
252°C.

2.2. Nitrates
| Cl‘ a

Butoconazole Nitrate: . ATAaFemstat® (Syntex) ol 8
UN cl

. j :Procedure [5] ; (? «HNO;

To a solution of 10 g (ca. 0.025 mol) of butoconazole (= 1-{4-(4-chloro-
phenyl)-2-[(2,6-dichlorophenyl)sulfanyl]butyl }-1H-imidazole) base in 300 ml
of dry Et,O, 70% HNO, (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/AcOEtto give butoconazole nitrate as colorless blades; yield: 9.6 g cor-
responding to ca. 80%.

2.3. Phosphates

Amphetamine Phosphate . NH
. - HsPO«Procedure [6] CYys.

Amphetamine (= a-methylbenzeneethanamine; 135 g, 1 mol) is stirred
into 300 ml of acetone in a stainless-steel vessel. To the resultant solution,

115.3 g of 85%HPO,(containing 1 mol- of H,PO,) areadded under .con-
stant agitation, care being taken to avoid any suddenrise in temperature or

_ local overheating due to the considerable amountof heatthat is evolved. Dur-_
ing the addition of the H,PO,, a fine, white, flocculent precipitate appears,
which becomes more and more dense and abundant, as thequantity of add-
ed acid increases. Whenthe entire quantity of the H;PO, has been added, ag-

- tation of the mixture is continued for ca. 4 hour or more to insure complete
conversion. The precipitate is then allowed tosettle, the supernatantliquid is |

. discarded, and the residue is filtered. The precipitate thus separated may,if
desired, be washed with acetone andis then dried by evaporation to constant

weight, providing a fine, white, impalpable powder, which consists of pure
monobasic amphetamine phosphate.

Dioxyline Phosphate
Paveril® (Lilly)

". HgPO, 
Procedure [7]

A solution of 5g of 6,7-dimethoxy-3-methyl-1-(4-ethoxy-3-methoxy-
benzyl)isoquinoline in 100 ml of EtOH is treated with a solution of 1.5 g of
HPO, in 10 ml of EtOH. Thereafter, 10 ml of H,O are added to effect com-
plete solution, and the reaction mixture is then cooled, and Et,O is added,
until precipitation of the salt is complete. The precipitate of 6,7-dimethoxy-
3-methyl-1-(4-ethoxy-3-methoxybenzyl)isoquinoline. phosphate is filtered
off and recrystallized from 85% EtOH by the addition of 2 volumes of
Et,O0.
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2.4. Succinates

PSOxaflumazine Succinate aN~Ag
Oxaflumine® (Diamant) - N24F on COOH

“CHO
Procedure [8] 8 COOH

A solution of 257 g oxaflumazine (= 10-(3-{4-[2-(1,3-dioxan-2-ylethy]]-
piperazin-1-yl}propyl)-2-(trifluoromethyl)-104-phenothiazine) base in 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 ml of acetonitrile (MeCN) the acid disuccinate melts at 136—
138 °C,

2.5. Maleates

H COOH

me
-H™ COOH

Azatadine Maleate
Optimine® (Schering)  

To a solution containing 4.3 g of 6, 11-dihydro-11-(1-methylpiperidin-4-
ylidene)-5H-benzo[5,6]cyclohepta[1,2-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 recrystallizethe desired product from an AcOEt/MeOH mixture
to yield the dimaleate salt. M.p. 152~—154 °C.

Dexchlorpheniramine Maleate Cl CHs HCOOH
-Polarainine™ (Schering) Nou . I ;
oF . * HCOOH

ON

Procedure[10] | © 4}

(+)-Dexchlorpheniramine (= y-(4-chlorophenyl)-N,N-dimethylpyridine-
2-propanamine) (4.3 g) and maleic acid (1.8 g) are dissolved in 20 mi of iso-
propyl acetate (AcO(-Pr)) and kept at room temperature until crystallization
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is complete. The crystals are filtered, washed with AcOEt and recrystallized
from 15 ml of this solvent in the same manner. ‘The crystalline maleate salt
so formedis filtered off anddiied. M.p. 113-115 °C.

Ibutilide Fumarate OH - oYthts® . . : : .
Corvert® (Pharmacia & Upjohn) NvCHs

: . Hees oP , =
Procedure [11] oS + 1/2 HOOC.A~no0H

Ibutilide (= {3-[(ethyl)(heptyl)amino]propyl} {4-[(methylsulfony!methyl]-
phenyl}methanol; 31.9 g, 0.0829 mol) is dissolved in 135 ml of absolute
EtOH and mixed with a solution of fumaric acid (4.3 g, 0.037 mol) in abso-

. lute EtOH (203 ml). The solution was concentrated undér redticed pressure,.
and the residue was dissolved in hot acetone and allowedto crystallize. Re-

crystallization from acetone gave a solid that was dried under reduced pres-
sure for 4 days at 60°C to give 31.4 g of the (E)-but-2-enoatesalt of ibuti-
lide (2:1). M.p. 117-119 °C.

2.6. Citrates

CO

Butamirate Citrate o 5 OH
Sinecod® (Hommel) ONTHg + HO-—-COCH

Procedure [12] CH, CHs COOH

To 10 g of high-vacuum distilled 2-[2-(diethylamino)ethoxy]ethyl a-ethyl- -
benzeneacetate is added a solution of 7 g of citric acid in 30 ml of warm ace-
tone. After standing for sometime, the citrate crystallizes out. After suction
filtration and washing with acetone, the citrate is recrystallized from acetone.
Mop. 75 °C.

2.7. Tartrates

er

Dimetacrine Tartrate oct COOH
Isotonil® (Siegfried) N HO

CLIO oFCOOH
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Procedure [13]

N.N,9,9-Tetramethy!-9A-acridine-10-propanamine (43 g) is dissolved in
229 ml 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 correspondingtar- °
trate as white needles. The salt contains 1 mol of tartaric acid per mol of the
base and is easily soluble in cold H,O. M.p. 155 ~ 156 °C.

2.8. Gluconates

oo, fe] HOOG
Dexchlorpheniramine Gluconate CHs OH
Polaramine® [Gluconate] (Schering) NN, OH

Arn . HO
| OHwe

Procedure [10] oH

p-y-(4-Chlorophenyl)-N,N-dimethylpyridine-2-propanamine (10g) and
6.5 g of D-gluconolactone are mixed in 50 ml of 50% aqueous EtOHand 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 Lactobionate
Erythrocin lactobionate® (Abbott)

 
Procedure [14]

A solution of erythromycin 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 6-lacto-
bionolactone is dissolved in 25 mi of H,O, providing the free lactobionic acid
(=4-0-§-p-galactopyranosyl-D-gluconic acid). The two solutions are mixed
and evaporated to a gummy residue, which is dissolved in 60 ml of H,O, and
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the resulting. solution is frozeri and dried in vacuo by lyophilization. The
dried residue of erythromycin lactobionate (11.7 g) is a white amorphous

powder with solubility in H,0 of ca. 200 mg/ml. M-p. 145—150°C.

2.10. Lauryl Sulfate Salts

Erythromycin Estolate (Erythromycin Propionate Laurylsulfate).
Hosone® (Dista) o

 
CHg3

_-CH3 oO

YO FeHO
” ao N-CHsHg CHg

c “5 oO + CH3-(CHp);4-OSO3H
Hac ; : MeO CHg '

4 “CHg
Procedure [15] _ 3 O- Gi OHHs

Monopropionylerythromycin (16.7 2) is dissolved in 50 ml of warm ace-
tone. To the solution is added sodium lauryl sulfate (6.4 ¢), dissolved in
50 ml of distilled H,O containing 2 ml of glacial ACOH. The white crystal-

line precipitate of monopropionylerythromycin lauryl sulfate separated is fil-
tered off and dried. M-p. ca..135-— 137°C.

2.11. Glutamates

NH

Arginine Glutamate A : COOH
Modamate® (Abbott) HeN NON

HoN

"00c_-—~COOH
Procedure [16] . HN

This water-soluble salt may be prepared by mixing L-arginine with L-glu-
tamic acid in H,O 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 H,O, 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% ofthe theoretical yield based on the amounts of
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L-arginine and L-glutamic acid employed) of the L-arginine L-glutamate salt are
obtained. M.p. 193 — 194.5 °C with decomposition.

2.12. Acetamidobenzcates
COOH

Deanol Acetamidobenzoate HC, fi
Deaner® (Riker) N

H3C

Procedure [17] NHCOCHs

4-(Acetylamino)benzoic acid (ca. 40 g, 0.223 mol) is dissolved in 600 mi
of absolute MeOH,andthe solution is heated to reflux temperature. Heating
is discontinued, and, under mechanical stirring, 2-(dimethylamino)ethanol
(19.9 g, 0.223 mol) is added through a dropping funnel as fast as the exo-
thermicnature of the reaction permits. The reaction mixture is allowed to
cool to roomtemperature (2.5 -3 hours) under mechanical agitation, and the
solution is suction-filtered through Celite filter aid. The filtrate is poured into
500 ml ofanhydrous Et,O and seeded with a few crystals of 2-(dimethyl-
amino)ethanol 4-(acetylamino)benzoate. The seeding crystals are previously
obtained by introducing 3 to 6 drops of the filtered reaction mixture into a
test tube containing 10 ml of anhydrous Et,O. The contents of the test tube

are thoroughly shaken and allowed to stand at room temperature. The. salt
. crystallizes within not more than 10-15 minutes.

The crude product (48.4 g, 80.9% yield) is recrystallized from an abso- -
lute EtOH/AcOEt mixture by suspending the salt in boiling anhydrous
AcOEt. Just enough absolute EtOHis gradually addedto effect solution, then

_ the solution is concentrated to ca. % of the original volume on the steambath,
. treated with charcoal, and suction-filtered through Celite filter aid. The white

crystals of 2-(dimethylamino)ethanol 4-(acetylamino)benzoate obtained are

dried at room temperature at a pressure of 0.08 mm He for 15 hours. M.p.
159.0—161.5 °C.

 

‘3. Preparation of Salts of Acidic Drug Substances
3.1. Potassium and Sodium Salts

Thesesalts 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 polaror-
ganic solvents.
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Traditional Procedure with NaOH

A stirred solution of 111 g (0.43 mol) of -amino-3-benzoylphenyl)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-
1.0 g of the crudesalt in 10 ml of 95% EtOH andtreating the solution with

5 ml of (i-Pr),O. The pute sodium salt precipitates slowly to yield 0.9 g of
yellow solid. M.p. 254—255.5 °C [18].

Procedure with Anhydrous Alkali Acetates

The followingprocedure is used for the industrial preparation of the so-
dium or potassium salts of penicillins. a
The carboxylic acid is dissolved in cold MeOH or FiOH (do not heat in
order to avoid esterification!). 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°C. The

crystals are collected and recrystallized in a polar solvent, if necessary.

Solubility of the alkali acetates:
AcOK: 1g dissolves in: 0.5 ml H,O; 0.2 ml boiling H,O; 2.9 ml EtOH.
AcONa: 1g dissolves in: 0.8 ml HO; 0.6 ml boiling H,O; 19 ml EtOH.

Procedure with 2-Ethylhexanoates

The carboxylic acid, dissolved in a polar organic solvent (MeOH, EtOH,
i-PrOH, CH,Cl,) is neutralized by an equimolar amount of Et,N. 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/CH,Cl, mixture is added to the filtrate understirring.
Crystallization is induced by adding acetone or Et,O.

Sodium 2-ethylhexanoate is an Inexpensive reagent that can easily be pre-
pared from sodium hydride with 2-ethylhexanoic acid and is also readily
available commercially at less than US $10 from several sources [19].
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E l

‘xample OOM
Cephapirin Sodium 2 nwAn,
Cefadyl® (Bristol Myers) QO. .

~ sN
\

Procedure [20] NA

CHCl, (5 1) is added to a clean dry vessel equipped with stirrer. 3-[(Ace-
tyloxy)methyl}-8-oxo-7-{ [(pyridin-4-ylthio)acetyl] amino }-5-thia-1-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 Et,N. The resulting solutionis treated with decolorizing
charcoal for 15 minutes and filtered. A solution of sodium 2-ethylhexanoate
(27.3%) in BuOH/CH,Cl, 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 Silanolates

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 silanolates are commercial-
ly available, they have appreciable solubility in organic solvents (Et,O,tetra-
hydrofuran, toluene, CH,Cl,) and the Si-O bond can be easily cleaved [21].

Example

Methyl 4-chlorobenzoate (13.65 g, 80 mmol) is added in one portion to a
stirred slurry of potassium trimethylsilanolate (10:26 g, 80 mmol) in dry Et,O
(500 ml) at ambient temperature under N,: The reaction mixtureis stirred for
4 hours. The white solid is filtered under Nj, washed with Et,O, and dried
under a stream of N,to afford analytically pure potassium 4-chlorobenzoate
(13.1 g, 84%) [21]. oe

. Oo o

cr + KOSiMe; ————~ cr + MegSiOCH3
Cl cl
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. 3.2. Calcium Salts

Docusate Calcium wou 9Surfak® (Hoechst) HeG SeCatt
. © 97% CHa ;

Procedtire {22} O_ 2

1,4-Bis(2-ethylhexyl)sulfobutanedioate sodium (88 g) is dissolved in
‘{-PrOH (100 ml), and another solution. of CaCl, (25 g) in MeOH (50 ml)
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-
movedbyfiltration, and mostof the alcoholis evaporated from the resulting
filtrate with heat. The remaining liquorispoured into’88 ml of H,O, and the

' resulting precipitate is washed with H,Oto free from chloride ion. The
_ calcium salt is then dried.

33. 2-Aminoethanol Salts

Benzothiazine Dioxide 2-Aminoethanol i
OH

H . HoN7
S< “CH

Procedure [23] Bs 8

In a 2-1, three-necked round bottomed reaction flask equipped with mag-
netic stirrer, dropping funnel (250 ml), and thermometer, a filtered solution
of 55.0 g (0.166 mol) 4-hydroxy-2-methyl-N-(pyridin-2-yl)-1 ,2-2H-benzo-
thiazine-3-carboxamide 1,1-dioxide dissolved in 660 ml of CHCl,is placed.
The solution, which also contained 0.1 g of the mono(2-aminoethanol) salt
of 4-hydroxy-2-methyl-N-(pyridin-2-yl)-1,2-2H-benzothiazine-3-carboxamide
1,1-dioxide as seed,is initially prepared by first dissolving the solid material
in 610 ml of CHCl, in an Erlenmeyerflask at 25 °C woder. gentle magnetic
stirring. The remaining 50 ml of CH,Cl, is then used for washing during the
transfer of the solution to the aforementionedreaction 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 CH,Cl, is slowly added during 50 minutes. Upon comple-
tion of this step, the reaction mixture wasstirred at 27 °C for 1 hour and then
filtered on a Biichner funnel to afford the crystalline salt, which is dried ina
vacuum oven at 35°C. Yield: 63 g of the pure mono(2-aminoethanol) salt.
Mop. 171-174 °C.
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3.4. Lysine Salts

Benzothiazine Dioxide Lysine Sali
OH O a£) ;=
“S N7 “NT . HeN

6Z8Q,,OH HN
Procedure [24] - 0.5 H2O + 0.25 EO

In a 1000-ml Erlenmeyerflask equipped with magnetic stirrer and reflux
condenser, a filtered solution of 3.5 g (0.0106 mol) of 4-hydroxy-2-methyl-
N-(pyridin-2-yl)-1,2-2H-benzothiazine-3-carboxamide 1,l-dioxide, 1,54 g
(0.0106 mol) of L:lysine, 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
H,O added slowly:at the reflux point. The resulting yellow solution was then
cooled to room temperature (ca. 25°C) and evaporated to near dryness
under reduced pressure to afford a yellow foam. This foam is subsequently
treated with 400 ml.of Et,O by slurrying overnight and then filtered to give
a fine yellow solid. Yield: 4,5 g (89%) of the pure amorphousL-lysine salt as
the hemihydrate with0.25 mol of Et,0 ,
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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
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Design patent 222 Drying 195, 207, 208
Desorption 59 - DSC gee Differential scanning
Diastereoisomeric calorimetry

salt formation 4 DTG see Thermogravimetry
salts 194, 216, 217 ' DVS—see Dynamic vapor sorption

_ Differential scanning calorimetry Dynamic vapor sorption (DVS)
(DSC) 50, 67, 68, 70-76, 154, — 60, 166, 171, 174
155, 166, 171, 174, 205, 206

Diffuse reflectance IR spectroscopy
75 E

Diffusion coefficient (diffusivity)
29-31 . Effectiveness 242, 243

. Diffusion layer 30, 31, 33, 34 Effervescent tablets 113
model 28, 29 Efficacy 241, 247
pH (micro-environmental pH) Electrolytes 9; 10, 13, 16
30 —32, 34, 36, 37 ' —-.,- Blectrostatic interactions . 78
theory 30° oo Elemental analysis 20, 28

Dipole-dipole forces 51 --Elimination 121
Dipole-induced dipole forces 51 EMEA_see European Medicines -
Disc . Evaluation Agency

dissolution 29,36 . Emulsion cream 110
method . 30, 56: Enantiomers 4

Discovery 224 Enantiotropes 44
Disproportionation 153, 166 Enantiotropic 69
Dissociation 52 transition 70

constant 10,31,171  . Enantiotropy 45, 46, 52, 53, 68,
| equilibria 10, 13 70
| Dissolution 28, 31, 52, 57, 85, Energy diagrams 45, 46

89, 90, 92, 118, 150, 175 Enthalpy
kinetics 31 of fusion 50, 70

rate 19, 28, 29, 32-35, 55, 56, of solution 52
119, 120, 124, 127, 163, 196 of transformation 71

Distillation 194 EPO—see European Patent Office
| Distomer 194, 216 Equilibration 64
: Distribution 121, 122, 243, 244 Equilibrium solubility 35
I Dosage form 4 Equivalent mass 118

op Drug Esterification 76
dissolution 19, 29 European Medicines Evaluation
master file(DMF) 239 Agency (EMEA) 238
transport 85 European Patent Office (EPO)

Dry powder inhalation (DPI) 230
108, 109, 169 European Union 238
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Eutectic 47 free energy | 45, 78
melting 50 phase rule 44
mixtures 4, 46, 74 Glass transition 67, 68, 76

Eutomer 194, 216, 217 temperature T, 49, 66.
Excess solid 20 Glassy state 49

Excipient compatibility 186 Glycoproteins . 246
Excretion 243, 244 Good laboratory practice (GLP)

rate 122 186

Byeirritation 123 Good manufacturing practice
(GMP) 186

Gordon-Taylor equation 49
FE GRAS see ‘Generally Regarded

As Safe’
Fatty acids 105_ Guanidines 86
Federal Drug Administration

(FDA) 244
Fick’s H

firstlaw 28

second law of diffusion 30, 31 Habit 197

Filter dryers) 208 Hardness 196
Filtration 195, 207-209 Heat

First-Class salt-formers 126 of fusion rule . 62
First-pass effect. 121 of solution: 58
Flow-through cell 55 ~ of transition rule 62 -
Fluorescence spectrum 172 Hemolysis 3
Flux 29, 31, 32, 34 Henderson-Hasselbalch equation
Freeze drying 194 37
Frequency of use 329, 330 High-throughput screening (HTS)

- Friability 196 135, 136
Homogeneity 196°
Homogenizing 198

G Hot-stage microscopy 50, 69, 72,
154, 155, 167, 171

Gas pycnometer 62 HTS see High-throughput
Gastro-intestinal screening

absorption 85 Humidity 99, 196
tract 23, 36, 90 - Hydrates 46, 47, 50, 51, 53,

‘Generally Regarded As Safe’ 55-58, 60, 61, 63, 72, 78, 98,
(GRAS) 126, 268, 332 ~ 110, 172, 173

Genotoxicity 122 Hydration 67
Gibbs’ Hydrogen bonds 51, 58, 78

buffer 25 Hydrolysis 172
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SUBJECT INDEX 355 

Hydrophobic interactions 86
Hydrophobicity 25
Hygroscopicity 59, 95, 109, 154,

155, 163, 171, 172, 186
Hysteresis 59

iL

ICH—see International

Conference on Harmonization
- IDR see Intrinsic dissolution rate

Immediate-release (TR) dosage

forms 103, 121
Impurities 54, 63, 167, 172, 186,

200, 207, 239 ©

Incongruent melting 46, 47
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
lon pair 86, 87, 112, 120.
Ion-dipole interactions 58
Tonic

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 microcalorimetry 70°
Isotonicity 106

K

Keratocytes 110
Kinetics of phase transformation

62

L

Latent heat of fusion 50
‘Lattice energy 78
EDsy 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
Eondon 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 (S,,,) 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 &7

silanolates 260

Metastability zone. 66
' Metastable 44

form 63, 65,.67, 71

. polymorph 104
‘zone 199, 200, 202

_ Metered dose 7
aerosols 109

inhaler (MDI) 108, 169, 170
- Micellar solubilization 121

Michael reaction 76 —

Microcalorimetry 76, 77
Micro-environmental pH see

Diffusion layer pH .
- Micronization: 109,174, 175,

185, 186
Micronized solids 66

Microscopy 186
Milling 3, 67, 96, 174, 195,

198 oS

Ministry of Health, Labour and
Welfare (MHLW)of Japan
240 .

Moisture 63, 76, 98, 99

SUBJECT INDEX
 

Molecular

inclusion 87 \
modelling 77 |

Monotropy 44-46, 52, 53, |
68 —70

Morphology 62
Mutagenicity 243

N

Nebulization

Nernst-Brunner

diffusion layer form 29, 30, 34
total solubility model 33

New chemical entity (NCE) 244
New drug application (NDA)

244

New molecular entity (NME)
2440

New salts 133
Nitrosamines 322

NMRSpectroscopy 172
Non-obviousness 223 .

Novelty 223,224

108, 109, 187

Noyes-Whitney equation 29, 30,
34

Nucleation .25, 63, 198, 200, 201,
205

Nuclei 63

oO

Optical resolution “4
Oral .

administration 2

dosage forms 163
osmotic system (OROS) 103,
104

solid dosage form 169
solutions 169
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SUBJECT INDEX 

Organic solvents 152, 153, 159
OROS_see Oral osmotic system
Ostwald ripening 163

' Ostwald’s rule of stages 4, 196
Oxidation 172

P

Parenteral

administration 105

. dosage forms 106, 107 ©
infusions - 2

injections 2
nutrition 305.

- products 163
Particle size 56, 66, 89, 92, 109,

171, 172, 174, 176, 179, 186,
197, 198

distribution 89, 174, 204, 206
Partition 85
Passive diffusion 85

Patent 221

protection 5
Patentability criteria 223
Percutaneous application 110
Permeation 85, 119

Peroral route 89

pH
of hydrochlorides 347
of hydrogenmaleates 349
of hydrogensulfates 348
of maleates 349

of sulfates 348

prediction 346
PHinax 22-27, 35, 37, 138, 143,

159

Pharmaceutical Affairs Bureau
(PAB) 240

Pharmaceutical

alternative 132

equivalent 132

357

Pharmacodynamics 118, 129
Pharmacokinetics 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 |
Physicochemical properties 49,

186 a

pK, Value 164
Plant patent 222
Plastic deformation 97

Polycarbonic acids 86
Polymorphpredictor 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

(MDD 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 Effects of
Chemical Substances (RTECS)
268

Regulatory
aspects 6
authorities 6

requirements 237, 238, 245
Relative dissolution rate

32, 33

Relative humidity (rh.) 58
Renal excretion rates 122

Reproduction toxicity 122
Residual solvent 197

Rotating disc method see

Disc method
Rubbery state 49

S

Smax See Maximum solubility
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 diffusion
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
Self-buffering capacity . 30-32,

36, 37 oo
Sensitization 243

Shelf life 89, 105
Sieving 195

- Simultaneous chemical reaction and

diffusion (SCRD) model 31—34
Skin -

iititation 123

sensitization 123

Slow release 121

Solid dosage forms 94
Solid phases 42 ;
Solid-solid transformations 67
Solid-state

form 87

hydration 60
NMR 4

prediction 77
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-|
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2

SUBJECT INDEX

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,

“179, 195, 196

product 51
profile 175
zone 199, 200, 202

Solubilization 120

Solution

aerosol 108

calorimetry 58
microcalorimetry 70

Solvates 46, 52; 53, 58, 72, 73,
110, 120, 172 | -

Solvent 197

Solvent-mediated transformations
63, 65, 72

Sorption 59
Speciation diagram 12-14
Species distribution diagram see

Speciation diagram
Specific surface area 90, 186, 196
Spherical agglomeration 198
Spontaneous in-situ 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

359

Stratum corneum 110, 112

Subcutaneous injections 106
Sulfonic 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 .

oT

Tableting 67, 97, 98, 173
Tapped density 62
Taste 105

Taste-masking 5
Temperature scanning techniques
4

Tensile strength 97
TG see Thermogravimetry

Therapeutic window 127
Therapeutical equivalents 132
Thermal analysis 20, 27, 30
Thermodynamic rules for

polymorphs 62
Thermogravimetry (TG, TGA)

70, 72-74, 154, 155, 166
Third-Class salt-formers 126

Tonicity 107
Topical

administration 110

application forms 110
Total solubility 21, 23

IPR2020-00769

United Therapeutics EX2008
Page 168 of 183



IPR2020-00769 
United Therapeutics EX2008 

Page 169 of 183

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-—112 Woods die 30
route 112

Transformation 63

in the solid state 67 x

Transition

enthalpy 52,58 , _ X-Ray
temperature 44, 55 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 -  ¥
UV Spectroscopy 172

Yield pressure 97 -

Vv

Z

Van der Waals interactions 51,
58, 78 Zone melting 194  

Van't Hoff equation 32 Zwitterions 16,17, 85
Vegetable alkalis 1
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Substance Index

A

Acefylline — 321
Aceglumate 312, 314

_ Acetate, trichloro- 87
Acetazolamide 114 ©
Acetic acid 10; 144, 148, 151,

214, 269
2-(benzoylamino)- . 287
2,2-dichloro- 269
2-hydroxy- 287

_ Acetrizoate 318°
Aciclovir .114

Aclatonium 296.

9H-Acridine-10-propanamine,
N,N,9,9-tetramethyl- 256

Adipic acid.270 -
Adipiodone 318
Aescin 114

Alginate 320
Alginic acid 271
Almitrine 294

Alprenolol 127
Alverine 278, 308

Amantadine 306

Apbutonium 289

Amidotrizoate 318
Amikacine 306
Amino acids 1, 16, 125, 270

Aminophenazone 130, 284
Aminophylline 317
Aminopromazine 282
Aminorex 282

Aminothiazoline 274

Amitriptyline 301
Amlodipine 273
Armonia 310

Ammonium 310

Amoxicillin 290, 319

Amphetamine 277, 306
phosphate 253 -

Ampicillin 120, 312
Ampycine 306
Antazoline 294

Apple acid 292
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
Atracurium: 273°.

Atropine 1, 114, 306, 307
methonitrate 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 316
Bencyclane 282

’ Bendazac 319

Benethamine 312

Benfurodil 306

Benproperine 114
Bentiamine 280
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Benzathine 312

penicillin 164
Benzatropine 294
Benzeneacetate, 2-[2-(diethylami-

no)ethoxyjethyl o-ethyl- 255
Benzeneacetic acid, rac-a-hydroxy-

294

Benzeneethanamine

a-methyl- 253
N-(phenylmethy))- 312

Benzenesulfonic acid 273

2,5-dihydroxy--315
Benzisoquinoline 72

hydrochloride 70
5H-Benzo[5,6|cyclohepta[1,2-

b\pyridine, 6,11-dihydro-11-
(1-methylpiperidin-4-ylidene)-
254

Benzoates
acetamido- 258, 314

p-amino _ 320
methyl 4-chloro- 260

Benzoctamine 294

Benzoic acid 31-34, 273
4-acetamido- 274

4-(acetylamino)- 258-
2,5-dihydroxy- 283

Benzothiazine dioxide

2-aminoethanol © 261/

lysine salt 262
2H-1,2-Benzothiazine-3-

carboxamide 1,1-dioxide,

4-hydroxy-2-methyl-N- —
(pyridin-2-y})- 261

Benzphetamine 301
Benzydamine 130, 303
(Benzyl)(dodecy!)dimethyl-

ammonium 87

Benzylamine, a-methyl 216
Benzylpenicillin 131, 312, 313,

321

Berberine 275, 306

SUBSTANCE INDEX

Besylic acid (besilic acid) 273
Betahistine 294

Betaine 278, 285, 293
Betanidine 306

Bibenzonium 289

Bietaserpine 308
Bile acids 86

Biperiden 114
Bisoprolol_282
Bleomycine 306
BMS-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

Bupivacaine © 37
Butacaine 306

Butamirate 278

citrate 255

Butan-1l-one, 4-{4-[(6-

chloronaphthalen-2-
ylcarbonyl]piperidin-1-yl}-1-
(4-fluorophenyl)- 22

Butane-1,4-dicarboxylic acid
270

Butanedioate, sodium 1,4-

bis(2-ethylhexyl)sulfo- 261
Butanedioic acid 101

(S)-2-amino- 272
(—)-L-hydroxy- 292

Butenedioic acid 282,.292
Butoconazole.298

nitrate 252

Butopiprine 289

hntecttebeetnaeaceemmrhamftslsSadaictAsaniTSHPMRIOC
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SUBSTANCE INDEX 363
  

Cc

Calcium 125, 156, 261, 284,

286, 291,302
alginate 271
carbonate. 215. _
chloride 53

hydroxide 142, 214, 312
Camphophylline.131
(+)-Camphoric acid 274
Camphorsulfonic acid 130, 131,

217, 274 |
(+)-(1S)-Camphor-10-sulfonic acid

275
Camsylate (camsilate) 130, 131,

275, 321
Canrenoate 321

Caprate 276 |
Capreomycine 306
Capric acid 275
Caproate 276 .
Caproic acid 276
Caprylate 276, 323
Caprylic acid 276
Carbamazine, diethyl. 278 -
Carbazochrome 303

Carbinol, a-styryl- 17
Carbonic acid 213

Carboprost 325
Cefadyl 260

. Cefalexin 319

Cefaloridin 233

Cefpirome 306
CEL 50 26

Cephapirin sodium 260
Ceruletide 315

CGP 6085 100

CGP 8173 A 99, 100

CGP 15210=101, 102

CGP 21495 A 99, 100

Chloramphenicol 114, 306
Chlordiazepoxide 97

- Chloride .

’ Cimetidine

Chlorhexidine 110, 269, 285

125, 289
Chlormethiazole 280

Chloroquine 77, 130, 284, 302,
303 > :

Chlorphenamine 307 .
Chlorphenethazine 293 ~
Chiorpheniramine . 111, 277, 292 .
Chlorpromazine 114, 301

embonate 163

hydrochloride 128
Chlorprothixene 278
Cholestyramine resin
Choline

313

311—313
98, 130, 215, 278, 303,

‘Chromocarb . 315
Cibenzoline 306 |

114, 234
Cinnamate 278

phenylmethoxy- 320
Cinnamaverine 316

Cinnamic acid 277

ethoxy- 77
Citalopram 289
Citrates 255, 313, 320, 321
Citric acid 214, 255, 278
Citiulline 293

Clavulanate 321

Clemastine 282

Clemizole 131,310
Clidintum 289

Clindamycin 302
Clofibrate 313, 319, 321

Clofibric acid 319

Clomethiazole 114, 280

Clometocillin 321

Clomifene 278

Clonidine 112

Clopane 250
Clopidogrel 306
Cloprothiazole 280
Clorazepate 321
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Cloxacillin 312

Cobalt 273, 302
Codeine 1, 130, 275, 277, 302

dihydro- 114, 308, 309
Codethyline - 275
Copper 302
Copper(ID) sulfate
Corilagin 307
Corvert 255

Cotinine 282

Cyamemazine 308
Cyclamate 279
Cyclamic acid 105, 279
Cyclandelate 294
Cyclobarbital 313
Cycloguanyl. 301
Cyclohexylsulfamic acid 129
Cyclomethycaine 306
Cyclopentamine hydrochloride

250
Cytarabine hydrochloride 251
Cytosar 251
Cytosine, D-1-f-arabinofuranosyl-

251

47, 48

D

Deaner 258

Deanol 270, 274, 286, 306,.308,
314 ,

acetamidobenzoate 258

Debrisoquine 306
Decanedioic acid 304

Decanoic acid 275

Deferoxamine’ 294
Delavirdine 294 |

Deptropine 278
Desglugastrin 325
Dexamphetamine 308
‘Dexchlorpheniramine

gluconate 256

SUBSTANCE INDEX 

maleate 254

Dextroamphetamine 277
Dextromethorphan 277, 289
Dextropropoxyphene 296

napsylate 163
Dexverapamil 37
Dibekacin 306

Dibenzoyltartaric acid 217
Dibromopropamidine 281
Diclofenac 1, 37, 93, 94, ii,

113, 114, 128, 130, 228 — 230,
314, 315, 322

N-(2-hydroxyethyl)pyrrolidine
37

potassium 103 po
resinate 103 ok

(Diclofenac),-HEP 38
Dicopper(Il) complex, j

tetrakis(acetylsalicylato)- 88
Dicumarol 88 |

215, 314 /
i:
IE

 

Diethanolamine
N-nitroso- 324

Diethylamine 215, 315
Difenidol 301

Diflunisal 88

Dihydralazine 114, 294, 306 L
Diisopropylamine 114, 270 |
Dimecrotate 320

Dimenhydrinate 131
Dimetacrine tartrate 255

Dimethyl sulfoxide(DMSO) 2,
136, 162

Dimetindene 292 -

Dimetotiazine 295
Dimoxyline’ 295, 302
Diodone 315

Dioxyline phosphate 253
Diphenhydramine 131, 272, 278,

295, 307 .

difacefyllinate) 131
Diphenylpyraline 131
Diprinhydrinate 131
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 SUBSTANCE INDEX

Diproteverine hydrochloride|32
Disopyramide 302

. Dithionate 320

Dobesilate 313

Dobutamineé 291

Docusate calcium 261

Dodecyisulfate 280 -
Dodecyisulfuric acid 280
Dolasetron 295 .

Dothiepin 301
Doxycycline©23, 33, 37, 289

hydrochloride 151
‘Doxylamine 306 _

UE

Ebastine. 282 .
Econazole 298, 346, 348
Edisilic acid 280

Edisylate (edisilate) 280
EDTA—see .

Ethylenediaminetetraacetic acid
Embonate 301

Embonic acid 301

Enalapril 292
Ephedrine 32, 111, 306
Epinephrine 308
Epolamine 322 ©
Ergocornine, dihydro- 281, 294
Ergocristine, dihydro- 294
Ergocryptine, dihydro- 281, 294
Ergometrine, methyl- 292
Ergonovine, methyl- 308
Ergotamine 306, 308

dihydro- 294
Ergotoxine 281

dihydro- 281, 295
Erythrocin lactobionate 256
Erythromycin 256, 284, 291, 305

estolate 257, 280
lactobionate 256

365

“monopropionyl- 257
propionate laurylsulfate©257

Eserine 303 ©

Estolate 280

Esylate (esilate) 281
Etamsylate 315
Ethacridine 290
Ethamiphylline (etamiphylline)

131

Ethane-1,2-disulfonate 280
Ethane-1,2-disulfonic acid. 280
Ethanedioic acid 300

Ethanesulfonate 281

Ethanesulfonic acid 144, 280

2-hydroxy- 281 — ,
“Ethanol 2, 171

2-amino- 261, 316°

2-(diethylamino)- 315
2-(dimethylamino)- 258, 314
2-(pyrrolidin-l-yl)- 322

Ethanolamine 215, 316

Ethoheptazine 279°
Ethylenediamine 215, 316

N.N'-bis(dehydroabietyl)- 318
N,N'-dibenzyl- 312

Ethylenediaminetetraacetic acid
(EDTA) 14,15

Etifelmine 285

Etoxadrol 58

Etybenztropine 289

F

Famotidine 234

Femstat©252

Fendiline hydrochloride 251
Fenoprofen 313
Fenoterol 289

bromide 109

Fenoxazoline 131

Fenpiverinium 289
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366 SUBSTANCE INDEX 

Fenretinide 76 Gluconoglucoheptonate 320
Fentany! 279 p-Gluconolactone 256
Fentiazac 313 Glucuronate 285
Fenticonazole 298 p-Glucuronic acid 285
Flunixin 318 Glutamates | 257, 286, 312, 320
Flupentixol 114 Glutamic acid 257, 286, 319
Fluphenazine 114 N-acetyl. 270, 286
Flurbiprofen 20, 21, 114 Glutarate
Formiate (formate) 282 2-oxo- 312
Formic acid 214, 281 oxo- 287
Formoterol 282 Glutaric acid, a-oxo- 286

fumarate 109 Glycerol 171
Fosfomycin 313, 325 _ Glycerophosphate 320
Fostedil 67 Glycolate 287
Fullerenes 44 0 Glycolic acid=287
Fumarate 282, 283 Glycopyrronium 289
Fumaric acid 101, 213, 214, 255, Glycuronan, L-gulo-D-manno-

282, 292 271
Furosemide 114 Glycyrrhizinic acid 311
Furterene 282. Guanabenz 269 ,

' Guanidines 213

Guanoxan 306 ©
G 6 GW1818 141

Gadolinium 318

Gadopentate 318 H
Galactarate 283 .

Galactaric acid 283 Haloperidol 290
Galantamine 289 HEP . see Pyrrolidine,
Gentamicin 306 | , 1-(2-hydroxyethyl)-
Gentisate 284 . Heparinate 320
Gentisic acid 130, 283 Heptagluconate 284
Glucamine, N-methyl- 317 , Heptaminol 131
Gluceptate 284 acephyllinate 131
Gluceptic acid 284 Hetacillm 321
Glucoheptanoate (glucoheptonate) Hexadecanoic acid 300

. 284. . 1,1-Hexamethylene-p-

Glucoheptonic acid 284 . tolylsulfonylsemicarbazide 33
Gluconates 256, 285, 313, 320 sodium salt 33

-D-Gluconic acid=284 Hexamidine 281
4-O-B-D-galactopyranosyl- Hexanedioic acid 270
256,291 Hexanoates, 2-ethyl- 259, 260
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SUBSTANCE INDEX

Hexanoic acid 276

2-ethyl- 259
HPA 134a. 170

HFA 227 170
Hippurate 288
Hippuric acid . 287
Homatropine 289
Hycanthone 295
Hyclate 289
Hydrabamine 318
Hydrobromic acid

288
Hydrobromide 288

138, 212,

’ Hydrochloric acid’ 138, 144, 145,
149, 212, 289, 346

Hydrochlorides 250, 252, 289
Hydrocodone 114, 277 ,
Hydrofluoroalkanes 170
Hydrogensuccinate 306 ©
Hydrogensulfate 306
Hydrogentartrate 308
Hydroxyzine 301 -
Hyoscine 289
Hyoscyamine N-oxide 303

I

Ibuprofen 1, 318, 319
Tbutilide 282

-fumarate 255

JCL 162846 =.217-219

Ifenprodil 308
Tlosone 257

1H-Imidazole 215, 318

1-{4-(4-chlorophenyl)-2-[(2,6-
dichlorophenyl)sulfanyl]butyl} -
252

2,2'-Iminobis(ethanol) 314
Imipramine 120, 301

hydrochloride 103
pamoate 103

367

Indinavir 306

Indomethacin (indometacin) 32,
33, 66, 318

Inosine pranobex 274
“Insulin zinc complex’ 164
-Jocarmate 318 |

Iocarmic acid © 318

7 Iodamide 318
Jodide 126

Iodipamide 318
Todopyracet 318
lodoxamate .318

Ioglycamate 318
Topanoic acid 128
Tosulamide 318

- Tothalamate (iotalamate) 318 |
Iotroxate 318

Toxaglate 318
Ioxitalamate 316, 318
Tron(l) 282, 284, 306

oxalate 300 —

Isethionate (isetionate). 2381
Isethionic acid 281

Isoconazole 298
Isometheptene 283, 308
Isoniazid 131

Isoprenaline 306
Isopropamide 87
Tsoquinoline, 6,7-dimethoxy-3-

methyl-1-(4-ethoxy-3-
methoxybenzyl)- 253

Isospaglumate 320
Isothalamate 318

Isotonil 255

Isoxsuprine 290
Ttramin 309.

K

Kanamycine 306
Ketoprofen 319
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~ Lithium

368 SUBSTANCE INDEX
 

Ketorolac 325

Ketotifen 282

L

Lactate 290, 313, 320
Lactic acid 144, 148, 149, 151,

214, 290, 346, 350

Lactobionates 256, 291, 313

Lactobionic acid 256, 291

é-Lactobionolactone 256

Lactose 100

Laurate 120

Lauric acids 120

Lauryl sulfate Caurilsulfate) 257,
280, 323

Laurylsulfuric acid
Lecithin © 112

_ Leurolium - 269 _
‘Levomepromazine 292, 301
Levopropoxyphene 296

‘Levopropylhexedrin - 130
Lidocaine | 96
Lisuride.292

125, 289

Lividomycine «306
Lodoxamide 325

Loprazolam 295
Losartan 321

Loxapine 306
LY 228729 288

Lysidine 308
Lysine 97, 142, 156, 163, 215,

262, 286, 299, 319

86, 280

M

Mafenide 269

Magnesium 125, 156, 284, 286,
302

alginate 271
hydroxide 142, 320
stearate 101

Malate 293

Maleates 254, 292

Maleic acid 212, 213, 254, 292,
346

Malic acid 214, 292
Malonate 293

Malonic acid 214, 293

Mandelate 294, 313
Mandelic acid 294

Manganese 302
Maprotiline 114, 295
Meclofenoxate.299

‘Meclozine 114

 
Medifoxamine 282

Mefenidil 103

Mefentermine 306

Meglumine 215, 317
Menbutone 320

Mepyramine 292
Mesalamine 32

Mesylate (mesilate)
Metapramine  282-
Metaraminol 308

 
294 | a

- Metescufylline 131
Metformine 301

Methafurylene 282
Methanesulfonate 294

ethyl 295
methyl 295

Methanesulfonic acid

- 149, 213, 294
Methanol, {3-[(ethyl)(heptylamino]-

propyl} {4-[(methylsulfonyl)-
methyljphenyl}- 255

Methapyrilene 282
Methenamine 274, 279,

294

Methesculetol 131

Methyl bromide 289

144, 148,
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' MKS 492

_ Morpholine

SUBSTANCE INDEX

4.4'-Methylenebis(3-hydroxynaph-
thalene-2-carboxylic acid] 301

Methysergide 292
Metoclopramide 114°
Metofenazate 280, 282

Metoprolol 104, 306, 308 .
Metrizoate . 318, 320

Metronidazole 302
Miconazole 115, 298
Midazolam 292

Miglyol 812 65
62-64, 73

Modamate 257

Monoethanolamine nicotinate _
96

Morniflumate 321
1, 115, 306

215, 294, 303
-2-ethanol 320

4-(2-hydroxyethyl)- 320
B-Morpholinoethanol 320
Mucate 283
Mucic acid 283

Mycophenolate mofetil 320
Myristic acids’ 120
Myrtecaine 280

Morphine

N

Nafragel hydrochloride 61
Nafronyl 300
Naftidrofuryl 300
Naltrexone 16

Napadisylate (napadisilate) 296
Naphazoline 298
Naphthalene -

-2-carboxylate, 1-hydroxy-
297

-2-carboxylic acid, 1-hydroxy-
297

-1,5-disulfonic acid 296

-2-sulfonate 296
-2-sulfonic acid 296

Naphthoate, hydroxy- 320
2-Naphthoate, 1-hydroxy-
2-Naphthoic acid 31, 33

l-hydroxy- 297
Naproxen 319, 321
Napsylate (napsilate) 296
Nebracetam 282

Nedocromil magnesium

Nelfinavir 295
Neomycin 306
Nicotinamide ascorbate
Nicotinamide 131

Nicotinate 298, 323

Nicotine 112

Nicotinic
acid . 130, 297

alcohol . 298, 308

Niflumic acid 321

Nitrate 126, 298.
Nitric acid 298

2,2’ ,2."-Nitrilotris(ethanol)
Nitrites 126 |
N-Nitrosamine 324

Nitrosamines 126
Nizofenone 282

Nomifensine 292

Norepinephrine 308
Noscapine 275, 301
Novobiocin 313

0

Octadecanoic acid 305

(Z)-Octadec-9-enoic acid
Octanoic acid 276

Octatropine 289
Olamine 316

Oleandomycin 302
Oleate 299

369

297

55

131

323

299
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370

Oleic acids 120, 299
Omoconazole 298

Optimine 254
Orciprenaline 306
Ornithine 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—104
Oxybuprocaine 70
Oxyphenbutazone. 321 _
Oxypyrronium 289

P

' Palmitate 301 —
Palmitic acid 300

Pamaquine 301
Pamoates 105, 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-
318, 321

312, 313,

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

theoclate 131

Phenobarbital 128, 130, 313,315
10H-Phenothiazine, 10-(3-{4-[2-

(1,3-dioxan-2-ylethyl]piperazin-
1-yl}propyl)-2-(trifluoromethyl)-
254

Phentolamine_295

Phenylalanine, L-3-hydroxy-4-

methoxy- 252
Phenylbutazone 31, 313, 321
Phenytoin 115, 142
Phosphates 125,
Phosphogluconate
Phosphoric acid

302 .

Phosphorylcholine

253, 302
313

145, 149, 213,

313

Physostigmine 303

Piberaline. 282
Picolamine 303

Pidolate 302, 31 3

Pilocarpine 1, 298
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SUBSTANCE INDEX

Piminodine 281

Pinaverium 289

Pipenzolate 289
Piperazine 215, 270, 275, 279,

284, 305, 308, 321
Pirfinium ~ 289
Piribedil 295

Pirisudanol 292
Pizotifen. 293

PNU-140690 92-94

Polaramine 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 131
Prenylamine 285, 290
Procaine 316

Prochlorperazine
295

163, 280, 292,

_ L-Proline, 5-oxo- 302
Promazine 301

Promethazine 131

theoclate 131

Prop-2-enoic acid, (Z)-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

371

Propanedioic acid 293
Propantheline 289
Propicilline 321 —

. Propiram 282
Propranolol. 120

hydrochloride 103
laurate.103

oleate 96

Propylene
glycol 171

. Oxide © 252

Propyromazine. 289
' Prostaglandin. Fp, . 325

Proxazole 279

2H,6H-Purine-2,6-dione, 1,7-
dihydro-1,3-dimethyl-7- ,
{2-[(1-methyl-2-phenylethyl)-

‘aminojethyl}- 251
-Pyrantel 301
Pyrathiazine 131
Pyridine

- -2-propanamine, D-y-(4-
chlorophenyl)-N,N-dimethyl-
254, 256
-3-carboxylic acid 297

Pyridofylline 131
Pyridoxal 5-phosphoric acid

130

Pyridoxine 279, 293
Pyridoxol 131
Pyrimidine-4-carboxylic acid,

1,2,3,6-tetrahydro-2,6-dioxo-
299

L-Pyroglutamic acid 302
Pyrrolidine

-2-carboxylic acid, 5-oxo-
302

1-(2-hydroxyethyl)- (HEP) 37,
38, 112, 322

Pyrrolidone carboxylate 320
Pyrvinium 301
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Rhodoquine 301
Riboflavin 52

Rilmenidine 282, 302
Rimiterol 289

Ritonavir 197

372 SUBSTANCE INDEX

Oo 5

Quinate 321 Saccharin 105
Quinidine 285, 303 Salbutamol 109, 306

dihydro- 285: Salicylate 303, 313, 315, 320,
Quinine 1, 275, 282, 303, 306 323

acetyl- 313
p-amino- 304, 313, 321

R Salicylic acid 34, 130, 284, 303
acetyl- 320

Racefemine 282 4-amino- 131, 304
Ranitidine 230, 231 hexyl 122

hydrochloride 233 Salmeterol 297
Reproterol hydrochloride 109 xinafoate 109, 110 | /
Reserpine hydrochloride 56 Saquinavir 295 4
REV3164 151 Saralasin 269 wt |
REV5901 140, 141 Scopolamine 112, 115, 289 |
Rhodanide 309 Sebacate 305, 321 ,

Sebacic acid 304

Semotiadil 282

Sensit 251

Seproxetine maleate hemihydrate
101 |

Sinecod .. 255 |
Sodium 125, 156, 286 2
acetate 259. |

alkoxide 258

bicarbonate 214

carbonate 214, 258
' carboxylates 258

cromoglycate 87
dodecylsulfate 175
hydride 259
hydroxide. 142, 214, 258, 323
lauryl sulfate  . 257
salicylate 34

Rocuronium 289.
Rolitetracycline 298
RPR111423 174,176

~ RPR111423A.- 175, 176
RPR111423B=:175, 176 .

RPR127963 177-179, 181
RPR127963A ° 178, 179
RPR127963B 178,179, 181

RPR127963C 179; 180

RPR127963D =179, 180
_ RPR127963E 179-181

RPR200765 181, 184
RPR200765A 182, 184

RPR200765C=:182, 184

RPR200765D 182, 184
RPR200765E~~183, 184

trimethylsilanolates
valproate 98

Soybean oil—65
Spaglumate 320
Sparteine 131, 306
Spiramycin 270

260
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tnentronantt

 
 

‘Sulconazole 298

SUBSTANCE INDEX

Stearate 305.
Stearic acid|305
Streptomycin 306
-dihydro- 272, 306

Strychnine’ 217, 298, 302
Succinates 254, 306
Succinic acid 144, 148, 214, 254

Sulfate -306

-Sulfisoxazole 315

Sulfoguajacolate 315
Sulfonic acids 138

Sulfuric acid 138, 212, 306, 346
Sultamicillin 309

Sumatriptan 306
Suplatast 309
Surfak 261 —

Synephrine ~ 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

Terfenadine 25, 26, 149

Terpin 46
Tetracaine 73, 74, 284

Tetracycline 120
THAM see Propane-1,3-diol,

2-amino-2-(hydroxymethyl)-
Thenalidine 308

Thenoate 323

Theophyllinate 313, 317

373

Theophylline 34, 60, 113, 115, -
130, 131, 314,316, 319
-7-acetic acid 131

J-acetyl- 31
8-chloro- 120, 131

7-(2-hydroxyethyl)- . 131
- 7-(2-hydroxypropyl)- 54

-7-propanesulfonic acid 130
5-Thia-1-azabicyclo[4.2.0]oct-2-

ene-2-carboxylic acid,
3-[(acetyloxy)methyl]-8-0x0-7-

~ {[(pyridin-4-ylthio)acetyl]amino}-
260 ee

Thiamine 298, 302

Thiethylperazine 292, 293
Thiocyanate309
Thiocyanic acid 309.
Thioproperazine 282, 295

_ Thiosulfate 313
Tiamulin 282

Tidiacate 312

Tigloidine 289
Timolol 292

Yolbutamide 74, 127

Tolonidine 298
Toloxamine, phenyl- , 279
Tolterodine 308

para-Toluenesulfonic acid 213,
309

ethylester 310
Toremifene 279

Tosufloxacin 309

Tosylate (tosilate) 309
Triethanolamine 105, 215, 323

Triethylamine 215
Trimebutine 292

Trimethaphan 275
Trimethoprim 290
Trimethbrexate 285

Trimipramine 292, 295
TRIS see Propane-1,3-diol,

2-amino-2-(hydroxymethyl)-
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374

Trolamine 323

Trometamol 324

Tromethamine 324

Tropenziline 289
Trospium heptyl-sulfonate 112
Tuaminoheptane 306

U

Undec-10-enoic acid 310

Undecylenate 325
Undecylenic acid 310
Uracil-6-carboxylic acid 299

Vv

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

Xx

Xanthinol (xantinol)

Xenytropium 289
Xilobam 76

Xinafoate 297

130, 298

z

Zinc 156, 302

gluconate 325
hydroxide’. 325

Zolpidem—308
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