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Foreword

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

toxicology, and clinical studies. These problems have for many years figured
* prominently in the nightmares of industrial chemists and pharmacists, not to
mention those of their quality assurers, regulatory writers, and project man-
agers. .

The answer to the questlon ‘Why has this book appeared so late? may
perhaps have something to do with the fact that pharmaceutical crystal and
powder engineering should be founded on crystal and powder science. But
such a science does not yet exist as a single concept since knowledge in this
field is scattered among different disciplines such as crystallogenesis, crys-
tallography, the physical chemistry and thermodynamics of multiphase sys-
tems, powder flow characteristics and mechanics, piezo-electrostatics, the
physics of complex 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 who are often reticent to air

their difficulties in public. Thus, it 1s only now that efforts at unification have
begun.

This book is perhaps an attempt to found such a science, but in the sen-
se. of a market-driven effort bringing together contributions from academics
and industry. The book deals not only with the problems raised by salt selec-
tion strategies and process scale-up, but also with the industrial property and
regulatory aspects at the heart of the highly regulated pharmaceutical indus-
try. .

I cannot end without emphasizing that further exploration is required in
areas where theoretical and practical knowledge is still lacking. For instance,
the mechanisms involved in crystallogenesis need to be elucidated since we
still.cannot predict the solubility of a given salt. Will it be oily or solid? Will

it show several polymorphs? The crystal chemistry of crystalline surfaces —
regulated by specific interactions between functional groups 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, but is still in
limbo. We still know nothing precise about the factors governing the electro-
statics of drug substances. We are still unable to predict the relations between

crystalline forms and the compressibility of powders. I hope that the prelim-

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

Prof. Bertrand Castro
Director of the Chemical Development
Sanofi-Synthelabo




Preface

The origin of this book goes back to a proposition made by one of us
(C. G. Wy at a meeting of the Medicinal Section of Division VI] of IUPAC io
write useful handbooks for medicinal chemists. Among the topics suggested,
the preparation of pharmaceutically acceptable salts was rapidly considered as
important and timely. As a matter of fact, an estimated half of all drug mole-
cules used in medicine are administered as salts. The salt formation of drug
candidates has been recognized as an essential preformulation task, as the se-
lection of a suitable salt prior to the initiation of dosage form development has
become a decision point in the netplans of the Preclinical Phase of modern
drug development. Surprisingly, however, a chemist in search of a book deal-
ing with the preparation, significance, and selection of pharmaceutically ac-
tive salts will fail to find one, and also the scientific literature on this topic is
rather limited and scattered across many journals and patents. On the other
hand, the majority of medicinal chemists working in the pharmaceutical in-
dustry are organic chemists whose main concern is to -design and to synthe-
size novel compounds as future drug entities. While they focus on this chal-
lenging primary goal, salt formation is often restricted to a marginal activity
with the short term aim of obtaining nicely crystalline material. Moreover,
chemists are not explicitly trained in the various aspects of pharmaceutical salts
and their inherent opportunities. By bringing together the necessary theoreti-
cal foundations and a lot of practical experience, the objective of the present -
book is to fill this long felt gap in the pharmaceutical bibliography.

A concise introduction reviewing the various objectives pursued in form-
ing salts is followed by contributions presenting the theoretical background
of salt formation: dissociation and ionic equilibria, solubility and dissolution
(Chapt. 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 of salt production, and
- the significance of salt formation in industrial processing. The involvement

- —of -authorities-is-dealt with in-Chapt. 9 and 10, which are devoted to patent

and regulatory issues, respectively. Addressing the practitioners at the lab
bench, thelast chapters of the book feature practical examples of preparation
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of salts presented in the style of model procedures (Chapt. 1) 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-
raining tables with the acids and bases sorted alphabetically, and by pK, val-
ues and supplemented with other useful facts and data. _

Altogether, these chapters reflect the multdisciplinary character of for-
mation and selection of suitable salt forms of drug substances. An attempt is
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

forms.

A book dealing with such a truly interdisciplinary subject relies on con-
tributions of a well-coordinated team of authors from industry and academia
representing the various disciplines involved in the process of drug-salt for-
mation and selection for pharmaceutical products in an industrial environ-
ment. The editors wish to thank all the authors for their engaged cooperation
and their patience during the revision procedures that were necessary to
arrive at this comprehensive and well-balanced handbook. Thanks are also
due to F O. Ajayi, H.Asche, and C. Hoff, who accepted to contribute to the
book in the very last moment. The editors wish to acknowledge the smooth
and excellent cooperation with Verlag Helvetica Chimica Acta in the prepar-
ation of the volume: Thomas Kolitzus, Assistant Editor, for his patient and
atténtive 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 are also expressed to Larry
Lesko of the U.S. Food and Drug Administration for establishing helpful
contacts, One of the editors (P H.S.) gratefully acknowledges the support

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

Camnille G. Wermuth and P. Heinrich S_'mhl_
Strasbourg and Freiburg, January 2002
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Chapter 7

1.

‘A'Proc'edure for Salt Selection and Optimization

by Michael J. Bowker
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4.3.6. Discussion of Results
5. Optimization — Second Phase: Drug-Substance Form for Preclinical Development
6. Optimization — Third Phase: Drug-Substance Form for Clinical Development
7. Optimization — Fourth Phase: Drug-Substance Form for Marketing
REFERENCES

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 multitade 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 per year. As described in Chapt. 6,
these compounds are generally dissolved in dimethyl sulfoxide (DMSO) to
enable screening for activity in an enzyme- or receptor-based assay system.
Initial screening usually involves a highly automated ‘high throughput screen’
(HTS). If the number of ‘hits’ found is large, the numbers are usually refined
by a more involved and specific “low throughput screen’ (LTS) and other se-
lection processes, until a manageable number of. ‘leads’ is available. Often,
several of these ‘leads’ show only moderate activity, and further structural re--
finement and optimization is invariably necessary, using a mixture of com-
putational techniques and intuition by the chemistry team, until a smaller
number (usually 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 DMSO prior to being used in screening procedures, there is no need
to ensure that they are crystalline. Also, the preparation of any salts of these
compounds is rarely necessary as the neutral/covalent molecule usually ex-
hibits better solubility in both DMSO and the assay system to be used by the
pharmacology group. As can be seen readily, these new procedures favor lipo-
philic molecules, whereas the majority of marketed drug substances are hy-
drophilic. The need for water-soluble candidates for use in drug development
and the vast majority of dosage forms has been recognized [1 —4] for many
years before the advent of ‘combinatorial chemistry’.

Because drug substances are designed to bind with a receptor, enzyme,
protein etc., they normally possess several functional groups capable of hy-
drogen bonding. Some of these functional groups may give potential for salt

11
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o)

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 ezc.) and mechanical (e.g.,

hardness, elasticity etc.) characteristics of the potential drug substance and to-
develop dosage forms with good b1oava11ab111ty, stablhty, manufactulablhty,

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 basic drugs, sirice, as a consequence of the low ¢ounter-ion pX,, salts
can nearly always be for_-mé'd; and recrystallization from organic solvents is
normally straightforward. However, the potential disadvantages of hydro-
chloride salts include unacceptably high acidity in formulations (e.g., paren-
teral pr oducts), the risk of corrosion of manufacturing plant and equipment,

less than optimal solub1hty due to the risk of salting out, and the potential for

poor stability, 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 used in
suppositories, as it was the most lipophilic form, the mesylate salt was used
in injections and in sachets for the preparation of an oral solution, whilst the
less soluble maleate was used for the manufacture of tablets.

Occasionally, salts were also prepared in former times to decrease drug
substance solubility for use in suspension formulations where very low sol-
ubility is necessary to prevent ‘Ostwald ripening’, for taste masking (e.g.,
dextropropoxyphene napsylate suspension), or to prepare an extended release
product. Embonate salts have been used in suspension formulations to in-
crease the duration of action (e.g., 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/ml or greater, depending on the required dose and dose volume,
may be required. For parenteral formulations, the pH of solution (normally

12°
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within an acceptable range of 3-10 for intravenous solutions) should be
monitored to help ensure that the formulation will be well tolerated.

Manipulation of drug-substance solubility by selection of salts may also
be employed to modify the pharmacokinetic profile of the drug (e.g., benza-
thine penicillin and insulin zinc complexes used in parenteral formulations).
Salt formation may be also advantageous where the melting point of the ac-
tive moiety is low, and it is necessary to mill or micronize the active ingre-
dient to achieve adequate homogeneity. A suitably stable salt may have a
melting point that is 50— 100 °C higher than that of the free acid or free base.
Also, being more ionic, the crystals are likely to be less plastic and more
easily deformed by brittle fracture. : ‘

Chapt. 6 describes some of the theoretical aspects behind salt formation.
This chapter 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 amount of information from the minimum
amount of precious candidate batch. The outline of the process is shown in the
Figure.

Where possible, we prepare a range of salts for each new candidate and
cornpare their properties in our preformulation program, which is designed
to give us the relative suitabilities of 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, or its salt, properties on the finished product is

essential to ensure selection of the optimum salt form. Some of these aspects
are dealt with in more detail in Chapt. 4. The procedures demonstrated here
are also described in outline form in [5].

2. Salt Formation — Is It N ecéssary, Is It Feasible?

Each new molecule synthesized within the Discovery Chemistry group
has an entry prepared in the compound database. Among the first informa-
tion added as an entry into this database for each compound is the calculat-
ed 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 experitmentally on 1-2 mg of
sample by potentiometric titration (e.g., Sirius Model GLpKa apparatus,
Sirius Analytical Instruments Litd.), and the values determined experimental-

13
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1 Microscale screening for
Primary Salt possible salt formation
Screening '
y
o Confirmation of successful
salt crystallizations by preparation
Feasibility at10-50 mg scale .
) ,
3 First Scale-Up Batch
o 50-200 g
Optimization Discovery Chemistry
First Phase Several salt candidates
'V
n First Batch by

‘ Process Development
Optimization |- 250-500g

Second Phase One salt candidate
-~ - Preclinical formulations, .

v ’ " Safely testing
5 Bulk Synthesis for developing
. Optimization ciinical material
" Third Phase Several kg
¥
6 Bulk Synthesis
Optimization Full scale for
Fourth Phase marketed product

Figure. Process of salt selection and optimization

ly are again entered into the database. The log P value is 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 compound for activity screening in both cell and animal models. Once
activity is confirmed in these screens, the material remaining from this first
batch is usually further sub-divided across a small number of Departments.
The amount of drug substance made available to Physical Chemistry and the
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 potential salt

forming agents (counter-ions) can be selected, for each candidate, based on

14
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lists that are available in the literature [2][11-13] (see also the tables in
the Appendix). Based upon studies on numerous candidates over more than
10 years, it is our considered opinion that, for the formation of a stable salt,
there. should be a minimum difference of ca. three units between the pK,
value of the ionizable group and a possible counter-ion. This is especially so
when the drug substance is a particularly weak acid or base where dispropor-
tionation back to the component parts often occurs in solution. This then re-
sults in precipitation of the free acid or free base. Occasionally, an exception
may be found where a salt has an acceptable stability, despite there being a
smaller difference in the 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 or triple salts) other appro-
priate stoichiometric ratios, are prepared, and a few microlitres of each is
added sequentially to each well. Thus, all the wells in 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, efc. 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 be initiated to
confirm the formation. of a crystalline salt or an amorphous solid and initiate
a study of any polymorphism. These studies give a lead to the chemist and
can help in the identification of future problems. Melting points are deter-
mined by hot-stage microscopy, and samples showing evidence of hygrosco-
picity can be evaluated using 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 amorphous material. Frequently, these studies
can also give information on the existence of solvates and hydrates, especial-
ly if differential scanning calorimetry (DSC; Mettler Toledo- DSC, model
820), thermal gravimetric analysis (TGA; Mettler Toledo TGA, model 850),

Ieetipmndy 4 o
ket igttrs
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and hot-stage microscopy are also used in the evaluation process. Most of
these studies can be accommodated, if care is taken, on 20 -25 mg of sam-
ple. :

In parallel with these studies, a preliminary HPLC method is developed
within ca. one week, and, after 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 hinder crystallization
by ‘poisoning’ crystal growth or promote the formation of a specific poly-
morphic form. Immediately after the development of this'HPL.C method for
use in the assessment of the main manufacturing impurities, the analytical
chemists turn their attention to the development of the corresponding stability-
. indicating method. The development and partial validation of this method in- -
* volves the use of degraded solutions of the drug substance produced in ac-
celerated stress studies. This method takes ca. three weeks to complete and
can then be used in the early stability evaluation of salts, ,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 for initial evaluation;

they also give the chemist ideas on possible recrystallization solvents that can
be tried. ’

3. The Salt-Optimization Process — First Phase

3.1. Choice of the Salt Former (Counter-Ion)

~ The choice of salt former (counter-ion) depends on several factors. Ob-
viously the primary factor is that it should yield a crystalline salt. Crystallin-
ity in a salt affords a means of purification and removal of unwanted impur-
ities. Lack of crystallinity (i.e., the salt is amorphous) normally would be ex-
pected to lead to severe problems and uncertainties, if the product intended
ta be developed is a solid, oral dosage form. The prospect of unexpected and
uncontrolled crystallization at some stage with just one batch, creating a
product recall, is something that the Quality, Regulatory, and Marketing
groups could not live with. Absence of crystallinity is often less of a prob-
lem if the dosage form intended is a liquid.
The choice of salt is also governed largely by the acidity or basicity of
the ionizable group, the safety of the counter-ion and the drug indications.

Veditepe Universites!
Bl Merkei
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Table 1. Classification of Common Pharmaceutical Salt Formers

Ealt Forimers . Examples

Anions

Inorganic acids Hydrochloride, Hydrobromide,
Sulfate, Nitrate, Phosphate

Sulfonic acids Mesylate, Esylate, Isethionate,
Tosylate, Napsylate, Besylate

Carboxylic acids Acetate, Propionate, Maleate,
Benzoate, Salicylate, Fumarate

Anionic amino acids Glutamate, Aspartate

Hydroxy acids Citrate, Lactate, Succinate,

Tartrate, Glycolate

Fatty acids Hexanoate, Octanoate, Decanoate,
Oleate, Stearate

Acids for ’ Pamoate (= embonate),
insoluble salts Resinate (e.g., Polystyrene sulfonate)
Cations

Metallic Sodium, Potassium,
. Calcium, Magnesium, Zinc

Organic Amines Triethylamine, Ethanolamine, Triethanolamine,
Meglumine, :
Ethylene diamine, Choline

Cationic amino acids Arginine, Lysine, Histidine

Bases for Procaine, Benzathine
insoluble salts

- Toxicological and pharmacological implications of the selected salt former
must be considered, as well as the effects of the parent drug. Salt formers can
be subdivided into a number of categories depending upon their functional-
ity and purpose. Some of the most frequently used examples are listed in
Table 1. |

3.2, Scaling Up the Preparation of Salts

In parallel with the preliminary evaluation of opportunities for the forma-
tion of crystalline salts, the Process Chemistry group start to investigate the
possibilities for economic manufacturing routes for each of the candidates re-
maining (usually one or perhaps two at most). The manufacturing route may
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be the same as used by the Discovery Chemistry group, but usually is quite
- different as less expensive reagents with greater commercial availability start

to be used. The aim is to manufacture 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 each of the salts that were considered viable from the early studies

on the smaller batches. An equivalent portion of the free base/acid is also
taken for 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 form required for initial clinical evaluation and also that ul-
timately required for marketing. |

The most common route of administration for drug substances is 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 formulation for limited studies.

To generate data that 1S an invaluable preliminary to the development
process for the drug product(s), a basic ‘checklist’ has been 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 be established for drug substances that
are intended to be developed into a solution (injectable or oral) formulation
or one intended to be delivered by the pulmonary route (solution metered
dose inhaler (MDI), suspension metered dose inhaler, or dry powder inhaler
(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 for the result may differ.
An example of this would be aqueous solubility; the target value for a drug
substance intended for use in a solid, oral dosage form would be around
I mg/ml in a medium with a pH value within that found in the human gas-
tro-intestinal system (a lower target solubility would be acceptable, if the
candidate was shown to be highly potent). A similar candidate intended for
use in an injectable formulation would have a target solubility value around
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10 mg/ml, unless it was also exceptionally potent. Similarly, for a candidate
intended to be developed into a solution MDI, it would be important to de-
termine that the solubility in the new hydrofluoroalkanes (HEA 134a or
HFA 227) was high enough to yield an acceptable dose from an actuator. The
solubility would also be determined in these HFAs containing up to 5% eth-
anol. It is less important to determine it in aqueous-based solutions. Lack of
adequate solubility in the pure HFAs or an ethanolic HFA solution irhplies
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 drug substances intend-
ed for solid, oral dosage forms is presented in Table 2; it shows the types of
tests normally chosen and the information that these tests can yield. A more
detailed tabulation of these tests and the amount of sample normally required
is given in Table 3.

3.3. The Decision on What To Develop - 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 and the collated results discussed by all the scientists
concerned in the project. The Preformulation scientists assess the relative
- merits of each form for use in the proposed clinical formulations, and whether
the properties such as solubility are adequate to give the high concentrations
required in the various pre-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 salt for further study, though, occa-~

sionally, it is seen that none of the salts has optimum properties, and two dif-
“ferent salts can be proposed for further, in-depth study. It is occasionally fo-
und that the overall properties of the free acid/base are much better than any
of the salts. This occurs more frequently where the candidate base has a low
pK, value (or a correspondingly high value, if the candidate is an acid), and
the resulting salts are less stable than required, when the salts 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 Considered for Comparison of Salt Forms

and Parent Compound for Oral Dosage Forms

Test

Suitable Techniques

Comments

Dissociation constant

Potentiometry, solubility,
UV spectrophotometry.

Determine pK, for parent drug

Melting point

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

Peiform on each salt and compare to
parent. ‘

Acllueous solubility

Overnight equilibration at
25 °C; analysis by UV’
spectrophotometry or HPLC.

Perform on each salt and compare to
parent. T

pH of solution

Examine pH of saturated solution if

quantities permit.

Cosolvent solubility

Overnight equilibration at
25 °C, analysis by UV
spectrophotometry or HPLC.

Determine solubilities-in:
ethanol, polyethylene glycol,
propylene glycol, and glycerol
(as a minimum)

and compare to parent.

‘Comumon-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% NaCl for salts 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 values of interest. Assign
hygroscopicity classification to each
salt[14].

Intrinsic dissolution
rate (IDR)

Use Wood’s apparatus {15].

Compare dissolution rates at various
pH values (can provide information
on wettability).

If appropriate, consider use of
‘Dressman buffers® [16].

Crystal shape and
appearance

SEM or optical microscopy.

Compare crystal habits and levels of
agglomeration.

Particle size

SEM and laser diffraction

Examine particle size distributions.

Polymorphism/
Pseudopolymorphism

Recrystallization from various
solvents of differing polarities,
-|HSM, DSC, TGA.

Preliminary exploration.

Powder properties

Bulk density measurement

Determine Carr’'s Compressibility
Index [17 - 19].

Stability

Various

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

Test Amount required [mg]
Elemental Analysis 10
Structural Analysis
Mass spectrometry®) 1
"H-NMRY) 5
BC-NMR 25 |
IR 1 !
uv -1
Fluorescence spectrum®) 1 _
Physicochemical Properties ) .' dl
Melting range 2
P& 5
C logP/logP") . 5
Preliminary polymorphism study 200 - 500
X-Ray diffraction _ ) 20
Aqueous solubility”) ’ 100
pH-Solubility profile 500
Cosolvent solubilities®) 300
Propeliant solubility”) 500
Physical Properties
Hygroscopicity . ) 20
Microscopy (SEM/Optical) : ' 10
Particle size (Malvern) " 100°
Size reduction (sonication) 300
Impurities (HPLC)
Related substances") ' 10
Degradation products”) 10
Chiral ‘purity®) 10
Stability Studies '
Stability to hydrolysis (pH 2, 7, 10)") ‘ 15
Stability to oxidation (peroxide/peracid)’) » 15
Stability to photolysis®) 15

%) Determined on free acid/base only. 5 Includes solubility in saline, 5% dextrose
solution, and some buffels €} Also solubilities in complexing agents/surfactant sys-

tems where appropriate. ¢) Propellants and plopellant/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 some of the tests such as solubility, in-
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trinsic dissolution, thermal analysis etc., as hydrates are invariably less solu-
ble than anhydrates. Also, it is useful to know both the dehydﬁ‘ation temper-
ature and the polymorphic form produced upon dehydration. _

- Once we have completed these initial studies, a short document is draft-
ed that gives a summary of what has been found, the likely effect on an in-
itial clinical formulation (i.e., do any of our findings impact heavily upon the
choice of formulation or manufacturing process?). The recomthendations of
the collective group involved in these studies on whether to develop a spe-
cific salt, or the free acid or base are placed before senior management for
ratification. : '

3.4. The Negative Aspects of Salt Formation

One of the negative aspects of salt formation is that the percentage of ac-
tive content of the drug substance decreases markedly as counter-ions with
higher molecular weights-are used. If the free acid or base has only moderate
or low activity, it may be necessary for the patient to be prescribed a rela-
tively high dose for a clinical effect. It is quite common to have a situation
where 20 —50% of the weight of the drug substance is due to inactive counter-
ion. Because most 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 a very low percent-
age of active ingredient in the final mixture. This often creates a powder vol-
ume that 1s too great, even after granulation, to fill successfully into even the
largest acceptable size of capsule shell. It may mean that the unit dose is more
than one tablet or capsule, a situation that does not aid patient compliance.

Other problems that are frequently created, or exacerbated, by salt forma-
tion are an 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% (wiw) loosely bound water) efc.

4. Recent Case Histories

To demonstrate how the decision-making process works in practice, three
recent examples have been chosen from the many that have been studied over
the last five years. These exemplify some of the principles involved.
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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 g 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. Because of its apparént high activity in screening
studies; it became obvious that both of the above formulations could easily
be very-low-dose products. For a low-dose capsule formulation, uniformity
of active content may be an issue to be faced in the future. A determination
of the particle-size distribution, perhaps linked with an assessment for size
reduction by milling or micronization, thus became quite important. ‘

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—35 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 Ltd., UK) conflrmed 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 shown to be markedly dependant on pH (see Tuble 4 for data).
The intrinsic dissolution rate was determined using Wood’s apparatus [20]
and was found to be 0.55, 0.085, and 0.017 mg/min/cm? into solution at pH
1.0, 2.0, and 4.0, respectively.

Preparation of a very simple capsule forrnulatlon containing 25 mg of the

base, together with other common excipients and sodium dodecylsulfate as

wetting agent, gave an acceptable dissolution profile when tested over the pH
range 1.0—4.0 with 2,44, values of ca. 12 min.

4.1.2. Basic Physicochemical Properz‘ieS of the Hydrochloride RPR111423A

A similar investigation was undertaken on the hydrochloride. As noted ear-
lier, the melting point was determined to be within the range found for the free
base, and an investigation was undertaken using thermogravimetry (model
TGA 850, Mettler Toledo Lrd., UK): This technique clearly showed a weight
loss, consistent with loss of HCL, between 110120 °C and explained the sim-
ilarity of melting range to that of the free base. The initial sample consisted of
aggregates of micro-crystals, typically 1—2 pm, and further recrystallizations
from a variety of solvents produced at least four different polymorphic forms.

None was hydrated or solvated, and no evidence was found for the presence of

an amorphous form. All these forms were shown to be metastable with respect
to the form originally provided and reverted to that form on standing over a
few days. Recrystallization from aqueous ethanol returned the free base. The
original form was shown to be slightly hygroscopic when stored at 53% r.h.
(2.0% weight gain) but gave a 22% increase in weight on storage at 97% r.h.

As with the free base, the solubility was markedly pH dependant at 37 °C
(28 mg/ml at pH 1.0 and 4.6 mg/ml at pH 2.0). At higher pH values, any un-
dissolved solid was shown to convert quantitatively to the free base, and, at
pH values higher than 4, the free base precipitated from solution.

4.1.3. Basic Physicochemical Properties of the Mesylate RPR111423B

The sample provided consisted of aggregates of fine laths, each ca.
1 pm X7 pm, with a melting point at 210 °C. Hot-stage microscopy, DSC,
and thermogravimetry demonstrated that the material is chemically stable
upon melting. Small-scale recrystallization experiments from a range of sol-
vents similar to those used for the hydrochloride resulted in the production
of at least four new forms. Grinding and micronization each produced an ad-
ditional form; all of these six new forms reverted back to the original one
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upon standlng within one week. As with the hydlochlonde recrystallization
from aqueous ethanol returned the free base. :

The material was slightly more hygroscopic than the hydrochloride with
a 3.9% weight increase on storage at 53% r.h. and a 28% weLght increase at
97% r.h. It was also more soluble than the hydrochloride but with an even
more marked pH dependency (204 mg/ml! at pH 1.0 and 8 mg/ml at pH 2.0).
It suffered from exactly the same problems in aqueous solution with solid
material converting to the free base at pH 2.0, and the free base precipitating
from solution above pH 4.0.

4.1.4. Discussion of Results

. The results from these preliminary studies are given in Table 4. The two
salts clearly demonstrated the predictable problems associated with a rela-
tively low pK, value; the salts were quite 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 whether it had sufficient solubility in gastro-intestinal media. Studies
performed on samples of drug substance and on simple capsule formulations
demonstrated that the dissolution rates of micronized free base were equiva-
lent or superior to those of the salts under the same conditions. This was con-
firmed in a simple pharmacokinetic evaluation in individual dogs, where the
stomach pH was controlled upon dosing capsules by the administration of
citrate buffer at pH 4 and 7.4. Therefore, the free base was taken forward for
further study in preference to either of the salts.

4.2. RPR127963

RPR127963 has been evaluated for the treatment of cardiovascular dis-
eases; it is a crystalline, very weak base with a pK, 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
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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.

4.2.1. Basic Physicochemical Properties of RPR127963

When the properties of the anhydrous free base were evaluated, evidence
for the existence of a mono-, di-, and trihydrate was found rapidly. It was
shown that all these four forms could be 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 hydrochloride salf exhibited complex melting behavior (see Table 5)
that indicated the probable existence of different polymorphs. Recrystalliza-

tion experiments produced two different monohydrates but no additional an- -

hydrates as was suspected from the phase 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
HC], and in 5% (w/v) dextrose solution.
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4.2.4. Basic Physicochemical Properties of the Citrate RPRI127963C

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 reasons for rejecting the hydrochloride was its low aque-
ous solubility, the citrate was subjected to only limited study before being

also rejected.
4.2.5. Basic Physicochemical Properties of the Tartrate RPR127963D

The 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 Sulfai‘e Salt RPRI27963E

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 of this
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 was surprisingly low at ca. 6 mg/ml, i.e., about the same order
of magnitude as that of the hyd10chloude

.

4.2.77. Discussion of Results

For the reasons given above, the mesylate and the sulfate were the only

salts with properties that would permit the manufacture of the high-dose for-
mulations that were being considered. The free base still remained a possible
candidate especially if a stable hydrate could be found. It was, therefore, 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 dose in an injectable for-

29

e
3
=z
&

g

&




PROPERTIES, SELECTION, AND USE : 181

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
Solubility in co-solvents at 25 °C [mg/ml] -
Ethanol <190 0.6 02
Propylene glycol - 35.4 0.7 1.7
Polyéthylene glycol 400 188 0.2 0.2
Dimethyl sulfoxide > 500 14 110
N-Methylpyrrolidone > 400 4.4 8.5
Glycerol 42 Not determined 2.7
Peanut oil ‘ 0.18 None detected None detected
Intrinsic dissolution rate
[mg-min-cm™]
— in water 0.01 Not determined Not determined
—in 0.01M HCI 0.35. 7.3 7.7
Powder flow properties Not determined | Good, but Sticks slightly
' becomes -much

worse with

increasing

humidity -

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 for the 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
Early studies suggested that RPR200765 free base was unacceptable for

use in solid, oral dosage forms due to a very poor aqueous solubility of ca.
10 pg/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.
Aqueous solubility, particle size and shape, powder properties, and polymor-
phism profile were considered to be the key properties to permit a choice of
salt to be made.

4.3.2. Basic Physicochemical Properties of the Mesylate RPR200765A

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

The mesylate salt was shown to be a rather stable monohydrate that lost
moisture at very low humidity (<10% r.h.) but rapidly re-equilibrated to re-
form the monohydrate, when the humidity was raised. These results suggest-
ed that this salt probably would be amenable to solid-dose formulation, and
there was little risk of changes in the hydration state on processing or stor-
age under normal conditions.

4.3.3. Basic Physicochemical Properties of the Camphorsulfondte
RPR200765C '

The camphorsulfonate was again a free-flowing solid with a high solubil-
ity (ca. 20 mg/ml), though significantly less than the mesylate. It 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 weight later in development.

4.3.4. Basic Physicochemical Properties of the Hvdrochlo_ride RPR200765D
The hydroéhloride 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 slowest dissolution
rate of all the salts and was particularly hygroscopic, resulting in the forma-
tion of multiple hydrated forms. It had the highest melting range of all the
salts of 276 —277 °C. With these problems and the disadvantageous pharmac-
ological activity of the bromide ion, no further studies were undertaken.

4.3.6. 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 on the basis of its low hygroscopicity, clean poly-

morphic profile in the preliminary screen, high solubility, and rapid dissolu-
tion rates. Another favorable factor supporting the selection of the mesylate
salt proved to be the good flow properties, which later allowed very satisfac-
tory prototype capsule and tablet formulations to be developed.

5. Optimization — Second Phase:
Drug-Substance Form for Preclinical Development

The initial studies described above require ca. 3 —4 g of the free base and
a similar quantity of each of the salts. The data for the free acid or base, and
each of the different salt forms normally can be generated in ca. 4 -6 weeks
if the samples are available for simultaneous analysis. Having evaluated sev-
eral possible alternatives in the three cases above, using a range of relative-
ly simple tests, the choice of the form has been narrowed down to one can-
didate that should be suitable for further development. The next step is to
build upon the initial database by employing a more comprehensive range of
tests, which require more material. Within three months of receipt of the next
batch of drug substance, it should be possible to define with some certainty
whether this chosen form is suitable. A series of tests, analogous to those in
Table 2, are used in this evaluation; these tests are listed in Table 8. Upon
completion of this second battery of tests, the Preformulation team will have
generated much additional, solid-state information to add to the database and

32



PHARMACEUTICAL SALTS:

184

+ Hd ‘103ynq srenro oyul
posea]ayd %

14! 09 < 09 < - 09<
A [urur “%08] 7 {d ye’
6¢ YL 09 0c aJe uonm[ossI(J
suLioj pareIpAy Ajdnnu Sw0] pajeIpAy Ardnnuw WLIOJ 91RIPAYOUOW 9[qe)s (smexedde gA (g Sursn)
s 01d02scI8AY 1w 21doosoIZAY 51d0os013Ag-UoN ' Y)im 01deoso18Ay-uoN Kyo1doosoIdAY
[rwy/Bw] 5, 0T e
I9]BM PIZI[RISUIISP Ul
£9C 91T [4A4 €61 uonn[os pejemnies Jo Hd
[rwyBur] D, 57 18
67°¢ 8901 c6'61 6% AuTiqnios snoanbe wnwrKey |
uril 00g
03 dn s1o)sno JogIe] 910 wrrl 06¢ — 00T ,
‘wrl 0QzZ, — 08 D2 SIASN]O Jo sejerstio}de ur (Adoosoronu £q)
seponyed wirl-Op — 07 | seponred wr-0QT — 0§ w9 ‘wirt 0 — g, "9 SRISAID wrl 007 — S 2 9718 a[onIed
SouT[ Ssans steI1sk1o ‘uoneIswIo[3ge
[eliojew AYB[] | UIBIUOD S[BISAID [RNPIAIPUT ay11-oye;d ‘peredeigse QWOS YIIm S[BISAI0 .
‘pajerouIo}83e A[25007] isreIshio ayI-a1eld AQysTyg Jo sxasn[) ~ o11-eyerd TenpIATpUl souereadde pue jiqey [B1SAID
LLT-9LT 8¥C — ST L9T—$9T 1z (D] 23uey 3unpp N
£7°69$ 8645 6L189 19995 W
1opmod 1apmod
SuImor] 201 ‘our|feISAIo Jopmod SUIMOTY 991] ‘DuI[BISAID Iopmod Buimory 9311
‘ATYM-1J0 0) BNYM FuImolJ 9213 ‘a)IYM 2ITYM-JJO 01 Y M ‘wres1o 0) aNYM-JI0 ooueleaddy
HS9L00Tddd as9LO0TI T D89,00Tddd VS9L0028dY
APIMOIqOIPATY IPLIOIYI0IPAH 118s 9jeuojmsioydwe)). 18S 9BIASIIAL £fadoxg

SIS $9L00Z4dY fo sauuadosq ponusya001sdy g fo uostivduo) f 9jqel,

33



-t

PROPERTIES, SELECTION, AND USE - - 185

developed all the different dosage forms required for initial preclinical eval-
vation. 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 250500 g is normally made available within 1 -3 months,
depending on the complexity of synthetic route, for study across a wide range
of departments. The recrystallization solvent normally employed would be
that used for the preparation of the 4 —5-g batch in an attempt to keep the
physical form the same. The particle size may differ, however, because of dif-

ferent cooling rates. One of the key activities for the Preformulation Scien-
tist and the Process Chemist is to start investigations into which other poly-
‘morphic or pseudopolymorphic forms exist. In the short development phase

where initial preclinical administration occurs, it is rarely necessary to under-

take these ‘sighting studies’ to Geod 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 of sample;
small portions are recrystallized from anhydrous and hydrated solvents of -
differing polarity. Any crystalline product recovered is examined by a varie-
ty of techniques in order to determine how many different forms are pro-
duced, and whether any of them are hydrates or solvates. Preliminary infor-

" mation on the inter-relationships between the different forms can often be fo-

und, even at this early stage.
The remainder of the tests are designed for two main purposes:

1. To define the various preclinical formulations that are required, to devise
analytical methods for these, to determine their stability, establish storage
conditions, and to propose shelf-lives.

2. To establish a database for the chosen form and to give an indication of
* the possibilities for clinical formulations.

To accomplish this, it is normal to request a minimum of 20 g of drug sub-
stance. More will be needed, if the drug substance 1s intended for inhalation,
and there are difficulties with micronization.

6. Optimization ~ Third Phase:
Drug-Substance Form for Clinical Development

Once the drug substance has successfully passed through the initial battery
of safety studies, the main requirement is for the preparation of batches of drug
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substance manufactured wsing Good Manufacturing Practice (GMP) for use
in the various safety studies undertaken to GLP standards. Also, at this stage,
work can begin on the definition of a suitable series of clinical formulations.
For this, we normally expect to have a reasonably clear picture of the inter-
relationships between the different solid-state forms of the drug substance and
should have started to define the most stable form. As Process Chemistry pro-
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 Considered for the Second and Third Phases for Compounds Intended for
Use in Oral, Injection, and Inhalation Products

Amount required
Test T : Second Phase Third Phase
Physicochemicai properties
Melting range , 50 mg 50 mg
Optical Rotation . - lg
Polymorphism 500 mg 25-50¢g
X-Ray diffraction 20 mg 20 mg
Intrinsic agqueous solubility 400 mg -
Cosolvent solubilities") 500 mg 2g
Propellant solubility®) - 2g
Physical properties .
Hygroscopicity o 800 mg . -
Microscopy (SEM/Optical) 100.mg _ 100 mg
Particle size (Laser) ' 200 mg 200 mg
Micronization 58 -
Specific surface area 2 g R)) 4 g R
True density 200 mg (R)%) 200 mg (R)%)
Bulk-powder density 2.5 g (R)® 10 g R)%
Wettability - g
Impurities (HPLC) )
Related substances - 10 mg 10 mg
Degradation products 10mg 10 mg
Chiral purity 10mg 10 mg
Electrophoresis, TLC 10mg -
Stability studies i ' _
" Hydrolytic profile (identify degradants) 100 mg i -
Bulk-drug powder - 2g
Excipient compatibility 50mg 250 mg
(analyzed with HPLC, XRPD, and DSC)
Compression properties - 5 g
(for dry powder inhaler only)
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Table 8 (cont.)

'PRECLINICAL FORMULATION DEVELOPMENT
Intra-tracheal suspensions ‘ 2g -
Oral solutions/suspensions 2g -
Solutions for nebulization v 2g -
Intravenous solutions , 2g -
Other routes (i.p.; s.c.) lg -
CLINICAL FORMULATION DEVELOPMENT Predict suitable Phase I — IIa%)
' dosage forms - 250-1200 g
3g '
Microbiological Controls , )
TOTAL SUBSTANCE REQﬁIREMENT . 20-25¢ ' Depends on
dosage and form

% Also solubilities in complexing agents/surfactant systems where appropriate. ®) Propellants and

" propellant/cosolvent systems for inthalation dossge forms. ©) (R): possible to recover drug substance
for certain other tests; (?): Depends on supply of sample material. %) Develop and specify Phase-I
formulation — commence stability/compatibility studies.

increased availability of drug substance, it is possible to finalize the defit;ition
of the solid-state form using ca. 50 g of drug substance for the initiation of

- ‘maturation studies’ [14] as an additional technique to assist in the definition

of polymorphism. This experimental technique involves the preparation of sus-
pensions of each of the available polymorphic forms in a variety of different
solvents. These suspensions are then stored under a suitable range of temper-
atures for ca. one month. At the end of this storage, the solid material is iso-
lated and the solid-state form evaluated. Much useful information on the rela-
tive stabilities of each form can be obtained using this technique.

If the structure of the drug substance has been determined by single-crys-
tal X-ray study, under certain circumstances it may be possible at this stage
to initiate the theoretical search for other polymorphic forms. This is achie-
ved, with care, using the Polymorph Predictor software (Molecular Simula-
tions Inc., Cambridge). This software has been used successfully [20] on sev-
eral small molecules (molecular weight <500) and predicts theoretical crys-
tal structures and their relative energies. The most stable form has the low-
est energy; increasing energy signifies lower stabilities. The purpose of the-
se ab initio predictions is to gain knowledge on potential polymorphic forms
that could theoretically exist to attempt to minimize setbacks in development
due to the unexpected appearance of a previously unencountered form part
way into development or marketing. If one, or more, forms are found with
comparative energies and structural characteristics to the forms already pro-

duced, an urgent and extensive search is initiated to discover conditions for
their formation.
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As larger quantities of drug substance and samples from different batches.
become available, it is imperative that the variations in basic physical and
solid-state properties (e.g., crystal size and shape, specific surface area, pow-
der flow properties, bulk and tapped density ezc.) are studied and document-
ed for each batch. By close liaison with Process Chemistry, it is normally pos-
sible to gradually modify the recrystallization conditions such that greater
batch-to-batch uniformity of these physical characteristics can be achieved.

7. Optimization — Fourth Phase:
Drug-Substance Form for Marketing

If the candidate passes through initial clinical evaluation (Phases Ia and
1b), additional characterization and refinement of the drug substance form
should continue, and each batch of drug substance produced should be char-
acterized physically. The Process Chemistry group normally continues to
make minor adjustments to the manufacturing process and recrystallization
conditions to improve the yield, purity, or particle size. It is imperative that
samples of each batch produced are examined to -ensure that the polymorphic
- form remains constant, until such time as it becomes necessary to ‘lock’ the
Process. Close liaison and teamwork between the Process Chemist and the

Development Scientist in an exploration of the various possible recrystalliza-
tion solvents can often result in further refinement of the crystal properties.

An excellent scheme for the final characterization of solid drug substanc-
es, prior to the final regulatory submission, has been described recently by
Byrn et.al. [22]. The aim of both the Development and Process Chemistry
teams is to finalize definition.of all the characteristics of the drug substance
in readiness for the initiation of Phase Iib.

The author would like to thank colleagues, especially Anthony Argent, Richard Bastin,
Attia Hasnain, Bruce Lithgow, Franck Leveiller, Derek Mills, Brvan Slater, and Michel Veil-
lard at Aventis Pharma for their continuously stimulating scientific discussions. Without the-
se discussions, this chapter would not have been possible.
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