301, 3rd Floor, Rajshila, 597, J S S Road,
Opp. Parsi Agyari, Mumbai - 400 002.
NAYAN RAWAL & ASSOCIATES TeF:.p : 022 325?03127, Telefax : 022 22652514/15/16,

ADVOCATE, PATENT, TRADE MARK ATTORNEYS Email : nayanrawal@gmail.com, www. nralaw.com

co? g(y( E—qzzl 28‘100/

13th October 2012
The Deputy Controller of Patents & Designs,

Intellectual Property Office, M W

Intellectual Property Office Building, Vi)~
G.S.T. Road, Guindy, Chennai-600032 Gm) (956‘\){'\0/0/\ LG) \ o ‘ \
Phone : 04422502080 |

Ref: Patent Application No. 1576/CHENP/2011

Sub: Filing of Written Submission u/s 25(1) of the Act for Pre-Grant Opposition.

Sir,

With regards to the captioned subject and on behalf of our clients, M/s. Indian
Pharmaceutical Alliance, a society registered under the Societies Registration Act,
Written Submission (In duplicate) u/s 25(1) of the Patent Act for opposing the Pre -

Grant Opposition of Patent Application No. 1576/CHENP/2011

Kindly take them on record and oblige.

Thanking You,

Yours truly,

(@

(Gj NayaﬁRawal
Constituted Attorney for
the Opponents
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GENERAL POWER OF ATTORNEY

We, Indian Pharmacecutical Alliance, a Society registered under the Societies Registration
Act having its mailing address as follows C/o VISION CONSULTING GROUP, 201
Darvesh Chambers, 743 P D Hinduja Road, Khar (W), Mumbai 400 052 hereby authorize
Mr. Nayan J. Rawal, Patent Agent (Agent No.654), having its Office at L-303, Panchsheel
Gardens, Mahavir Nagar, Kandivli' West, Mumbai 400 067, to act as our Agents and
Attorneys for various Pre-Grant and Post-Grant Opposition rectification and any other
proceedings under the Patents (Amendment) Act, 1970 in respect of various Patents filed in
India.

We request that all notices, requisitions and communications may be sent to the said Agents at
the following address:-

Vision Consulting Group, 201 Darvesh Chambers, 743 P D Hinduja Road, Khar (W),
Mumbai 400 052.

We hereby revoke all previous authorizations, if any; we hereby ratify all acts done by the
said Agents

Dated this 19™ day of April 2010

For Indian Pharmaceutical Alliance

>? o r—z/
D G Shah .
Secretary General



IN THE MATTER OF THE PATENTS ACT, )1970
and

IN THE MATTER OF THE PATENT RULES, 2003
(as amended by the Patents (Amendment) Rules 2006)

and

IN THE MATTER OF INDIAN PATENT APPLICA{ ION
NO.1576/CHENP/2011 FILED BY F. HOFFMANN-LA ROCHE AG.

.......... the Applicants

and

IN THE MATTER OF A REPRESENTATION BY WAY OF AN OPPOSITION
UNDER SECTION 25(1) AND RULE 55 THERETO BY INDIAN
PHARMACEUTICALS ALLIANCE

.......... the Opponents
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REPRESENTATION BY WAY OF OPPOSITION U/S 25(1)

It is respectfully submitted on behalf of Indian Pharmaceutical Alliance, that a
pre-grant Opposition under Section 25(1) of the Patents Act, 1970 and rule
55(1) of the Patents Rules, 2003 (as amended by the Patents (Amendment)
Rules 2006), is hereby presented by the “Opponents” against Indian Patent
Application No. 1576/CHENP/2011(hereinafter also referred to as the
“Opposed Application”) in the name of F. HOFFMANN-LA ROCHE AG.

(hereinafter referred to as the “Applicants”).

It is respectfully submitted:

2.0

The Opponents are an associations of person registered under the SOCIETIES

REGISTRATION ACT, XXIOF 1860 in the name and style of “INDIAN

PHARMACEUTICAL ALLIANCE” having its registered office 115/11,

GROUND FLOOR, WORLD TRADE CENTRE. BABAR ROAD,

CONNAUGHT PLACE, NEW DELHI - 110001, the main object of as

follows:-

(a) To support the development of international and regional policies, which
seek to ensure, access to medical care for all customers.

(b) To promote balanced and generic friendly intellectual property ri/;;hts in
the pharmaceuticals sector to ensure that timely access to markets is
guaranteed for new and generic pharmaceutical‘ prdducts.

(c) To promote the global harmonization relating to generic products.

(d) To support the right of all governments to regulate their own pricing,

(¢) To suggest measures for enhancing pharmaceutical research in India,
both in the areas of basic as well as applied research.

(H To interact with the environmental érotecti()n agencies to evolve
“uniform standards of environmental protection measures across the

~ country and ensure implementation of the same.

(g) To suggest measures to strengthen the pharmaceutical pricing

framework that ensures an equitable pricing system for industry and

consumers.
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(h)  One of the further object of the society is to promote cause of generic
pharmaceutical industry and to provide support. for the development of
competition on the off Patent pharmaceutical sector and to prepare
position papers for representing India at international for a to highlight
the problems face by generic pharmaceutical companies in international
market. It also aims at strengthening regulatory agencies for patenting
registration and quality assurance of drugs and pharmaceuticals by
providing gaudiness to government and international organization in
improving the regulatory and legal expertise relating to registration and
marketing of drugs and pharmaceutical. It also further aims at
interacting with the regulatory authorities to streamline the guidelines
for clinical trials and bio-equivalence studies, to ensure expeditious

registration of new as well as existing drugs.

The opposed patent application is for “Polymorphs of acyl sulfonamides™
The application discloses novel polymorphic crystalline forms of 2-[4-
bromo-3-(3-chloro-5cyano-phenoxy)-2-fluoro-phenyl]-N-(2-chloro-4-propionyl

sulfamoyl-phenyl)-acetamide, sodium salt (Ib)

CIOTeL S

Ny

with 1mproved stability and phycical properties which facilitate
manufacturing, handling and formulating for treatment or prophylaxis of HIV

mediated diseases, AIDS or ARC, in monotherapy or in combination therapy.

Although a representation of Opposition can be made by “any person”, “in
writing” under Section 25(1) of The Patents Act, 1970; however, the Opponents
interest in opp;osing this application is substantial and real. The Opponents,

therefore, have locus standi in opposing this application.

It is respectfully submitted that the Opposed  Application entitled
“POLYMORPHS OF ACYL SULFONAMIDES? has been filed on March 7,
2011 and published in the Official Journal of the Indian Patent office on June 8,




fa

2012. The specification of Opposed Application is attached herewith as
Document 6 (D6).

The Opponents are filing this Representation by way of Opposition against
Indian Patent Application No. 1576/CHENP/2011 (the Opposed Application),
along with documentary evidence and facts in support thereof.

In this representation by way of opposition, the following grounds enumerated
in Section 25 (1) of The Patents Act, 1970 are relied upon (hereinatter referred

to as the “Act”):

(@) that the applicant for the patent or the person under or through whom he
claims, wrongfully obtained the invention or any part thereof from him or from
a person under or through whom he claims,

(b) that the invention so far as claimed in any claim of complete specification
has been published before the priority date of the claim —

i)in any specification filed in pursuance of an application for a patent made in
India on or after the I*' day of January, 1912; or

ii) in India or elsewhere, in any other document

Provided that the ground specified in sub-clause (ii) shall not be available
where such publication does not constitute an anticipation of the inven/if)h by
virtue of sub-section (2) or sub-section (3) of section 29;

(c) that the invention so far as claimed in any claim of the complete
specification is claimed in a claim of a complete specification published on or
after the priority date of the applicant’s claim and filed in pursuance of an
application for a patent in India, being a claim of which the priority date is
earlier than that of the applicant’s claim;

(d) that the invention so far as claimed in any claim of the complete
specification was publicly known or publicly used in [ﬁdia ‘beforev the priority
date of the Qld!im.

Explanation:- For the purpose of this clause, an invention relating to a process
Jor wh‘ich a patent is claimed shall be deemed to have been publicly known or
publicly used in India before the priority date of the claim if a product made by
that process had already been imported into India before that date expect where
such importation has been for the purpose of reasunable trial or experiment

only;
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Document 6 [D6] - Specification of Opposed Application.

LACK OF NOVELTY

In connection with the above mentioned ground of Opposition, we would rely
upon the following documents, which were available to public prior to the

priority date of the Opposed Application:

Document 1 [D1}-US20050239881 published on 27" October 2005

Claim 1 of the opposed application lacks novelty over D1

Claim 1 of opposed patent application “A crystalline form of a compound

according to formula Ib”

N
\\ Oﬁ/\"}
[+
B¢ ° P /,N/ﬂ\/
1 o Na*
11

lacks novelty from following reason.

D1 discloses the compound 1-63 (Paragraph [0068], Table 1) on claim 4 and
claim 14 thereof, and describes a process for its preparation is the same g5 the
compound Ib indicated in claim 1 of opposed patent application. Further,
discloses compound in DI is in <olid farm  Thic must have heen either
crystalline or amorphous form hence, is not novel. Therefore, claim 1 of

opposed patent application not novel over DI.

Ciaims. 1 to 18 of the opposed application iacks novelty over D1

D1 discloses the same compound as discloses in opposed patent application.
The compound Ib was obtained in DI in solid form. Discloses compound must
have been either crystalline or amorphous form. Therefore, opposed patent
application not novel in that the subject —matter of claims 1 to 17, which relates
to crystalline forms, and claim 18 which relates to the amorphous form of Ib.

Therefore, claims 1 to 18 of opposed patent application not novel over D1.
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crystalline or

LACK OF INVENTIVE STEP

It is respectfully submitted that the alleged invention as described and claimed
in the opposed specification lacks inventiveness and is obvious to a person
skilled in the art. It is still obvious and lacks inventive step in view of the

teachings contained in the following documents:

Document 1 [D1] - US20050239881 published on 27" October 2005
Document 2 [D2] - Drugs and Pharmaceutical Sciences, Volume-95,
Polymorphism in pharmaceutical solids, Chapter-5, “Generation of Polymorphs,
Hydrates, Solvates and Amorphous Solids”, Page no. 183-186, 1999; By J.
Keith Gnillory, Edited by Harvy G. Brittain.

Document 3 [D3] - Crystalline Polymorphism of Organic Compounds by Mino
R. Caira. pages 163-203 in Topic in Current Chemistry. vol. 198 published by
Springer Verlag.

Document 4 [D4] — Knapman, U; Modern Drug Discovery, 2000, 57.
Document 5 [D35] — European Journal of Pharmaceutics & Biopharmaceutics,

S5 (2003). 345-349.

Claim 1 of the opposed patent application is obvious over D1 and general

art /

Claim 1 of the opposed patent application “A crystalline form of a compound

according to formula Ib”
o (]
Br 0/)’(,/&/
B Ne* .
L]

1s obvious over following reason.

i

D1 discloses the compound [-63 (Paragraph [0068], Table 1) on claim 4 and
claim 14 thereof, and describes a process for its preparation is the same as the
compgmnd Ib indicated in claim 1 of opposed patent application. Further,
discloscs compound in DI is in solid form. This must have been either
amorphous form. A person skilled in the art who is working in the
ficld of organic chemistry is very well aware about the importance and

advantages rvstalli .
\wes of crystalline form. Further, It is also well known that organic
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compounds exhibit polymorphism and most of the compounds can exist in more
than one polymorphic form including their different salts forms (D2, Page-184-
186). According to D3, a systematic investigation of a compound to determine
whether it is prone to polymorphism or not is a matter of routine practice in
pharmaceutical pre-formulation studies. Further, as per (D4) commercial
software package are available to predict the possible polymorphs of an organic
compound from its molecular structure. So, it is very easy to predict for possible
polymorphic form of known compeound. D1 disclosed the preparation of
Compound Ib. The skilled person, having the commonly available knowledge
that temperature and other process parameters may be altered for obtaining
alternate polymorphic forms, would try to alter these conditions and thereby
reach the polymorphic forms by routine experimentation.

The patent document does not provide any specific surprisiﬁg eftects for the
new polymorphic form than the prior art crystalline form. In absence of any
data, one cannot conclude that the new form will have the same effect of the
earlier known forms.

This is because it is known that different polymorphic forms of the same
substance differ in their therapeutic activity to the extent that one of the
polymorphic form may be toxic. Thus, it is reported tliat one polymorph of
chloramphenical-3-palmitate can have 8 fold higher bioactivity than thé other,
creating the danger of fatal doses wiien the unwanted polymorph is unwittingly
adminisiered (D+). Another such example of different polymorphic forms of the
same substance having different therapeutic profile as well as toxicity profile is
reported for Mebendazole in DS. Theréfore, one cannot extrapolate the
properties, specifically pharmaceuticai properties, of one polymorphic form to
the other, and opposed patent application has prepared a new polymorphic form
of unapproved compound. Thus, the present invention is not patentable because
it fails to provide any utility for the new polymorphic form.

Further, the new polymorphic form does not provide any data showing the new
form to be in any way superior or showing any superior beneficial properties
compared to the known form. Therefore, since making alternate polymorphic
forms of a substance is a routine exercise well within the skills of a person

skilled in the art, in the absence of any superior beneficial/surprising effect, the



present invention as claimed in claim 1 of the opposed patent is obvious and no
patent can be granted for this invention. .

Further, claim 1 of opposed patent application not novel. Therefore, claim | of
opposed patent application does not fulfill the criteria of non-obviousness. and

obvious over D].

Claim 2 of the opposed patent application is obvious over general art

Claim 2 of the opposed patent application “A4 process for preparing a
polymorph of the crysialline form of claim 1, comprising crystallizing the

compound (Ib) from THF, water, and nBuAc” is obvious over following reason.

Claim 2 of opposed patent application stated process of crystallizing compound
comprising THF, Water, nBuAc. Selection of solvent it is depended on the
solubility of the compound. A person skilled in the art working in the tield of
organic chemistry, he would able to chose suitable solvent for crystallization.
Hence with the teachings of general art any person skilled in the relevant art
who is working in the field of organic chemistry is capable enough to prepare
crystallization comprising THF, Water and nBuAc as a solvent. Further, claim 2
of opposed patent application depend on claim 1 of opposed patent application,
and claim 1 of opposed patent application not novel as well as obvfous.

Therefore, claim 2 of opposed patent application does not fulfill the criteria of

non-obviousness and not comnricing any inventive steps

Claims 3 to 11 of the opposed patent application is obvious over D1 and

general art

Claim 3 of the opposed patent application “A polymorphic crystalline. form

(Form I) of the compound of claim 1 with an x-ray powder diffraction trace

having a D-spacing essentially as shown:

D-space | I/Ip X 100 | D-space |1/Ip X 100
15.1 100.0 6.0 39.5
10.9 219 32 30.0

Claim 4 of the opposed patent application “A polymorphic crystalline form
(Form 1}) of the compound of claim | with an x-ray powder diffraction trace

having a D-spacing essentially as shown:




D-space | I/l X 100 | D-space | I/Ip X 100
13.2 100.0 7.6 17.3
9.8 44.0 53 30.5
7.9 20.9

Claim 5 of the oppcsed patent application “A polymorphic crystalline form
(Form {Il) of the compound of claint 1 with an x-ray powder diffraction trace

having a D-spacing essentially as shown:

D-space | 1/Ip X 100 | D-space | I/l X 100
6.8 100.0 3.7 36.9
4.6 44.0 3.6 42.7
4.4 31.7 3.4 323
4.1 31.5

Claim 6 of the opposed patent application “A polymorphic crystalline form
(Form [V) of the compound of claim 1 with an x-ray powder diffraction trace

having a D-spacing essentially as shovwn:

D-space | I/lp X 100 | D-space | I/Ip X 100
12.9 43.0 4.6 25.6
11.3 100.0 4.0 23.7

Claim 7 of the opposed patent application “A polymorphic crystalline /-"orm
(Form V) of the compound of claim 1 with an x-ray powder diffraction irace

having a D-spacing essentially as shown:

D-space | I/Ip X 100 | D-space | 1/Ip X 100
13.9 56.2 5.5 454
10.8 58.2 3.4 54.9
10.1 100 © 3.2 27.5
5.7 87.7

Claim 8 of the opposed patent application “A polymorphic crystalline form
(Form VI) of the compound of claim 1 with an x-ray powder diffraction trace

having a D-spacing essentially as shown:

D-space | IVIp X 100 | D-space | 1/Ip X 100
13.4 100.0 5.4 37.6
10.9 384 3.6 41.8

i 9.8 48.4 3.4 38.8
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5.7 40.1 321

Claim 9 of the opposed patent application "4 pOl}’)ﬁOl‘phiC crystalline form

(Form VII) of the compound of claim I with an x-ray powder diffraction trace

having a D-spacing essentially as shown:

D-space | I/l X 100 | D-space ! I/l X 100
13.9 100.0 3.7 26.2
10.2 334 3.4 36.7
5.6 33.0 3.3 27.9

Claim 10 of the opposed patent application A polymorphic crystalline form
(Form VIII) of the compound of claim I with an x-ray powder diffraction trace

having a D-spacing essentially as shown:

D-space | VI X 100 | D-space | 1/Ip X 100
7.2 65.6 4.1 152
6.7 343 39 100.0
6.1 453 3.4 134
4.7 53.9
B

Claim 11 of the opposed patent application “A, polymorphic crystalline form
(Form IX) of the compound of claim 1 with an x-ray powder diffraction trace

having a D-spacing essentially as shown:

D-space | I/l X 100 | D-space | I/Ip X 100 /
7.2 65.6 4.1 5.2
6.7 343 3.9 100.0
6.1 453 3.4 43.4
4.7 539

It is also well known that organic compounds exhibit polymorphism and most
of the compou}nds can exist in more than one polymorphic form including their
different salts forms (D3, Page-184-186). According to D2, a systematic
investigation of a compound to determine whether it is prone to polymorphism
or not is a matter of routine practice in pharmaceutical pre-formulation studies.
Claims 3 to 11 of opposed patent application describe the X-ray powder
diffraction data of form I to IX It is well know in general art to characterize

polymorphic form of a compound by X-ray powder diffraction method D2). A



skilled person from knowledge of D3 and reading of D2 can acquire data from
X-ray. Finding the XRD or other physical characterization data of a known
compound is not inventive. Further, a claim 3 to 11 of opposed patent
application is depends on claim 1 of opposed patent application and claim 1 of

opposed patent applicaticn does not fulfill the criteria of novelty over D1,

(WS

Therefore, claims 3 to 11 of opposed patent application is obvious over D2, D

and general art.

Claim 17 of the opposed patent application is obvieus over D1 and general
art

Claim 17 of the opposed patent application “A pharmaceutical composition
comprising any one of the polymorphic crystalline form of claims 3-11 in
admixture with at least one pharmaceutically acceptable carrier, diluents or

excipient” 1s obvious over D1 and general art following reason.

Claim 17 of opposed patent application directed towards a pharmaceutical
composition comprising polymorphic crystalline focrm of Ib. DI is directed
towards compounds having a pharmaceutical activity. It is considered,
therefore, that it would be obvious for the skilled person to provide a
pharmaceutical composition comprising Ib. Further, Several books and g/ﬁ‘neral
art [e.g. (1) Remington: The Science and Practice of Pharmacy, Volume [ & II.
19th edition, (2) Pharmaceutics: The Science of Dosage Form Design edited by
M. E. Aulton (1998 edition), (3) Pharmaceutical Dosage Forms and Drug
Delivery Systems by Anacl, Popovich and Allen, 6™ edition, (4) The Theory
and Practice of Industrial Pharmacy, by Lachman, Lieberman and Kanig. 3%
edition, (5) Pharmaceutical Dosage form: Tablets, Volume - II edited by
Lieberman Lachman and Schwartz 2 edition] are available which teach
preparation of pharmaceutical compositions and other pharmaceutical
compositiop§ along with use of pharmaceutically acceptable carriers, excipients
and diluents to a person skilled in the relevant art. Hence with the teachings of
aforementioned prior art any person skilled in the relevant art who i1s working in
the field of formulation and development is capable enough to prepare
pharmaceutical composition comprising polymorphic crystalline form of

compound Ib with the suitable pharmaceutically acceptable carrier.
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The objection against obviousness could have been overcome by showing any
surprising/superior or unexpected effect of the allegedly claimed pharmaceutical
composition but no evidences from the opposed specification are revealed that
the pharmaceutical composition of the present invention has any unexpected
effect.

Theretore, one has to reach the conclusion that the pharmaceutical composition
allegedly claimed in Claim 17 of the opposed application is well within the
capabilities of those skilled in the art and therefore Claim 17 is deemed to be
obvious in the light of above submissions.

Therefore, claim 17 of the opposed patent application is obvious over general

art.

Claim 18 of the opposed patent application is obvious over D1 and general

art

Claim 18 of the opposed patent application “A pharmaceutical composition
comprising of the amorplious state of lb in admixture with at least one
pharmaceutically acceptable carrier, diluents or excipient” is obvious over D1

and general art following reason.

Claim 18 of opposed patent application directed towards a pharmaafeutical
composition comprising amorphous Ib. D1 is directed towards compounds
having a pharmaceutical activity. It is considercd, therefere, that it would be
obvious for the skilled person to provide a pharmaceutical composition
comprising Ib. Further, Several books and general art {e.g. (1) Remington: The
Science and Practice of Pharmacy, Volume I & II. 19th edition, (2)
Pharmaceutics: The Science of D(i)sage Form Design edited by M. E. Aulton
(1998 edition), (3) Pharmaceutical Dosage Forms and Drug Delivery Systems
by Anacl, I’;opovich and Allen, 6" edition, (4) The Theory and Practice of
Industrial Pharmacy, by Lachman, Lieberman and Kanig. 3" edition, (%)
Pharmaceutical Dosage form: Tablets, Volume - II edited by Lieberman
Lachman and Schwartz 2™ edition] are available which teach preparation of
pharmaceutical compositions and other pharmaceutical compositions along with
use of pharmaceutically acceptable carriers, excipients and diluents to a person

skilled in the relevant art. Hence with the teachings of aforementioned prior art



)

any person skilled in the relevant art who is working in the field of formulation
and development is capable enough to prepare pharmaceutical composition
comprising amorphous form of compound Ib with the suitable pharmaceutically
acceptable carner.

The objection against obviousness could have been overcome by showing any
surprising/superior or unexpected effect of the allegedly claimed pharmaceutical
composition but no evidences from the opposed specification are revealed that
the pharmaceutical composition of the present invention has any unexpected
effect.

Therefore, one has to reach the conclusion that the pharmaceutical composition
allegedly claimed in Claim 18 of the opposed application is well within the
capabilities of those skilled in the art and therefore Claim 18 is deemed to be
obvious in the light of above submissions. |

Therefore, claim 18 of the opposed patent application is obvious over general

art.

Claim 16 of the opposed patent application is obvious over D1 and general

art

Claim 16 of the oppoused patent apphication “Use of any of the polymor/p’hic
crystalline form of claims 3-11 and the a prujpris state pf Ib for the preparation
of medicament for the therapeutic and/or proﬁ/wlactic treatment of diseases
which are associated with HIV" is obvious over D1 and general art following

reason.

D1 teaches in the c;fample 51 and 52 that the compound I-63 is the use for the
preparation of medicament for the therapeutic and/or prophylactic treatment of
diseases which are associated with HIV. Claim 16 also describe the same
compound forj; the preparation of medicament for the therapeutic and/or
prophylactic treatment of diseases which are associated with HIV. Therefore it
is respeetfully submitted that Claim 16 of the present application is well within
the capabilities of those skilled in the art and is obvious in the light of above
submissions.

Therefore, claim 16 of the opposed patent application is obvious over D1 and

general art.
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NON-PATENTABLE SUBJECT MATTER

Section 3(d)

According to Section 3(d) of Indian Patent Act, “the mere discovery of a new
form of a substance which does not result in the enhancement of a known
etticacy of that substance or the mere discovery of a new property or ncw use of
a known process, machine or apparatus unless such known process results in a

new product or emplovs at least one new reactant.

Explanation: For the purpose of this clause, salts, esters, ethers, polymorphs,
metabolites, pure form, particle size, isomers mixtures of 1somers, complexes,
combinations and other derivatives of known substance shall be considered to
be the same substance, unless they differ significantly in properties with regard

e

to efficacy.

Claims 1 to 15 are not patentable under section 3(d) of the Act

It is respectfully submitted that the polymorphic form of 2-[4-Bromo-3-(3-
chloro-5-cyano-phenoxy)-2-fluoro-phenyl]-N-(2-chloro-4-propionylsulfamoyl-
phenyl)-acetamide sodium of the present invention does not fulfill the
requirement to be patentable under Section 3(d) and hence is not paténtable

under Section 3(d) of the Indian Patent Act for following reason.

It is respectfully submitted that claims 1-15 of the opposed patent application
are not and invention within the meaning of this Act or are not patentable under
Section 3(d) of this Act. According to Section 3(d) of Indian Patent Act, mere
discovery of new form in way of salt of known substance is _nbt patentable
unless there is increase in therapeutic efficacy. Applicant of patent has not
showing any ’;surprising effect to prove better efficacy or comparison data of the
claimed polymorphic form of 2-{4-Bromo-3-(3-chloro-5-cyano-phenoxy)-2-
ﬂuo;o-phenyl]-N-(2-chloro-4-propionylsulfamoyl-phenyl)-acetamide sodium
compared to prior art compound. Further, applicant has not provided any
comparative data of the new crystalline form that shows the new form to be in

any way superior or showing any superior beneficial properties compared to the

‘known compound.
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According to Intellectual Property Appellate Board (IPAB) decision dated 26™
June 2009, a new form of a known substance can be patentable provided they
show substantial improvement in the therapeutic efficacy as compared to prior
art. This means there has to be an improvement in the therapeutic content or
capacity in the same amount of drug compound of the present invention vis-a-
vis prior art compound or marketed drug. Thus according to the decision of
Intellectual Property Appellate Board (IPAB) pharmacokinetics or

bioavailability increase is not related to therapeutic efficacy.

In such circumstances of failure to prove efficacy of the claimed new crystalline
form of compound 2-[4-Bromo-3-(3-chloro-5-cyano-phenoxy)-2-fluoro-phenyl}
-N-(2-chloro-4-propionylsulfamoyl-phenyl)-acetamide sodium is merely a new
form of known substance which is not patentable u/s 3(d) of the act. Therefore,
the present invention as claimed in claims 1-15 of the present application
constitute non-patentable subject matter as per the provisions of section 3(d) of

the Indian Patent Act.

Section 3(e)

According to Section 3(e) of the Indian Patent Act, “a substance obtained by a
mere admixture resulting only in the aggregation of the properties of the

components thereof or a process for producing such substance;”

Claim 17 are not patentable under Section 3(e) of the Act

Claim 17 of the opposed patent application are not patentable under Section 3(e)

for the following reason.

Claim 17 of the opposed patent application describe the pharmaceutical
composition éomprising any one of the polymorphic crystalline form of claims
3-11 in admixture with at least one pharmaceutically acceptable carrier, diluents
or excipient. Further, the opposed application does not state anything surprising
or superior regarding the pharmaceutical composition of the present invention;
hence in absence of such essential information, the pharmaceutical composition
of the present invention is deemed to have no surprising effect. In absence of

any data to the contrary such pharmaceutical composition will be consider a
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substance obtained by a mere admixture and therefore is not patentable under
Section 3(e) of the Indian Patents Act, 1970 as amended by the Patents

(Amendment) Act, 2005.

Therefore, in absence of any synergistic effect of the pharmaceutical
composition comprising any one of the polymorphic crystalline form of claims
3-11 in admixture with at least one pharmaceutically acceptable carrier, diluents
or excipient is not patentable under Section 3(e) of the Indian Patents Act. 1970

as amended by the Patents (Amendment) Act, 2005.

Claim 18 are not patentable under Section 3(e) of the Act

Claim 18 of the opposed patent application are not patentable under Section 3(e)

for the following reason.

Claim 18 of the opposed patent application describe the pharmaceutical
composition comprising amorphous state of Ib in admixture with at least one
pharmaceutically acceptable carrier, diluents or excipient. Further, the opposed
application does not state anything surprising or superior regarding the
pharmaceutical composition of the present invention; hence in absence of such
essential information, the pharmaceutical composition of the present inve;ﬁtion
is deemed to have no surprising effect. In absence of any data to the contrary
such pharmaceutical 'composition will be consider a substance obtained bv a
mere admixture and therefore is not patentable under Section 3(e) of the Indian

Patents Act, 1970 as amended by the Patents (Amendment) Act, 2005.

Therefore, in absence of any synergistic effect of the pharmaceutical
composition comprising amorphous state of Ib in admixture with at least one
pharmaceutically acceptabl'e“ éarrier, diluents or excipient is not patentable under
Section 3(e) _(3f the Indian Patents Act, 1970 as amended by the Patents
(Amendment) Act, 2005,




Lack of clarity and insufficiency according to section 25(1)(g)

Without prejudice to what is submitted above, it is submitted that the Opposed
Application does not contain sufficient information to enable the person skilled
in the art to carry out the alleged invention as claimed.

According to section 12(1) (a) read with section 10(4) of the Indian Patent Act
during the examination the learned Controller considers whether the complete
specification fully and particularly describes the invention;

According to section 25(1) (g), whereas in opposition proceedings the Learned
controller decides whether the complete specification sufficiently and clearly
describes the invention or the method by which it is to be performed.

It is frequently stressed that the monopoly of a patent may only be awarded for
subject matter which is re-workable for the skilled person within the entire
claimed range. Subject matter which is not accessible based on the provided
teaching and by using ordinary skill is to be excluded from the patent

protection.

Claim 2 is directed towards the preparation of a polymorph of the crystalline
form of claim 1. Claim 1 is, however, just directed to a crystalline form and not
a polymorphic form. As such this claim is unclear since there is a contradiction

between claims 1 and 27

Claim 15 of oppused pateat appiication is directed towards a polymorphic
crystalline form of compound Ib prepared by the process of claim2, that is the
product is defined by means of the process. It is considered that this claim does

not clearly identify the polymorph using unique identifying features.

In the description it is stated that the form II can be prepared from
heating/drying; form I (without indicating conditions such as temperature and
pressure), but also by suspending form II in methanol (page 28, without
indicating conditions such as temperature/time). Form II, however, is
anhydfous, and it is, therefore, impossible to see how the anhydrous form III

can be converted to the hydrate by suspending in methanol.

The application contains an example, example 3, in which it is stated that the

polymorph II is prepared. It appears that the compound Ib is crystallized from a




mixture of at least nBuOH and nBuOAc (considering the conditions used THF
1s expec\ted to be distilled out of the solution) to obtain the polymorph II. These

conditions are not indicated on page 28.

Example 7 describes the preparation of polymorph VII from polymorph III. It is
considered that nowhere in the application is there a specific example for the
preparation of form III (the only preparationvbeing the general description on
page 28, where no crystallization conditions are shown). It is therefore, unclear
how the form VIII can be prepared from this if it is not clear how to obtain the
form 1. Also on page 28, line 17-22 conditions for obtaining form VIII are
describe, the first of these being crystallization from THF/water/butyl acetate
(that is from a ternary solvent mixture). In example 7, however, it is not clear
that the conversion of the dry free acid into the salt is performed using water, it
only states that the Na-2-ethyl hexanoate is soluble but not in what (it could just
mean soluble in THF), then further on in the example it states that the “THF is
replaced by atmospheric distillation by butyl acetate”. The normal interpretation
of replaced is that the first component is removed and substituted by the second
component completely (otherwise the example should have stated partially
replaced, which is not the case). That is the example is worded such that the
skilled man would consider that the final solution from which the crysta},s" are
separated there is no more THF present. The example 7 teaches then that the
crystallization is performed from butyl acetate and not from a ternary mixture of |
THF/water/butyl acetate as stated on page 28. There appears to be a
contradiction within the application which creates unclarity as to how the form

HI can actually be prepared.

The application states‘that the form I can be obtained by crystallization from
THF/water/n-butanol/n-butyl acetate (page-27, line 28-29). Then on page 28 it
is indicated that form III can be obtained by crystallization from THF/water/n-
butanol/n-butyl acetate (page 28, line 4-5). That is from the same solvent
mixturé two separate forms can be obtained. As such it is considered that the
preparation of forms II and III is not defined in such a manner that it is exactly
clear how they are obtained since apparently essential technical features are

missing.




For the forms I, IV, V, VI, VIi and IX there are no concrete examples as to how
they can be prepared apart from the very general indications given on page 27-
28. It appears that it would require extensive experimentation on the part of the
skilled person to determine the conditions under which the desired product can
be obtained, since the application gives no guidance whatsoever as to the

crystallization conditions.

Claim 16 defines the “a,prujpris state pf Ib”. the meaning of this term is not

clear which leads to a lack of clarity of this claim.

Section 25(1)(h)

The controller should verify that the information of corresponding application in
other application in other countries have been correctly provided and if not the

patent application should be rejected under section 8.

It is also respectfully prayed that the Controller should check whether the
Applicant of the opposed application has dutifully informed the status of every
other application relating to the same or substantially the same invention. If any,
tiled in any country outside India subsequently to the filing of the statement
referred to in the Section 8(1)(a) as required under Section 8{1)(b) of the Patents
Act, 1970 as amended by the Patents (Amendment) Act, 2005.{f such
information is not provided, it is respectfully submitted that the opposed patent
under opposition is liable to be rejected on this ground alone. Theretore, it is our
contention that the present application is obvious and constitutes subject matter
which is not patentable under the Indian Patent Act. Therefore, this application

should not be granted.

The Opponents’ hereby submit that Claims 1-18 contained in the opposed
Indian Pa;eﬁt Application No. 1576/CHENP/2011 is not patentable under the
Act.

The Opponents further submits that Claims 1-18 contained in the opposed
Indian Patent Application No.v 1576/CHENP/2011 are not inventive and not
patentable und=- *he Act. The Opposed Application concerns “Polyr:orphs of
acyl sulfonamides”. The Opposed Application does not fulfill the patentability




criteria under the Act. The subject matter of the claims lack of inventive step
over the prior art. The Opposed Application also does not sufficiently and
clearly describe the alleged invention for it to be carried out by a person skilled

in the art.

10.0  Accordmgly, 1t 1s respecttully submitted that the Opposed Application dees not

contain sufticient information to enable the person skilled in the art to perform
the invention disclosed and claimed in opposed Indian Patent Application No.
1576/CHENP/2011. Therefore. this ground of opposition has been established

and the entire Opposed Application ought to be rejected on this ground alene.

~.




. CONCLUSION

v

11.0 In view of the submissions presented above, we humbly pray that:

1) the Indian Patent Application No. 1576/CHENP/2011be dismissed into to;

ii) any other relief as the Learned Controller may deem fit be awarded in

tavor of the Opponents.

As a matter of precaution we request the Learned Controller to grant us an oral hearing

before disposing of this application.

Dated this tllelé/ti:y of L& 2012 \/\/ 7{ Wira

Naygn J Rawal
Constituted Attorney
for the Opponent
[PANO 654
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7 ABSTRACT

The present invention provides compounds for treating or
preventing an HIV infection, or treating AIDS or ARC
comprising administering a compound according to formula
I where Ar, R*-R%, R, R7, R7, R8-R*, X!, X* m, n, 0 and
p are as defined herein.

o
R* H

xl
R’ Ar
R! R’

R2
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12
TABLE 1-continued

Cpd. .

No. NAME MS MP

[-63  2-[4-Bromo-3-(3-chloro-5-cyano-phenoxy)-2-fluoro- (M + D" 630  164.8-166.2

- phenyl}N-(2-chloro-4-propicnylsulfamoyl-phenyl)-

acetamide; sodium salt

1-64  2-[3-(3-Chloro-5-cyano-phenoxy)-4-methoxy-phenyl}-N- (M) + 505 186.3-189.7
(2-chloro-4-sulfamoyi-phenyl)-acetamide

1-65 2{3-(2-Chloro-5-cyano-phenoxy)-4-methoxy-phenyl}-N- M) + .471 252.3-254.3
(4-sulfamoy!-phenyl)-acetamide

1-66  2-[3-(2-Chloro-S-cyano-phenoxy)-4-methoxy-phenyl}-N- (M) + 485 232.9-236.9
(2-methyl-4-sulfamoyl-phenyl)-acetamide

[-67  2-{3-(2-Chloro-3-cyano-phenoxy)-4-methoxy-phenyl]-N- (M) + .505 214.6-216.4
(2-chloro-4-sulfamoyl-phenyl)-acetamide

[-68  2-{4-Chloro-3-(4-cyano-2,6-dimethyl-phenoxy)-phenyl])-N- (M + H)* 425 183.9-185.1
(2-chloro-phenyl)-acetamide

1-69  2-{4-Chloro-3-(3,5-dicyano-phenoxy)-phenyl} N-(4-
methylsulfamoyl-phenyl}-acetamide

I-70  2-[4-Chloro-3-(3,5-dicyano-phenoxy)-phenyt} N-(4-
dimethylsulfamoyl-phenyl)-acetamide

1-71  2-[4-Chloro-3-(3,5-dicyano-phenoxy)-phenyl} N-[4-
(piperidine-1-sulfonyl)-phenyi}-acetamide

172 2-[4-Chloro-3-(3,5-dicyano-phenoxy)-phenyl} N-{4-
(morpholing-4-sullonyl)-phenyl Facetamide »

173 2-[3-(3-Chloro-5-cyano-phenoxy)-4-methoxy-phenyl]-N- (M- H)" 484  2223-2243
(2-methyl-4-sulfamoyl-phenyl)-acetamide

[-74  2-[3-(3-Chloro-5-cyano-phenoxy)-2-fluoro-4-methyl- (M-H) 486  230.0-232.2
phenyl}N-(2-methyl-4-suifamoyl-phenyl)-acetamide

-75  2-[4-Chloro-3-(3-cyano-5-difluoromethyl-phenoxy)-2- (M + H)* 524
fluoro-pheny|}-N-(2-methyl-4-sulfamoyl-phenyt)-acetamide

176 2-[4-Chloro-3-(3,5-dicyano-phenoxy)-phenyl FN-(2-chloro-
4-methanesulfonyl-phenyl)-acetamide

177 N-{4-((S)-2-Amino-3-methyl-butyrylsuifamoyl)-2-methyl- (M + H)* 607  169.0-180.3
phenyl}2-{4-chloro-3-(3-chloro-5-cyano-phenoxy)-2-
fluoro-phenyl]-acetamide; compound with hydrochloric acid

178 2-{4-Chloro-3-(3,5-dicyano-pheaoxy)-phenyl FN-(3-
cy thoxy-phenyl)-acetamid

I-79  2-[4-Chloro- 3-(3,5-dicyano-phenoxy)-phenyl} N-(4-
methanesulfonyl-phenyl)-acetamide

[-80  3-Chloro-4-{2-[4-chloro-3-(3,5-dicyano-phenoxy)-phenyl}
acetylamino }-benzoic acid methy} ester

1-81 2-[4~Chloro~3-(3,5-dicyanmphcnoxy)-phenyl}N;{4~[(2—
hydroxy-ethyl)-methyl-sulfamoyli}-phenyl}-acetamide

1-82  2-{4-Chloro-3-(3,5-dicyano-phenoxy)-phenyl} N-[4-(4-
hydroxy-piperidine- 1-sulfonyl)-phenyl}-acetamide

-5 ¢-13-0-Cnioro-5-cyano-phenoxy)-2-flucra-4-methyl- (M- H)" 506 228.9-230.6
phenyl}N-(2-chloro- 4-sulfamoyl-phenyl)-acctamide

[-84  N-(2-Chioro-4-sulfamoyl-phenyl)-2-[3-(3-cyano-5- (M - H)" 522 218.0-218.7
difluoromethyl-phenoxy)-2-fluoro-4-methyl-phenyl}-
acetamide

-85 2{3-(3-Cyano-5-difluoromethyl-phenoxy)-2-fluoro-4- (M + H)* 504 218.0-220.4
methyl-phenyl}-N-(2-methyl-4-sulfamoyl-phenyl)-acetamide :

[86  N-(2-Chloro-phenyl)-2-{3-(3-cyano-5-difluoromethyl- (M+H)" 445  163.3-164.4
phenoxy)-2-fluoro-4-methyl-phenyl}-acetamide

1-87 2-{4~Chlorry3-(3-chloro-5-cyan&phenoxy)-z-ﬂuoro- (M+H)" 613  261.8-263.6
phenyl}N-{2-methyl-4-{(pyridinc-3-carbonyl)-sulfamoyl}
phenyl}-acetamide; compound with hydrochloric acid

188 2-[4~Chloro-3-(3-cynno—S-(riﬂuoromeLhyl-phenoxy)- (M -~ H)” 508 219-221.4
pheny!}-N-(4-sulfamoyl-phenyl)-acetamide

-89 2-[4-Chloro-3-(3-cyano-S-trifluoromethyl-phenoxy)- (M~H) 522 211.6-214.6
phenyl}N-(2-methyl-4-sulfamoyl-phenyl)-acetamide

[-90  2-{4-Chloro-3-(3-cyano-5-trifiugromethyl-phenoxy)- (M-H)" 542  198.0-202.0
phenyl]—N—(Z-chloro-4—sulfam‘ -phenyl)-acetamide

191 2-[3-(3~Cynno—S-diﬂuoromc;h'yl-phcnoxy)-4—clhyl-phcnyl}- (M +H)*" 486  188.0-198.0
N-(4-sulfamoyl-phenyl)-acetamide '

1-92 2-{3-(3-Cyano—5-diﬂuoromet.hyl-phenoxy)d—melhoxy- (M + H)* 488  213.9-214.2
phenyl}-N-(d-sulfamoyl-phenyl)-acetamide

193 2-[3-(3-Cyanc>5,—d}ﬂuorome!hyl-phenoxy)#mc(hoxy- M +1I)" 502 175.0-177.2
phenyl}-N-(2-methyl-4-sulfamoyl-phenyl)-acetamide

[-94  N-(2-Chloro-4-sulfamoyl-phenyl)-2-{3-(3-cyano-5- (M- H)" 520 1850-1879
difluoromethyl-phenoxy)-4-methoxy-phenyl} acetamide

195 2~{4~Chloro-3‘[3-cyano—S-(l,l-diﬂwmtchyl)-phenoxyj-2- (M-H)"522  207.0-209.8
fluoro-phenyt}-N-(4-sulfamoyl-phenyl)-acetamidc

1-96 2-{4—Chloro-3-[3—cyano~5-(l,I;diﬂuom-eLhyl)-pbenoxy]—2— (M+H)"s38  198.5-201.0

fluoro-phenyl}-N-(2-metbyl-4-sulfasioyl-phenyl)-ccetamide

Oct. 27, 2005
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We claim:
1. A compound according to formula 1

0]
R? i1

wherein
X! is —0—;

R and R? are (i) cach independently selected from the
group consisting of hydrogen, C,, alkyl, C,,
haloalkyl, C._; cycloalkyl, C, ¢ alkoxy, C,_ ¢ alkylthio,
CM alkylsulfinyl, C, ¢ sulfonyl, C, ¢ haloalkoxy, C, ¢
haloalkylthio, balogen, amino, alkylamino, dialky-

58

lamino, aminoacyl, nitro and cyano; or, (ii) together R .

and R* are —O—CH=CH— or —0—CH,CH,—
provided that R! is not hydrogen;

R® and R are independently selected from the group
consisting of hydrogen, C_ alkyl, C, ¢ haloalkyl, C, ¢
alkoxy, C,_; haloalkoxy C, ¢ alkylthio, C,_¢ haloalky-
Ithio, halogen, amixzo, nitro and cyano;

R’ is aryl substituled with one 1o three substituents inde-
pendently sclected from the group consisting of C, ¢
alkyl, C,. alkeny!, C,, alkynyl, —C=CCH,OH,
—C=CCH;NMe,, C, ¢ haloalkyl, C; 4 cycloalkyl, C, ¢
alkoxy, C, . alkylthio, C, ¢ alkylsulfinyl, C,_¢ sulfoayl,
C,.¢ haloalkoxy, C, ¢ haloalkylthio, hydroxy, halogen,
nitro and cvano, said alkyl and said cycloalkyl are
optionally substituted with one or two substituents
independently selected from the group cossisting of
alkyl, hydroxy, alkoxy, thiol, alkylthio, halogen, amino,
alkylamino, dialkylamino, -amino alkyl, alkylami-
noalkyl, and dialkylamino;

Ar is a substituted phenyl ring according to formula Ila

- with the proviso that R”* and R’ are not both hydrogen’

or if R is hydrogea, then R™ is chlorine:

1a

R™ is selected from the group consisting of hydrogen,
Cis ulkyl, C,, haloakyl, C,¢ alkoxy, C,,
haloalkoxy, halogen and cyano;

R™ in each incidence is independently selected from °

the group consisling of C, ¢ haloalkyl, C, ¢ alkoxy,
C, ,alkylthio, C, ; alkylsulfinyl, C, ¢ sulfonyl, amino
C,.¢ alkylsulfonyl, SO,NR**R*®, C, . haloalkoxy,
, C, . haloalkylthio, hydroxy, amino, C, ¢ alkylamino,

Oct. 27, 2005

C,¢ dialkylamino, aminoacyl, acyl, CONR®R®,

nitro, cyano, Cis heteroalkoxy,
—X¥(CH,),S(0),NR°R®,
—X*(CH,), NHC(O)NHR®R®,
-—X (CHz)pS(O)zNRBR9 and
—X*(CH,) NHCOOR™®,

R is selected from the group consisting of C, 4
heteroalkoxy, —S(0),NR®R®,
—X2CH,(CH,),S(0),NR°R®;

—X*(CH,),NHC(O)NHR®*R®, X%CH,),CoNR°R®,
—SO,R*, —NR°R®, X*(CH,),NR''S(0),NR°R’,
—X*(CH,),NHCOOR™, ~ —X®(CH,),COOR™,
—X5(CH,),CN, —OR** and O(=0)CH,N[(CH_),]
X4

R® and R® (i) taken independently, onc of R® and R® is
hydrogen or C,_ alkyl and the other of R® and R® is
selected from the group copsisting of hydrogen,
—C(=0)R*, —C(=O0)CR'™NH,, —(CH,),N
[(CH,),,0, COCOMe, C;, cycloalkyl sad
cycloalkyl optionally substituted with one or two
hydroxyl substituents, pyranyl, C, ¢ alkyl and aryl said
alkyl and said aryl groups optionally substituted with
one or two substituents independently selected from the
group consisting of hydroxy, C, s alkoxy, thiol, C, ¢
alkylthio, C, ¢ alkylsulfiny], C, 4 sulfonyl, and halogen;
or, (i) R® and R® taken together are (CH,),—X*—
(CH,),, —(CH,),— or (CH.,),S(0),— optionally sub-
stituted with one or two substitucnts sciccted from the
group consisting of halogen, hydroxyl and NR*R*";

R'®is C, ¢ alkyl;

R*! is hydrogen or C, ¢ alky];

R*** and R™"® are independently R*; /
R!?is the sidechain of a naturally occurring o.-amino acid;
R is C,, alkyl —(CH,),COR™, —(CH,).CN,

—(CH,),NH;, —(CH,) ,OH;
R™ is C,,0 alkyl, —(CH,),NHR**R*®, (CH,),0R",
—CH,CH(OH)CH,, CH,N[(CH,),},0,

—{(CH,),CO,R*, optionally substituted phenyl or
pyridinyl;

RY% is C,.4 alkyl substituted with one to three hydroxyt
groups;

X? is —O— or a bond;

X* is —O— or —NMe-;
X® is —0—, —8(0),— or NR™;
X¢ is O— or —S(0),—;

m is an integer from 0 to 2;
n is an integer from O to 2;
o is an integer from 4 to 6;
p is an integer from 0 to 6;
r is an integer from 3 to 4
s is an integer from 1 to 2;
u is an integer from 2 to 3;

v is an integer from 2 to 6; and,
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17. A compound according to claim 16 wherein R® is
2,4-disubstituted phenyl, 2,5-disubstituted phenyl, 3,5-dis-
ubstituted phenyl or 2,3,5-trisubstituted phenyl.

18. A compound according to claim 17 wherein R® is
substituted with 2 to 3 groups independently selected from
the group consisting of halogen, cyano, C, , alkyl, C,
cycloalkyl and C, ¢ haloalkyl. :

Oct. 27, 2005

19. A compound according to claim 18 wherein R™ is
—S(OYNR®R® or —X>CH,(CH,),S(0),NRR®, K® is
hydrogen and R°® is hydrogen, C(=O0)R'* or

—C(==0)R*3NH,.
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I. METHODS EMPLOYED TO OBTAIN UNIQUE
POLYMORPHIC FORMS

Organic medicinal agents that can exist in two or more solid phases
often can provide some distinct advantages in particular applications.
The metastable solid may be preferred in those instances where absorp-
tion of the drug is dissolution rate dependent. The stable phase may
be less susceptible to chemical decomposition and may be the only
form that can be used in suspension formulations. Often a metastable
polymorph can be used in capsules or for tableting, and the thermody-
namically stable form for suspensions. Factors related to processing,
such as powder flow characteristics, compressibility, filterability, or hy-
groscopicity, may dictate the use of one polymorph in preference to
another. In other cases, a particular form may be selected because of
the high reproducibility associated with its isolation in the synthetic
procedure.

It is essential to ascertain whether the crystalline material that~.

results from a synthetic procedure is thermodynamically stable before
conducting pivotal trials, since a more stable form may be obtained
subsequently, and it may be impossible to produce the metastable form
in future syntheses. Conversion from one polymorph to another can
oceur during processing or upon storage, An additional incentive for

)
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isolating and identifying polymorphs that provides certain advantages
is the availability of subsidiary patents for desirable polymorphic
forms, or for retaining a competitive edge through unpublished knowl-
edge. In 1990 Bym and Pfeiffer found more than 350 patents on crystal
forms granted on the basis of an advantage in terms of stability, formu-
lation, solubility, bioavailability, ease of purification, preparation or
synthesis, hygroscopicity, recovery, or prevention of precipitation {1].

One question that is likely to arise during the registration process
is ‘‘What assurance can be provided that no other crystalline forms of
this compound exist?"’ It is incumbent on the manufacturer of a new
drug substance to show that due diligence has been employed to isolate
and characterize the various solid-state forms of a new chemical entity.
This may seem to be a daunting task, particularly in light of the widely
quoted statement by Walter C. McCrone {2] that ‘‘Those who study
polymorphism are rapidly reaching the conclusion that all compounds,
organic and inorganic, can crystallize in different crystal forms or poly-
morphs. In fact, the more diligently any system is studied the larger
the number of polymorphs discovered.”’ On the other hand, one can
take comfort from the fact that some important pharmaceuticals have
been in use for many years and have, at least until now, exhibited only
one stable form. Indeed, it seems to this author that there must be partic-
ular bonding arrangements of some molecules that are so favorable
energetically as to make alternate arrangements unstable or nonisolat-
able.

In the future, computer programs using force-field optimization
should be perfected to the point where it will be possible to predict,
with confidence, that a particular crystalline packing arrangement is
the most stable that is likely to be found. These programs also may
make it possible to predict how many alternate arrangements having
somewhat higher energy can potentially be isolated [3,4]. Until that
time, the developmental scientist is handicapped in attempting to pre-
dict how many solid forms of a drug are likely to be found. The situa-
tion is further complicated by the phenomenon of *‘disappearing poly-
morphs’’ [5), or metastable crystal forms that seem to disappear in
favor of more strble ones.

Some polymorphs can be detected, but not isolated. Hot stage
microscopy has been used extensively (o study polymorphic translor-
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mations. The microscopist can detect numerous polymorphic transfor-
mations, but the individual polymorphs often prove to be so unstable
that they cannot be isolated by the usual methods. An excelient example
of this is the work of GrieBer and Burger on etofylline [6]. These au-
thors identified five polymorphic forms by thermomicroscopy, but only
stable Modification I could be obtained by recrystallization, even when
seed crystals from the hot stage were used. Similarly, Kuhnert-Brand-
stiitter, Burger, and Véllenklee [7] described six polymorphic forms of
piracetam, only three of which could be obtained by solvent crystalliza-
tion. All the others were found only by crystallization from the melt.
What, then, is a carefu] investigator to do?

In this chapter, the various methods used to isolate polymorphs,
hydrates, and solvates will be described. As Bernstein [8] has observed,
‘“The conditions under which different polymorphs are obtained exclu-
sively or together also can provide very useful information about the
relative stability of different phases and the methods and techniques
that might be necessary to obtain similar structures of different chemi-
cal systems.’’ In this context, it is hoped that the following information
will prove useful in devising a ‘‘screening’" protocol for the preparation
of the various solid state forms of pharmaceuticals. While one cannot
be absolutely certain that no additional forms will be identified in the
future, this approach should provide some assurance that ‘‘due dili-
gence’’ has been exercised to isolate and identify crystalline forms that
are likely to arise during the normal course of drug development and
storage.

A. Sublimation

On heating, approximately two-thirds of all organic compounds are
converted partially from the solid to the gaseous state and back to solid,
i.e., they sublime [9]. While strictly speaking the term sublimation re-
fers only to the phase change from solid to vapor without the interven-
tion of the liquid phase, it is often found that crystals are formed on
cooler surfaces in close proximity to the melt of organic compounds
when no crystals were formed at temperatures below the melting point.
The most comprehensive information concerning sublimation tempera-
tures of compounds of pharmaceutical interest can be found in tables

(@
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in the textbook of Kuhnert-Brandstitter {9]. While the information in
these tables is designed primarily for the microscopic examination of

“Tompounds, it is also possible to utilize it to determine which com-
pounds mizht be susceptible to the application of techniques (such as
vacuum sublimation) that can be carried out on larger scales and at
lower temperatures.

The cublimation temperature and the distance of the collecting
surface from the material undergoing sublimation have a great influ-
ence on the form and size of the crystals produced. The occurrence of
polymorphic modifications depends on the temperature of sublimation.
In general, it may be assumed that unstable crystals form preferentially
at lower temperatures, while at higher temperatures stable forms are
to be expected. Nevertheless, mixtures consisting of several modifica-
tions are f-equently found together. This is the case for barbital and
for estradiol benzoate. It should be obvious that the sublimation tech-
nique is applicable only to those compounds that are thermally stable.

A siniple test can be used to determine if a material sublimes. A
small quantity (10-20 mg) of the solid is placed in a petri dish that is
covered with an inverted watch glass. The petri dish is heated gently
on a hot plate and the watclfn glass is observed to determine if crystals
are growing on it. According to McCrone [2], one of the best methods
for obtaining a good sublimate is to spread the material thinly over a
portion of a half-slide, cover with a large cover glass, and heat slowly
using a Kofler block. When the sublimate is well formed, the cover
glass is removed to a clean slide for examination. It is also possible
to form good crystals by sublimation from one microscope slide to a
second held above it, with the upper slide-also being heated so that its
temperature is only slightly below that of the lower slide. Cooling of
the cover slip by placing drops of various low-boiling solvents on the
top surface will cause condensation of the more ﬁns_tablc forms, the
lower temperatures leading to the most unstable forms., On a larger
scale, a glass cold finger or 8 commercial sublimator can be employed.
Once crystals of various modifications have been obtained, they can be
used as seeds for the solutiop phase crystallization of larger quantities

Form I of 9,10-anthraquinone-2-carboxylic acid was obtained a;
needle-like crystals upon sublimation at temperatures exceeding 250°C
(10]. Fokkens et al. have used sublimation to purify theophylline for

(
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from the literature that for some solutes it is the choice of solvent rather
than the effects of supcrsaturati#ﬂx that determines the form that crystal-
lizes [18]. _ ’

Crystallization of mannitol as a single solute was found to be
influenced by both the initial mannitol concentration and by the rate
of freezing [19]. In the range of 2.5% to 15%, the 8-polymorph is fa-
vored by higher concentrations, whereas the f-polymorph is favored
at lower concentrations. At constant mannitol concentration (10%), the
a-polymorph is favored by a slow freezing rate, whereas the 8-poly-
morph is favored-by a fast freezing rate.

Kancko et al. [20] observed that both the cooling rate and the
initial concentration of stearic acid in n-hexane solutions influenced
the proportion of polymorphs A, B, C, and E that could be isolated.
Garti et al. [21] reported that for stearic acid polymorphs crystallized
from various organic solvents, a corrclation was observed between the
polymorph isolated and the extent of solvent—solute interaction.

The reason for using crystallization solvents having varying po-
larities is that molecules in solution often tend to form different types
of hydrogen-bonded aggregates, and that these aggregate precursors
are related to the crystal structures that develop in the supersaturated
solution [22}. Crystal structure apalysis of acetanilide shows that a hy-
drogen-bonded chain of molecules is aligned along the needle axis of
the crystals. This pattern is characteristic of secondary amides that crys-
tallize in & trans conformation so that the carbonyl acceptor group and

_ the —=NH hydrogen bond donor are anti to one another. The morphology

of acetanilide crystals can be controlled by choosing solvents that pro-
mote or inhibit the formation of this hydrogen-bond chain. Hydropho-
bic solvents such -as benzene and carbon tetrachloride will not partici-
pate in hydrogen-bond formation, so they will induce the formation of
rapidly growing chains of hydrogen-bonded an ides. Crystals grown
by evaporation methods from benzene or carbon tetrachloride are long
needles. Solvents that are proton donors or prcton acceptors inhibit
chain formation by competing with amide molzcules for hydrogen-
bonding sites. Thus acetone inhibits chain growth at the ~NH. end, and
methanol inhibits chain growth at the carbonyl end of the chain. Both
solvents encourage the formation of rod-like acetinilide crystals, while
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mixtures of benzene and acetone give hybrid crystals that are rod-
shaped, with fine needles growing on the ends (23].

Some solvents favor the crystallization of a particular form or
forms because they selectively adsorb to certain faces of some poly-
morphs, thereby either inhibiting their nucleation or retarding their
growth to the advantage of others. Among the factors affecting the
types of crystal formed are (a) the solvent composition or polarity, (b)
the concentration or degree of supersaturation, (c) the temperature, in-
cluding cooling rate and the cooling profile, (d) additives, (¢) the pres-
ence of seeds, (f) pH, especially for salt crystallization, and (g) agitation
221

Martinez-Ohérriz et al. [24] found that Form III of diflunisal is
obtained from polar solvents, whereas Forms I and IV are obtained
from nonpolar solvents. Likewise, Wu et al. {25] observed that when
moricizine hydrochloride is recrystallized from relatively polar sol-
vents (ethanol, acetone, and acetonitrile), Form I is obtained, whereas
nonpolar solvents (methylene chloride or methylene chloride/ethyl ace-
tate) yield Form II. -

In determining what solvents to use for crystallization, one should
be careful to select those likely to be encountered during formulation
and processing. Typically these are water, methanol, ethanol, propanol,
isopropanol, acetone, acetonitrile, ethyl acetate, and hexane. Matsuda
employed 27 organic solvents to prepare two polymorphs and six sol-
vates of piretanide [26].

According to McCrone [27], in a poor solvent the rate of transfor-
mation of a metastable to a more stable polymorph is slower. Hence

_a metastable form once crystallized can be isolated and dried before it

is converted to a more stable phase by solution phase mediated transfor-
mation. In some systems the metastable form is extremely unstable and
may be prepared only with more extreme supercooling. This is usually
performed on a very small scale with high boiling liquids so that a
saturated solution at a high temperature that is suddenly cooled to room
temperature will achieve a high degree of supersaturation [28].
There are many examples in the literature of the use of single
solvents as crystallization screens. Slow crystallization from acetone,
acetonitrile, alcohols, or mixtures of solvents yields the Form A of
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fosinopril sodium, but rapid drying of a solution of this compound
yields Form B, sometimes contaminated with a small amount of Form
A [29]. A rotary evaporator can be used to maintain a solution at the
appropriate temperature as solvent is being removed.

Form I of dehydroepiandrosterone was obtained by recrystalliza-

tion from warm ethyl acetate, acetone, acetonitrile, or 2-propanol. Form .

I was obtained by rapid evaporation, using a vacuum from solutions
in dioxane, tetrahydrofuran, or chloroform (which are higher boiling,
less polar solvents) [30].

C. Evaporation from a Binary Mixture of Solvents

If single-solvent solutions do not yield the desired phase, mixtures of
solvents can be tried. Multicomponent solvent evaporation methods de-
pend on the difference in the solubility of the solute in various solvents.
In this approach, a second solvent in which the solute is sparingly solu-
ble is added to a saturated solution of the compound in a good solvent.
Often a solvent system is selected in which the solute is more soluble
in the component with the higher vapor pressure. As the solution evapo-
rates, the volume of the solution is reduced and, because the solvents
evaporate at different rates, the composition of the solvent mixture
changes.

Occasionally, crystals are obtained by heating the solid in one
solvent and then pouring the solution into another solvent or over
cracked ice. Otsuka et al. [31] obtained phenobarbital Form B by add-
ing dropwise a saturated solution of the compound in methanol to water

at room temperature. Form E was obtained by the same technique, but’

by using a saturated solution of phenobarbital in dioxane.

Kitamura et al. have shown that the fraction of Form A of L-
histidine decreases quickly when the volume fraction of ethanol in an
ethanol—-water solvent system increases above 0.2, and that pure Form
B is obtained at a 0.4 volume fraction of ethanol [32]. The transforma-
tion rate for conversion of Form B to Form A decreases with ethanol
concentration. The authors postulated that the concentration of the con-
former that corresponds to Form A decreases more with ethanol con-
centration than that of Form B, and so the growth rate of Form A will
also decrease.
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An example of precipitation in the presence of a second solvent

‘is.seen in the case of indomethacin, The Y-crystal form of indomethacin

can be obtained by recrystallization from ethyl ether at room tempera-
ture, but the a-form is prepared by dissolution in methariol and precipi-
tation with water at room temperature (33]. Precipitation can also result
from the addition of a less polar solvent. Form IT of midodrine hydro-
chloride, metastable with respect to Form I, can be prepared by precipi-
tation from a methanolic solution by means of a less polar solvent such
as ethyl acetate or dichloromethane [34).

In Fig. 2, three crystalline modifications of thalidomide are illus-
trated. These were obtained by solvent recrystallization techniques and
differ both in crystal habit and in crystal structure. Two of the forms
were obtained from a single solvent, and one from a binary mixture.

D. Vapor Diffusion

In the vapor diffusion method, a solution of the solute in a good solvent
is placed in a small, open conta:iner that is then stored in a larger vessel
containing a small amourit of a miscible, volatile nonsolvent. The larger
vessel (often a desiccator) is then tightly closed. As solvent equilibrium
is approached, the nonsolvent diffuses through the vapor phase into the
solution, and saturation or supersaturation is achieved. The solubility
of the compound in a precipitant used in a two-solvent crystallization
method such as vapor diffusi‘gg should be as low as possible (much
less than 1 mg/mL), and the precipitant (the solvent in which the com-
pound is poor y soluble) should be miscible with the solvent and the
§aturatcd solution. The most frequent application of this technique is
in the prepara ion of single crystals for crystallographic analysis. An
illustration of the technique is provided in Fig. 3 [35]..

E. Thermal Treatment

Frequently when qsing differential scanning calorimetry as an analysis
technique, one can observe an endothermic peak corresponding to a
phase transition, followed by a second endothermic peak corresponding
to melting. Sometimes there is an exothermic peak between the two
endotherms, representing a crystallization step. In these cases it is often

(




Fig. 2 Three crystalline modifications of thalidomide obtained by solvent
recrystallization. (A) Form I obtained as bipyramids by slow crystallization
of thalidomide in 1:1 dimethylformamide:ethanol at room temperature. (B)
Form II obtained by immersing a saturated solution of thalidomide in acetoni-
trile in an ice bath, (C) Form III prepared as tabular crystals from a solution
in boiling 1,4-dioxane, filtered, then allowed to cool to room temperature.
(Photomicrographs courtesy of Dr. S. A. Botha, the University of Towa.)

)
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Fig. 3 Crystallization by vapor diffusion. (Reproduced with permission of

the author {35] and the copyright holder, Pfizer, Inc.)

possible to prepare the higher melting polymorph by thermal treatment.
Thus chlorpropamide Form A is obtained by recrystallization from eth-
anol solution, but Form C is obtained by heating Form A in an oven
maintained at 100°C for 3 hours [36). While the B-form of tegafur is
obtained by the evaporation of a saturated methanol solution, the y-
form is obtained by heating the B-form at 130°C for one hour [37].
Form II of caffeine is prepared by recrystallization from distilled water,
but Form I is prepared by heating Form II at 180°C for 10 hours (38].

F. Crystallization from the Melt

In accordance with Ostwald’s rule {17], the cooling of melts of poly-
morphic substances often first yields the least stable modification,
which subsequently rearranges into the stable modification in stages.
Since the metastable form w'll have the lower melting point, it follows
that supercooling is necessary to crystallize it from the melt. After melt-
ing, the system must be supercooled below the melting point of the
metastable form, while at the same time the crystallization of the more
stable form or forms must be prevented. Quench cooling 2 melt can

)
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sometimes resuit in formation of an amorphous solid that on subsequent
heating undergoes a glass transition followed by crystallization {39].

On a somewhat larger scale, one can use a vacuum drying pistol
and a high boiling liquid such as chlorobenzene to achieve the desired
end. Form II of p-(IR,35)-3-thioanisoyl-1,2,-2-trimethylcyclopentane
carboxylic acid was obtained by recrystallization from a 50:50 \'zlv
benzene : petrol2um ether mixture. Form I then was obtained by melting
Form II in the vacuum drying pistol [40). Caffeine Form I is prepared
by heating Form II at 180°C for 10 hours [38]. Yoshioka et al. [41]
observed that when the amorphous solidified melt of indomethacin was
stored at 40°C, it partly crystallized as the thermodynamically stable
v-form. Yet at 50°C, 60°C, and 70°C, mixtures of the - and the -
form were obtained. Sulfathiazole Form I is obtained by heating Form
I crystals (grown from a dilute ammonium hydroxide solution at room
temperature) at 170°C for 30-40 minutes [42].

G. Rapidly Changing Solution pH to Precipitate
Acidic or Basic Substances :

Many drug substances fall in the category of slightly soluble weak
acids, or slightly soluble weak bases, whose salt forms are much more
soluble in water. Upon addition of acid to an aqueous solution of a
soluble salt of a weak acid, or upon addition of alkali to an aqueous
solution of a soluble salt of a weak base, crystals often result. These
crystals may be different from those obtained by solvent crystallization
of the weak acid or weak base. Nucleation does not necessarily com-
mence as soon as the reactants are mixed, unless the level of supersatu-
ration is high, and the mixing stage may be followed by an appreciable
time lag before the first crystals can be detected. Well-formed crystals
are more likely to result in these instances than when rapid precipitation
occurs.

Form I of the x-ray contrast agent iopanoic acid was prepared
[43) by dissolving the acid in 0.1 N NaOH, adjusting the pH tc'> 12.?,
bubbling nitrogen into the solution, and adding 0.1 N hydrochloric acid
until the pH reached 2.15. The resulting precipitate was vacuum filtered

((
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- and stored in vacuo (380 torr) for 12 hours at 35°C. Similarly, Form

1T of hydrochlorothiazide was precipitated from sodium hydroxide
aqueous solution by the addition of hydrochloric acid [44).

When piretanide was dissolved in 0.1 N NaOH at room tempera-
ture and acid was added in a 1:1 ratio (to pH 3.3), piretanide Form C
precipitated. However, when the base:acid ratio used was 1:0.95, a
mixture of amorphous: piretanide and Form C precipitated [45).

H. Thermal Desolvation of Crystalline Solvates

The term ‘‘desolvated solvates’” has been applied to compounds that
were originally crystallized as solvates but from which the solvent has
been removed (generally by vaporization induced by heat and vacuum).
Frequently, these ‘‘desolvated solvates’® retain the crystal structure of
the original solvate form and exhibit relatively small changes in lattice
parameters. I or this reason, these types have been referred to as pseu-
dopolymorphic solvates. However, in instances where the solvent
serves to stabilize the lattice, the process of desolvation may produce
a change in lattice parameters, resulting in the formation of either a
new crystal form or an amorp#aous form. These solvates have been re-
ferred to as polymorphic solvates. Byrn [46] has characterized the de-
solvation of jolymorphic solvates as occurring in four steps, (a) molec-
ular loosening, (b) breaking of the host—solvent hydrogen bonds (or
other associations), (c) solid solution formation, and (d) separation of
the product phase.

The process of desolvating pseudopolymorphic solvates is sim-
pler, involving only the two steps of (a) molecular loosening and (b)
breaking of host—solvent hydrogen bonds or associations. Byrn [46]
has summarized the desolvation studies performed on caffeine hydrate,
theophylline hydrate, thymine hydrate, cytosine hydrate, .dihydro-
phenylalanine hydrate, dialuric acid hydrate, cycloserine hydrate,
erythromycin hydrate, fenoprofen hydrate, manganous formate dehy-
drate, bis(salicylaldehyde) cthJ lenediamine cobalt (IT) chloroformate,
cephatoglycine hydrates and solvates, and cephalexin solVates and hy-
drates. Among factors that influence the desolvation reaction are the -
appearance of defects, the size fnf tunnels in the crystal packing arrange-

(«(
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to exist as the anhydrous form, a ‘_‘.t:mihydratc," a sesquihydrate, and
a trihydrate [62], while the unit cell parameters and the molecular
geometry of these are all the same as those of the hemihydrate. This
finding suggests that the “hermhydrate” is actually a partially desol-
vated sesquihydrate.

Ouabaine is another example of a compound that exhibits many
different hydration levels, the most hydrated form being stable at the
lowest temperature. Thus the nonahydrate phase of ouabaine is ob-
tained from water at 0—15°C, the octahydrate phase at 15-28°C, and
the dihydrate phase at 28-90°C. In addition, ouataine phases corre-
sponding 104.5 H;0, 4 H;0, and 3 H,0 may be obtained from mixtures
of water with other solvents. The anhydrous phase of cuabaine anhy-
drate is crystallized from ethanol at high temperatures [63].

Typically, hydrates are obtained by recrystallization from water.
For example, trazodone hydrochloride tetrahydrate was prepared by
dissolving the anhydrate in hot distilled water, allowing the solution
to remain at room temperature overnight, and storing the collected crys-
tals at 75% relative hurmdnty and 25°C until they reached constant
weight [64].

Hydrates can sometimes be obtained by simply suspending the
anhydrous material in water, whereupon a form of Ostwald ripening
occurs. For instance, aqueous suspensions of anhyc rous metronidazole
benzoate are metastable, and storage at temperatures lower then 38°C
leads to monohydrate formation accompamcd by crystal growth [65].
Sorbitol provides another example of this behavior, where slow cooling
of a saturated aqueous solution yields long thin necdles of sorbitol hy-
drate [66]. When suspended in water, anhydrous carbamazepine is
transformed to carbamazepine dihydrate [67). In other instances, hy-
drates can be obtained from mixed solvent systems. Acemetacin mono-

hydrate can be obtained by slow evaporation from 1 mixture of acetone

and water at room temperature [68).

Simply exposing an anhydrous powder to high relative humidity
can often lead to formation of a hydrate. On exposure to=a.relative
humidity of 100%, dexmedetomidine hydrochloride is.converted to a
monohydrate [69]). Droloxifene citrate is an example of a compound
that is not very hygroscopic and yet forims a hydrate. Only after storage

of the anhydrous form at KS% relative humidity does some sorption of

)
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water occur. The monohydrate phase can be formed by exposing the
anhydrous form to 98% relative humidity for ten days at 24°C [70].

iil. METHODS EMPLOYED TO OBTAIN SOLVATE
FORMS

Often, when solvents are employed in the purification of new drug sub-
stances by recrystallization, it is observed that the isolated crystals in-
clude solvent molecules, either entrapped within empty spaces in the
lattice or interacting via hydrogen bonding or van der Waals force with
molecules constituting the crystal lattice. Solvent molecules also can be
found in close association with metal ions, completing the coordination
sphere of the metal atom. Coordinated solvent molecules are considered
as part of the crystallized molecule. A crystal with large empty channels
or cavities is not stable because of packing demands. The size and
chemical environment of the cavity or channe! determine what kind of
solvent molecule can be included in the structure and what kind of
interaction occurs between solvent and structure.

Depending on the nature of molecular packing arrangements, it .
may happen that the inclusion of solvent is necessary to build a stable
crystal structure. van Geerestein et al. [71] found during numerous
crystallization attempts of 11f-[4-(dimethylamino)phenyl]-17p-hy-
droxy-17a-(I-propynyl) estra-4,9-diene-3-one) that crystals were only
obtainable in the presence of n-butyl acetate or n-propyl acetate. The
crystal structure of the compound crystallized from n-butyl acetate/
methylcyclohexane was solved, and one solvent molecule was found
in the crystal structure that showed no strong interactions with the rest
of the structure. Apparently, this solvent molecule was necessary to fill
empty space resulting after the molecular packing. Solvates in which
the solvent fills empty space are generally nonstoichiometric, such as
the nonstoichiometric solvates formed by droloxifene citrate with ace-
tonitrile, 2-propanol, ethanol, 1-propanol, and 1-butanol. Typically
such solvates exhibit the same x-ray diffraction pattern as does the
nonsolvated compound.

When solvent molecules increase the strength of the crystal lat-
tice, they can aftect the stability of the componndd to sohd state decaim

)
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position. It has been observed that the four solvated and one nonsol-
vated structures of prenisolone. tert-butyl acetate affect the flexibility
of the steroid nucleus and the structure-dependent degradation of the
compound when exposed to air and light [72].

van der Sluis and Kroon found 1,247 different compounds with
cocrystallized solvents in the Cambridge Crystallographic Database
[73). Out of 46,460 total structures, they found 9,464 solvate structures,
and 95% of these contained one of the 15 solvents given in Table 2.

The most commonly encountered solvates among pharmaceuti-
cals are those of 1: 1 stoichiometry, but occasionally mixed solvate spe-
cies-are encountered. For structures containing more than one solvent
type, one generally finds nonpolar solvents crystallizing together on
the one hand and polar solvents on the other. For example, the most
‘common solvents found cocrystallizing with water are (in order of im-

Table 2 Distribution of the 15 Most
Abundant Solvents in the Cambridge
Crystallographic Database, as the
Percentage of Solvate Structures

Solvent Occurrence (%)
Water 61.4
Methylene dichloride 5.9
Benzene 4.7
Methanol 4.1
Acetone 2.8
Chloroform 2.8
Ethanol 2.6
Tetrahydrofuran 2.3
Toluene 2.2
Acetonitrile 1.9
N,N-dimethylformamide 0.9
Diethyl ether 0.9
Pyridine 0.7
Dimethy! sulfoxide 0.5
Dioxane 0.5

Source: From Ref. 73. Reproduced with permis-
sion of the copyright owner.
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portance) ethanol, methanol, and acetone. An interesting example of a
striicture containing a polar and a nonpolar solvent is the sodium salt
of the antibiotic K-41, p-bromobenzoate monohydrate n-hexane solvate
[74], which is crystallized from n-hexane saturated with water. Perhaps
the best known mixed solvate is doxycycline hyclate: (doxycycline -
HCDH,C;H¢O - H,0. Triamterene also forms a mixed solvate, con-
taining one N,N-dimethylformamide molecule and one water molecule
within the crystal lattice [75).

The techniques used to obtain solvates are generally similar to
the solvent methods used to obtain polymorphs, i.e. crystallization from
a single solvent, from mixed s';olvents, or by vapor diffusion. Some-
times, it is possible to exchange one solvent within the crystal structure
for another. When one tecrystzhlizcs a hydrate from dry methanol, in
most cases one is left with either a methanol solvate or an anhydrous,
unsolvated form of the compound.

A large number of solvates have been reported, especially for
steroids and antibiotics. It has been observed that cortisone acetate and
dexamethasone acetate can be qrystalllizcd as 10 different solvates, Di-
rithromycin, a semisynthetic n'+acrolidc antibiotic, crystallizes in two
anhydrous polymorphic forms and in at least nine stoichiometric sol-
vate forms. Six of the known solvates are. isomorphic, having nearly
identical x-ray powder difﬁacti("lm patterns {76). In addition to the anhy-
drate and dihydrate, erythromycin also forms solvates with acetone,
chloroform, ethanol, n-butanol, and i-propanol {77].

It may be instructive to consider some examples of solvate forma-
tion. The compound 5-methoxysulphadiazine-forms 1:1 host-guest
solvates with dioxane, chloroform, and tetrahydrofuran [78]. These
were prepared by heating to boiling a solution of the sulfonamide in the
appropriate so.vent, followed by slow cooling to obtain large crystals.
Spironolactonc: forms 1:1 solvates with methanol, ethanol, ethyl ace-
tate, and benzene. It also forms a 2:1 spironolactone-acetonitrile sol-
vate {79,80]. The spironolactoné solvates were prepared by crystalliza-
tion in a refrigerator from solutjons that were nearly saturated at room
temperature.

Another sterl;id that forms solvates is stanozolol [81]. Solvates
having 1:1 stoichiometry were prepared by recrystallization from

methanol, ethanol, and 2-propanol, by heating the compound in the

\
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Table 5 Amorphous Pharmaceuticals Obtained by Milling.

Gulllory

lulose

Compound Method used Reference
Cimetidine Milling . . (96]
FR76505 Grinding in'a ball mill [97]
Cephalexin _ - Grinding in an agate centrifu- 98]
" gal ball mill for 4 hours
Indomethacin Grinding for 4 hours at 4°C in (57,99]
. a centrifugal ball mill; grind-
ing the y-form at 4°C
(E)-6-(3,4-Dimethoxy- Grinding in a stainless steel {100}
phenyl)-1-ethyl-4- shaker ball mill for 60 min-
mesitylimino-3-methyl- utes
3,4-dihydro-2(1H)-
pyrimidinone .
9,3"-Diacetyl-midecamycin Mixed grinding with polyvinyl- (101}
pyrrolidone or poly.viFylpyr-
rolidone + hydroxypropyl-
methylcellulose for 9 hours
Chloramphenicol stearate Milling in a Pulverisette 5 (102,103}
grinder (Fritsch) (agate mor-
tar and balls) with colloidal
silica or microcrystalline cel-
lulose ;
Calcium gluceptate Milling in a Pulverisett: 2 (104]
grinder (Fritsch) (aggitc mor-
tar and balls) for 4 hours
Chloramphenicol palmitate Milling in a Pulverisette 0 {105]
grinder (Fritsch) (agite mor-
tar and balls) for 85 hours
Aspirin Grinding with adsorbents un- {106}
der reduced pressure
Grinding with B-cyclodextrin (1om
Ibuprofen Roll mixing with B-cyclodex- {108
trin :
Hydrocortisone acetate Grinding with crystalline cel- {109)
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Table 5 Continued

Compound Method used Reference
Digoxin Milling in a Glen Creston (110]
Model M270 ball mill for 8
hours
Comminution of 1 g at 196°C {111}
for 15 minutes in a freezer
mill
Amobarbital Ball-milling with methylcellu-  [112,113]

lose, microcrystalline cellu-
fose, or dextran 2000

Ball milling for 24 hours with [114)
o- and P-cyclodextrin

Co-grinding with B-cyclodex- [115)
trin for 2 hours

Acetaminophen

6-Methyleneandrosta-1, 4-
diene-3,17-dione

C. Spray-Drying

In the pharraceutical industry, spray-drying is used to dry heat-sensi-
tive pharmaceuticals, to change the physical form of materials for use
in tablet and capsule manufacture, and to encapsulate solid and liquid
particles. This methodology is also used extensively in the processing
of foods {116]. In the spray-drying process, a liquid feed stream is first
atomized for maximal air spray contact. The particles are then dried
in the airstream in seconds owing to the high surface area in contact
with the drying gas. Spray-drying can produce spherical particles that
have good flow properties, and the process can be optimized to produce
particles of a range of sizes required by the particular application. The
process can be run using either aqueous or nonaqueous solutions. Ex-
amples of pharmaceuticals obtained in the form of amorphous powders
by spray-drying are found in Table 6.

D. Lyophilization

Lyophilization (also known as freeze-drying) is a technique that is
widely employed for the preparation of dry powders to be reconstituted
at the time of admimstration. It is a particalarly useful technigue in the

O
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listing of ten pharmaceuticals that form glasses (Table 3). It i§ oft.cn
found that the presence of impurities that facilitate glass. formation in-
creases the ratio T,/T, either by raising T or by lowering T,,. Hence
one might wonder if some of the high values in the last column of
Table 3 are due to partial decomposition of the drug substanc? upon
melting. Of course, this is an important concern when employing the
melt solidification procedure for the preparation of amorphous mate-
fal There are many examples given in the monograph Thermomicros-
copy in the Analysis of Pharmaceuticals [9) of other compounds that
solidify on the microscope hot stage to form gl.asscs. Iric?wcv'cr, Table
4 contains examples from the literature in which solidification from
the melt (either by slow cooling to room temperature or .by quench
cooling with liquid nitrogen) has been employed as the specific method
for obtaining amorphous material.

B. Reduction of Particle Size

Reduction of the particle size of crystalline matcria.ls.to the microcrys-
talline level can yield a material incapable of exhibiting an x-ray pow-

Table 3 Pharmaceuticals Forming Glasses above
Room Temperature

Compound T,(K) T.(K) T /Ty
Cholecalciferol 296 352 0.84
Sulfisoxazole 306 460 0.67
Stilbestrol 308 439 0.70
Phenobarbital 321 443 0.72
Quinidine 326 445 0.73
Salicin 333 466 0.71
Sulfathiazole 334 471 0.71
Sulfadimethoxine 339 465 0.73
Dehydrocholic acid 348 502 0.69
17-B-Estradiol 354 445 0.80

Source: Ref. 84.

(
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Tablé 4 Amorphous Pharmaceuticals Obtained by Solidification from the

" -Melt _
Compound Method used Reference
Phenylbutazone  Solidification from the melt [85]
Indomethacin Quench cooling using liquid nitrogen or (86,87}

: slow cooling from the melt over 30 min

Felodipine Cooling of tbc melt in liquid nitrogen or at [88,89]
ambient temperature

Nifedipine Melting at 180°C followed by immersion in [90]

. liquid nitrogen

Benperidol : Melt in an oven at 277°C then cool to room [91]
temperature

Acctaminophen  Solidification of the melt at —5°C/min [92]

Sulfapyridine Melting any crystalline form and slowly (93]
cooling the melt

Lovostatin Melting under nitrogen, rapid cooling to [94]

20°C below the glass transition point

der diffraction pattern. Dialer and Kuessner [95] found that when su-
crose was imilled in a vibratory ball mill, the ordered crystal was
transformed into a glass-like structure. The increase in surface energy
of milled st crose, as measured by heat of solution, could not be ac-
counted for vy an increase in surface area alone. Hence milling disrupts
the crystal I ttice and imparts the excess free energy and entropy associ-
ated with araorphous substances. R

Particle size reduction can be achieved using a variety of methods.
Sometimes it is helpful to carry out the particle size reduction at re-
duced temperatures, such as 1at 4°C or at liquid nitrogen temperature,
—196°C. In other instances, grinding with an excipient has been em-
ployed as a means of obtain;ing amorphous materials. Cyclodextrins
and microcrystalline cellulose have been used for this purpose. It is
also possible that the use of Folymcric excipients may inhibit crystal
growth when the amorphous solid is dissolved in water. Table 5 con-
tains a list of compounds that have been obtained in amorphous, or
partly amorphous, form by niilling.

(
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Table 5 Amorphous Pharmaceuticals Obtained by Milling .
Compound Method used Reference
Cimetidine Milling . . {96]
FR76505 Grinding in a ball mill (97}
Cephalexin . Grinding in an agate centn'fu-_ (98]
" gal ball mill for 4 hours
Indomethacin Grinding for 4 hours at 4°C in  [57,99)
N a centrifugal ball mill; grind-
ing the y-form at 4°C
(E)-6-(3,4-Dimethoxy- Grinding in a stainless s;cel' (100]
phenyl)-1-ethyl-4- shaker ball mill for 60 min-
mesitylimino-3-methyl- utes
3,4-dihydro-2(1H)-
pyrimidinone .
9,3”-Diacetyl-midecamycin Mixed grinding with polyvinyl- {101
: pyrrolidone or polyvi*:ylpyr-
rolidone + hydroxypropyl- -
methylcellulose for 9 hours
Chloramphenicol stearate Milling in a Pulverisette 5 [102,103]
grinder (Fritsch) (agate mor-
tar and balls) with colloidal
silica or microcrystalline cel-
lulose
Calcium gluceptate Milling in a Pulverisette 2 {104)
grinder (Fritsch) (ag ite mor-
tar and balls) for 4 hours
Chloramphenicol palmitate Milling in a Pulverisette 0 {105]
grinder (Fritsch) (agate mor-
tar and balls) for 85 hours
Aspirin Grinding with adsorbents un- [106}
der reduced pressure
Grinding with B-cyclodextrin (ion
Ibuprofen Roll mixing with B-cyclodex- (108
trin i
Hydrocortisone acetate Grinding with crystalline cel- [109)
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Table 5 Continued

Compound Method used Reference
Digoxin Milling in a Glen Creston (110]
Model M270 ball mill for 8
hours
Comminution of 1 g at 196°C (111]
for 15 minutes in a freezer
mill
Amobarbital Ball-milling with methylcellu-  {112,113]
lose, microcrystalline cellu-
lose, or dextran 2000
Acetaminophen Ball milling for 24 hours with (114)

o- and f-cyclodextrin
Co-grinding with f3-cyclodex- [115]
trin for 2 hours

6-Methyleneandrosta-1, 4-
diene-3,17-dione

C. Spray-Drying

In the pharmaceutical industry, spray-drying is used to dry heat-sensi-
tive pharmaceuticals, to change the physical form of materials for use
in tablet and capsule manufacture, and to encapsulate solid and liquid
particles. This methodology is also used extensively in the processing

of foods {116). In the spray-drying process, a liquid feed stream is first

atomized for maximal air spray contact. The particles are then dried
in the airstream in seconds owing to the high surface area in contact
with the drying gas. Spray-drying can produce spherical particles that
have good flow properties, and the process can be optimized to produce
particles of a range of sizes required by the particular application. The
process can be run using either aqueous or nonaqueous solutions. Ex-
amples of pharmaceuticals obtained in the form of amorphous powders
by spray-drying are found in Table 6,

D. Lyophilization

Lyophilization (also known as freeze-drying) is a technique that is
widely employed for the preparation of dry powders to be reconstituted
at the time of administration. It is a particularly uselul teehnique in the

‘)
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Table 6 Amorphous Pharmaceuticals Obtained by Spray-Drying

Compound Method used Reference
YMO022 Spray-drying a methanol solu- 7
tion
a-Lactose monohydrate Spray-drying in a Buchi 190 [118]
Spray-drying a solution or sus- (119]
pension
4”-0-(4-methoxy-phenyl) Spray drying a dichloromethane (120]

acetyltylosin solution
Salbutamol sulfate Spray-drying of an aqueous solu- [121)
tion in Buchi 90 spray dryer

Lactose Spray-drying an aqueous solu- [118,122]
tion
Furosemide _Spray-drying from a 4:1 chloro-  [123,124]

form: methanol solution at 50
and 150°C inlet temperature
Digoxin Spray-drying an aqueous solu- [125]
tion containing hydroxypropyl
methylcellulose
Spray-drying from a 25% ajue- [126)
ous solution with an inlet tem-
perature of 150°C and an out-
let temperature of ,100°C
9,3"-Diacetyl-midecamycin  Spray-drying of aqueous solution {127}
in the presence and absence of
ethylcellulose

Cefazolin sodium

case of compounds that are susceptible to decomposition in the pres-
ence of moisture but that are more stable as dry solids. The physical
form, chemical stability, and dissolution characteristics of lxophilizcd
products can be influenced by the conditions of the fmetzc-drymg cycle.
In most pharmaceutical applications, lyophilization is performed on
aqueous solutions chtaining bulking agents, a{Id these often are cho;en
so as to form a coherent cake after completion of the freeze-drying
process. However, lyophilization also can be employed to conv‘er.t crys-
talline materials into their amorphous counterparts, The lyophilization

process usually consists of the three stages of frar.?..ing, primary drying,

-~
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and secondary drying. For the preparation of amorphous materials,

"~ rapid freezing is employed 5o as to avoid the crystallization process.

Both aqueous sclutions and solutions containing organic solvents have
been lycphilized. The primary drying phase involves sublimation of
frozen water or vaporization of another solvent. This step is carried
out by reducing the pressure in the chamber and supplying heat to the
product. The secondary drying phase consists of the desorption of mois-
ture (or 'esidual solvent) from the solid.

Recently, excipients of various types have been employed in fro-
zen solutions so as to inhibit crystallization. Cyclodextrins appear to
be particularly useful for this purpose, although it is generally necessary
to employ rapid freezing to liquid nitrogen temperatures to ensure that
the freeze-dried product is noncrystalline. When a-cyclodextrin, which
has a larger cavity than does B-cyclodextrin, is frozen at a relatively
slow rate, it will cocrystallize with compounds such as benzoic acid,
salicylic acid, m-hydroxybenzoic acid, p-hydroxybenzoic acid, and
methyl p-hydroxybenzoate (128). However, rapid freezing of a methyl
p-hydroxybenzoate solution containing a-cyclodextrin at a benzoate/
cyclodextrin ratio of 0.33 yields an amorphous solid after freeze-drying
[29]. ‘

B-Cyclodextrin and its derivatives have been shown to form
amorphous lyophilized products with a number of compounds, pric ci-
pally nonsteroidal antiinflammatory agents. Examples from the litera-
ture of excipients and pharmaceuticals prepared as amorphous materi-
als by lyophilization are given in Table 7.

E. Removal of Solvent from a Solvate or Hydrate

Solids can sometimes be rendered amorphous by the simple expedient
of allowing solvent molecules of crystallization to evaporate at modest
temperatures. If the solvent merely occupies channels in the crystal
structure, the structure often remains intact, but when the solvent is
strongly bonded to molecules of the host, the structure frequently will
collapse when the solvent js removed and one obtains an amorphous
powder. A few examples of amorphous solids obtained in this manner
are found in T{hlc 8.
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Table 7 Amorphous Pharmaceuticals Obtained by Lyophilization

Compound . Method used Reference
Lactose Lyophilization of a 5% Aqueous [130]
Solution
MK-0591 Lyophilization [131]
Raffinose Lyophilization of a 10% aqueous {132]
X solution frozen at —45°C
Sucrose Lyofphilization of 10% aqueous {133]
- solutions
Dirithromycin Freeze-drying from methylene '[134]
chloride solution
Cefalexin Aqueous solution frozen at {135])
—196°C, then freeze-dried
Lyophilization of a saturated aque- [136]
ous solution
Calcium gluceptate Freeze-drying from 2% aqueous [137}
solution
Griseofulvin Freeze-drying of solutions of [138]
' griseofulvin or of sclutions of
mixtures of griseofulvin and
mannitol in dioxane or 1:1 di-
oxane-water with fast freezing
in liquid nitrogen
Tolobuterol hydrochloride  Freeze-drying of aqueous solution {139]
E1040 ' Fre¢ze-drying of aqueous solution (140}
Glutathione Freeze-drying of a 5% agueous (141}
. solution '
Aspirin Freeze drying of an ac ueous solu- {142}
‘tion in the presence of 1.0% hy- :
droxypropyl-B-cyclodextrin
Ketoprofen Freeze-drying in the presence of (143)
heptakis-(2,6-O-dimethyl)-B-
cyclodextrin
Freeze-drying with B-cyclodextrin [144]

Glibenclamide

(rapid freezing with liquid nitraz

gen)

Freezing at liquid nitrogen temper-
ature, freeze-drying over 24
hours

[145]
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Table 7 Continued

Compound : Method used Reference

Naproxen Colyophilization (223K and [146)
0.013 torr) of naproxen and
hydroxyethyl-f-
cyclodextrin, or hydroxypro-
pyl-B-cyclodextrin

Sodium ethacrynate - Rapid freezing of an aqueous [147]
solution to ~50°C, followed
by freeze-drying -

p-Aminosalicylic acid Colyophilization of p-amino- {148]
salicylic acid in aqueous so-
lution with pullulan

Ceftazidime Freeze-drying a nearly satu- [149]
rated aqueous solution of
the free acid

Cefaclor Freeze-drying from a neariy [149]
saturated aqueous solution

Cephalothin sodium Freeze-drying from a 25% {149]
aqueous solution .

Cefamandol sodium Freeze-drying from a 25% [149]
aqueous solution

Cefazolin sodium Freeze-drying an aqueous solu- [149]
tion at low temperature i

Nicotinic acid Freeze-drying in the presence [150]

of B-cyclodextrin (fast-freez-
ing); and heptakis (2,6-O-di-
methyl)-B-cyclodextrin

F. Precipitation of Acids or Bases by Change in pH

If the level of supersaturation is carefully controlled, it is often possible
to avoid crystallization when a water-soluble salt of a weak acid is
precipitated with a base, or when a water-soluble salt of a weak base
is precipitated with an acid. When crystalline iopanoic acid is dissolved
in 0.1 N NaOH, and 0.1 N HCl is added, an amorphous powder is
precipitated [43]. A similar phenomenon is observed in the case of the
precipitation of piretanide {155], Another example in this genre is the
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Table 8 Amorphous Pharmaceuticals Obtained by Solvent Removal

Compound Method used Reference

Tranilast anhydrate Dehydration of the monohydrate {151]
over P04

Raffinose Lyophilization and heat drying of [132)
the pentahydrate :

Erythromycin Heating the dihydrate for 2 hours  [152,153]

at 135°C in an oven, and then
cooling to room temperature

Calcium DL-pantothenate  Drying the methanol: water 4:1 (154]
solvate in vacuo at 50-80°C

precipitation of amorphous calcium carbonate, which occurs whc{x a
calcium chloride solution is combined with a sodium carbonate solution
at 283K [156].

G. Miscellaneous Methods .

Earlier during the discussion on the preparation of polymorp.hs, the
doping of crystals was mentioned as a technique for.encou'ragmg the
formation of one type of polymorph over another. Sinfxlaxly, if a dopant
is employed at levels that will disrupt the crystal lattice, the substance
can be made to solidify as an amorphous material. Duddu and .Grant
[157) observed changes in the enthalpy of fusioq of (—)-ephednm}m
2-naphthatenesulfonate when the opposite enantiomer, (+)-ephedrin-
ijum 2-naphthalenesulfonate, was added as a dopant. ‘

When m-cresol was added to a suspension of insulinotropin crys-
tals grown from a normal saline solution, the crystals were immediately
rendered amorphous. It was postulated {158] that the m-cresol mole-
cules diffused into the crystals through solvent channels and disturbed
the lattice interactions that ordinarily maintained the integrity of the
crystal. When zinc acetate or zinc chloride was added to the suspcns}pn,
the zinc ion stabilized the crystal lattice so that the subsequent addition
of m-cresol did not alter the integrity of the crystals.

Sometimes solvents exert a similar effect. When a small amount
of ethyl acetate is added to a calcium chloride solution prior to addition

(
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of sodium fenoprofen, the calcium fenoprofen that precipitates has a

* Jow degres: of crystallinity [159]. Similarly, when calcium pL-pantothe-

nate is precipitated from methanol or ethanol solution by the addiﬁon '
of acetone, ether, ethyl acetate, or other solvents, the precipitate ob-
tained is found to be amorphous {154).

V. SUMMARY

The pharmaceutical development scientist who is assigned the task of
demonstrating that a substance exhibits only one crystalline form, or
that of discovering whether additional forms exist, can utilize the tech-
niques outlined in this chapter as a starting point. Upon completion of
this program, one can certainly conclude that due diligence has been
employed to isolate and characterize the various solid-state forms of
any new chemical entity. One should always be aware that nuclei cap -
ble of initiating the crystallization of previously undiscovered forns
might be lurking around the laboratory, ready to confound the investi-
gator should their effects become known. In addition, the phenomenon
of ‘“‘disappearing polymorphs’’ can come into play, and techniques that
formerly yielded the same crystals every time may subsequently yield
crystals of another, more stable form. In the future, the use of computer
simulations of alternative crystallographic structures will suggest how
much laboratory work might be required to isolate the polymorphs or
solvates of a given compound. Until then, the empirical approach re-
mains superior.
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1 ,
. Introduction

e e . ‘ M.R. Caira

'.l'he Pprotean nature of a chemical substance, reflected in its ability to crystallize
in different structural arrangements (polymorphs), has since its discovery [1)
‘been a source of both fascination and frustration for chemists. At a given
temperature and piessure, only one polymorphic form- of a substance is
thermodynamically stable, all other forms being metastable. Since the rate of
transformation of mietastable polymorphs to the stable one may be slow, it is
quite common to encounter several polymorphs of a single compound under
normal laboratory conditions. Organic compounds tend to form different poly-
morphs owing to weak, non-directional intermolecular interactions which exist
in the solid state. When a ¢compouind can be isolated in different polymorphic
modifications, each with the potential of possessing unique properties {solubi-
lity, density, melting point, enthalpy of fusion, chemical reactivity, éléctrical con-
ductivity, to name a few), the chemist, pharmaceutical chemist, or chemical
engineer is presented with a degree of flexibility of choice for a particular appli-
cation. Balanced against this flexibility, however, are the considerable practical
difficulties that can arise, both in ensuring reproducible preparation of a speci-
fic polymorph and, during the lifetime of its application, preventing its spon-
tancous transformation to an undesirable form. Since free energy differences
between polymorphic forms of a given substance are generally around a few
k] mol™! (2] and the process of crystallization is affected by many physical para-
meters (e.g. nature of the solvent, cooling and stirring rates, temperature, pres-
sure, presence of impurities), minor variations in preparative conditions can tip

the balance in favour of crystallization of a polymorph which is not necessarily .

the thermodynamically stable one. This element of unpredictability in the out;
come of the crystallization process has serious implications for solids design i
crystal engineering [3], where the required specificity of molecular.organization
in the crystalline state is crucial.

Various aspects of organic crystalline polymorphism and its occurrence in
the fine chemicals, pharmaceuticals and other industries have been the subjects
of several recent reviews. With varying degrees of overlap, these reviews can be
roughly grouped into the following, according to their focus: thermodynamic
and kinetic aspects [4- 7], structural aspects {2, 3,8-17], methodology [18-27],
the crystallization process [28 - 34] and polymorphic control [35,36]. The reader
. is feferred to the above for a comprehensive view of what is a rather pervasive

phenomenon in chemistry and whose pursuit is currently enjoying an upsurge
of interest from solid-state researchers {5]. :

This report describes some recent developments in the understanding of the
thermodynamic, kinetic and structural aspects of organic crystal polymor-
phism with an emphasis on the application of newer methodology used for its

study, since/ this is one of the areas in Which significant progress has been made-

in recent years. Numerous examples of polymorphic systems are described to
illustrate the applications of both older and newer techniques for their inves-
tigation. These include studies of pseudopolymorphism manifested by hydrates
and solvates of the parent organic molecule. Finally, the crucial question of
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controlin polymorphxsm is bneﬂy addressed with a view to ﬂlustratmg current :
: strategxes and their 1mp11catxons for thc deslgn of solids. '

2 : C oL .
ACrystal Polymorphlsm Theoretkal Pdndples and Practlcal lmphcat:ons

217
Background The Role of Polymorpﬂsm in the Productlon of Materlals

Many of the inconsistencies encountered in product performance in the chem-

ical, chemical engineering, pharmaceutical, food and related industries can be

attributed to polymorphism. An important example is inconsistent behaviour of

drug substances upon dissolution which may.have a directinfluence on bioavail-

o~ ability. This arises because different polymorphic forms of the same drug may
: ~have solubilities which differ by an order of magmtude [24]. Inadvcrtent

production of the ‘wrong’ polymorph at the crystallization stage follawing syn-

_ thesis or at any-of the intermediate processing stages can therefore result in
pharmaceutical dosage forms which are cither ineffective or toxic {37,38}. Spon-
taneous polymorphic transformations mediated by solvents is common [4] and
liquid preparations of metastable drugs frequently lose their effectiveness due.
to precipitation of less soluble, thcrmodynamxcal}y more stable polymorphs or
pscudopolymorphs. A case in point is the antnprotozoal agent metronidazole
benzoate which, when stored as an aqueous suspension below 38°C is meta-
itable, leading to precipitation and growth of the msolub}e monohydrate

39, 40).

Dunitz and Bemstcm [5] have recently docnmemed several cases of “Van-
ishing” polymorphs. These are usually metastable forms which, despite their
thermodynamic instability, may have crystalhzed preferentially due to-more /
rapid nucleation. Such metastable forms may persist and be used formany years
before being “displaced”, when a thermodynamically more stable form is pre-

- 'Fared Attempts to regenerate the original polymorph are frequently met with
ailure. Specific compounds with such’ a history include e.g. 1,2,3,5-tetra-
O-acetyl-f-p:ribofuranose, benzocaine picrate and xylitol. This disturbing
phenomenon extends to pseudopolymorphs. A previously known monohydrate
of the antibiotic ampicillin has not been. obtained since the appearance of the-
trihydrate [24]. A possible explanation for this behaviour is that after minute
particles of the stable polymorph enter the environment, they eventually be-
come widely disseminated (“planetary seeding” {il)anda%«mdﬂpromo-
ting-crystailization of their own kind cxcluswely

Manufacturmg processes including crystallization scale-up, drying, heating,
compression and milling can induce polymorphic transformations [24] and it
follows that careful quality control is necessary at all stages to monitor undesi-
rable changes. Systematic investigation of a compound to determine whether itis
prone to polymorphism, as well as the nature of the polymorphism (enantiotro-

.pic or monotropic) [23], is routine practice in pharmaceutical pre-formulation
studies. ldentification of the different polymorphic forms of a drug substance,
determmanon of their chemical and physical properties, thermodynamic
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stabxhtxes, and tem})e.ra(ures and rateg of mttréon‘krsibn are esscntial for en-
suring, dfug prepanatioit with reproducible behavious [24). Alncady legislation
requiring drug thaftfactdiers fo provide inforinftion relatiiig fo thé occurrence
(or apparent ablenice)f polymorphism in their pibducts has been introduced
{41]). Dcmonstratmg the absence of a tendency to polymbrphism i$ not ¢asy;
miost substances when investigated for a sufficiently long txme will reveal more
than one polymorph {42). -
Successful preparation of ctystals of érfatiic compdiahds having sﬁecml prop- -
erties (e.g. s¢cond-itmmonic gefletation, metallic tonductivity) may hinge on
~ polymorphism, only dne polymorph of-the compound.in question displaying
the desired propefty. Bernstein has recently described répresentitive systéms
which clearly illustrate the rélationship bétween a polymorphi¢ structure
(a crystal architecture characterised by well-defined molecular interactions) -
and the unique pbysncal properties which that stmcturc conférs on. the solid
" material {13].

“These remarks ‘serve to emphasxsc some of the note impqrtant pracncal'
implications and conscquenccs of polymorphism. Ovcrcommg the problems.
encountered requires a deeper understanding of the processés of ntcleation,
crystal growth and polymorpluc transformation. Several recent stud:cs relatin B
to these topxcs are reviewed in the next section.

22
Crystalfization and Polymorphk Tnnsfotmaﬂons - Thermodynamk
and Kinetic Considerations

Crystallization of a specific polymorph from a melt, solution or vapour, com-
mences with nucleation, i.¢. the formation of a critical “embryonic” nucleus
which is the structurid blueprint for subsequent development and gowth of the
macroscopic arystal.| Thie factéts determining nucleation rate {e.g. the associa- .
ted Gibbs free energy.of activation, molecular volume, mterfacxal energy) gene-/
rally differ for polymorphs of the samie substance [4]. Since, in a supersaturated
solution, nuclei of all possible polymorphs of the dlssoh'ed substance may be
imagined to exist [36}, the outconie of crystallization is kinetically conplicated
by compctmvc nudeéation procedsés. Thermodyhamic considerations of poly-
morphiz coysiallization inchude Ostwald’s law: of stages {4, 43), adéordmg fo
whxch at high supetiatyration; the first form which crystallizes is the thermo-
dynamically Jeast stable (most sotable) form. This form subscquendy dissolves
and transforms into 4 more stable ane. The cycle cdntinues until:only the
thermodynaxmcally stable (least solible) polymorph remains. The practical
lmphcatmn is that it should be possiblc to isolate the different polymorphs of
a g!w-n compeund-at-different levels of solution supcrsaturatxon and hcnce
exercise some control over the crystallization process.

Asregards polymorph:c transformations in general, two types are dxstmguxs-
hed, namely enantiotropic and monbotropic [23]. These can be described in
terms of the Gibbs free energy G, which has a2 minimum value for the thermo-
dynamically stable phase of a polymorphic system and lirger values for meta-
stable phases and is such that the polymorph with the higher entropy will tend

M.R.Caxra .
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Fig. 1a-c Glbbs free energy vs temperature for: a a dimorphic system. cxh'bmng b enan-
tiotropy; ¢ monotropy

-

to become the stable form at igher température (Speties B in Fig. 1a).Above T, -
{the transition temperature), B is the stable polymorph while A is metastable
and yvice versa at temperatures below T,. In an enantiotropic systém (Fig. 1b),the

‘free energy curve for the common liquid phase L intersects the A-and B curves
‘at T>T,. In this case, the lower melting form (A) is stable at T<T,, the higher

melting form is stable at T >T,, and the transition between the two forms is-in
principle reversible. Since transition temperatures in practxce are often in the

" range 20-200°C, one practical implication of enantiotropy is that conversion of

one polymorph into another may be favoured during routiné manufacturing
processes [24]. On the other hand, for a system displaying monotropy (Fig. 1¢),
curve L intersects those for'A and B below T, and the higher melting form (A) is
always the thermodynamically stable one. Thus, below the melting point, only
one form is stable and the other metastable. In practice, if a desired metastable
polymorph is obtained during manufacture, it can revert to the stable poly-
morph under suitable conditions (e g- in suspension, via solvent-mediation, or
during comprcssxon‘ I IS hal i prepare a specific polymorph.and be
aware of its possible fate during handling, it is advantageous to know the transi-
tion temperatures and thermodynamic- stabilities of all tl:c forms that roay
appear in thé system [24]. :

The general considerations above highlight the i unyomnce of nudeanon and
the role-of.environmental conditions (e. g. solvent; temperature) in the crystal-

Jzation of polymorphs as well as their interconversions. These areas continue to

be the subject of intense interest especially in the context of polymorphxc
control in crystallization.

Some fundamental aspects of the nuclcatxon process have bcen investigated
by molecular dynamics (MD) methods. In a recent review [44) the advantages
and limi(atnﬁns of molecular cluster models in simulating the dynamics of
nucleation and phase changes have been discussed. In this approach, molecular
dynamic simulations are correlated with experimental nudeation rates extrac-
ted from electron diffraction patterns of molecular supersonic jets. The dynam-
ics of freezing of ammonia, CCl, and water, and the phase transformations of
t-butyl chloride have been analysed. A useful feature of the MD computational
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“approach is visual representation of phase transformations. Figure 2 illustrates
- MD-derived images of a cryatalline cluster of 188 molecules of t-butyl chloride
" at various stages of freezing. MD simulations show that when sufficiently super-

cooled, the tetragonal phase spontaneously transforms to a lower temperature,

_ordered monoclinic phase. Diffraction patterns computed from the MD mole- - -
cular packing were consistent with experimental neutron powder patterns for

‘this phase. . :
 Other investigators [45] have recently designed a numerical model to de-
scribe nucleation and ‘growth of polymorphs with the aim of calculating the
temporal sequences of precipitation and phase transformation in metastable
. solutions of polymorphic substances. Another group has recently modelled the

formation and aggregation of polymorphs in continuous precipitation [46].
Consideration was given to the simultaneous growth and agglomeration of two

different polymorphs as'well as the case of nucleation of a single polymorph
which subsequently transforms into a second one. The resultsindicated that the.
ratio of the nucleation rates, the ratio of the growth rates, and thé-aggregation
tendencies determined polymorphic product composition as weéll as partide
size distributions. This study is important since simultancous precipitation of
different polymorphs is encountered frequently in industrial crystallizations.

A mathematical phase-field model for the kinetics of isothermal polymor-
phic crystallization has recently been proposed [47), according to which crystal-
lization involves rapid relaxation of the metastable state followed by nucleation
and growth of the polycrystalline phase. Computer simulations were used to
obtain results which could be tested experimentally using X-ray scattering ex-

" periments. Growth rates of different polymorphic polymers have also been
investigated {48]. Simultancous development ‘of spherulites of ditferent poly-
morphs occurs at différent ratcs under isothermal conditions. From observation
of interspherulitic boundaries between the a- and y-forms of polypivalolactone,
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Fig. 2a~¢c. Images of a crystalline duster of t-butyl chloride molccules at various stages of
cooling, Jooking down the threefold molecular axis: & orientationally disordered tetragonal
_phase at 130 K; b nudleus of monodinic phase growing in tetragonal phase at 80 K; ¢ ordered

monodinic phase at 50 K after transformation. Surfage molecules.tend to be disordered at all

temperatures. (Reprinted with permission from {44], copyright 1995 American Chemical
- Society) T . S :
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their rdatwe growth rates could be dctcrmmcd The~thermodynamics and

kinetics of crystallmtron of large holecules from solution have be¢n discussed
{49]. Modeliing.of the ‘crystallization of protein molecules indicated that the
concepts and numerics of colloid stability theory are appropriate..

Recent studies of polymorphic transformations in.organic crystals mediated

by melt, solution and interface have been reviewed (4. Interface-mediated

transformation has only receritly been fecognized as a distinct mode of poly-
morphic transformation. It involves nucleation and growth of a néw polymorph

‘through mass transfer across the interface connecting single crystals of two

different polymorphs and it differs from solid-solid transformations in that a
microscopic solution layer is required as an interface. Transformations medi-
ated by melt, solution and interface are usually more rapid than solid-solid
transitions; for the latter, the activation energy is Jarger due to the fact that

nucleation and growth of the new phase within a second phase involye diffusion -

and structural -rearrangement at the reaction interface."The fundamez
thermodynamic relationships governing polymorp!nc solid state transiti

‘have been reviewed [6]. It has also been pointed out that the méchanisms of
polymorphic transitions in molecular crystals are largely unknown, thouglr

order-disorder transitions are understood in reasonable detail {5]. An impor-
tant tcchmquc for studying solid-solid transformations is thermal analysis and
a review of the basic thermodynamic principles for interpreting thermal anal-

ysis data for both poiymorphic and pseudopolymorphic systems has appeared.-.

{23]. Kinetic and thermodynamic aspects of the thermal decomposition of
inclusion compounds (a special class of pseudopolymorphs) have also rcc:mly

~ been discussed [50}

~ crystallization and pbase transformations abound in the literature of the last few"
_years and some pertinent examples are described here. For solvent-mediated
transformations, the drmng force is the difference in solubility between dif-

Theoretical anud experimental studies of the role of solvent on polymorphic

ferent polymorphs. An important earlier paper on ‘the kinetics of such phase

‘transformations [51) described amodel featuring two kinetic processes in solid

to solid phase changes via a solution phase,namely dlssohmon of the metastable’
phase and growth of the stable one.

The effect of solvent on the crystallization of polymorphs has recently been
investigated [43] using as 2 model compound the antibacterial sulphathiazole
whose four known polymorphs are well characterised. The study, whose express
intention was to test the Ostwald law, involved crystallization of the pure poly-
morphic forms of the drug, solubility measurements-and crystallizations from
various solvent systems. Systematic variation of supersaturation was employed
in an attempt to crystallize each of the four forms of sulphathiazole, as predicted
by the Ostwald law. Solubility studies showed Form I to be the most soluble
form, followe«;l in order by Forms I1, 1V and JIL. The supersatutation crystalliza-
tions using acetone, acetone-CHCl, (3:2), n-propanol and water, revealed that
only the acétone-CHCI, system yielded results in accord with theory, Borms I, 111
and IV being isolated from it by varying the supersaturation. Crystallization
from n-propanol, for example, yielded only Form I at all supersaturation Jevels.
Thus, the finding that some solvents selectively favour the crystallization of a
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particular form (or forms) indicated that, while supersaturation is an‘important

. facto'r determining crystallization of polymorphs, the solverit may play a dom-..

iniating role which is-not thermodynamic in nature, but rather kinetic: The pro-
posed mechanism, namely selective adsorption of different solvent molecules

on‘specific faces.of particular polymorphs, is consistent with that suggested -
earlier {52] for the effects of additives and solvents on crystal morphology. Such -
specific adsorption_might result in inhibition of nucleation ‘of certain poly- -
morphs or retardation of their grow,th;- allowing other, thermodynamically less -

. favoured, polymorphs to crys instead. .

The mechanism of a solvent-mediated transférmgﬁon‘méychm‘ge'with com-

plete change of solvent, or more subtly, when & gradual change in polarity is
effected by dilution of the original solvent with another. The effects of the

solvent systems water (53] and ethanol/water {54]. on’ the .crystallization of -

L-histidine potymorphs have been investigated. In aqiscous solution at thé-iso-

electric point, it was found thatboth the A and B'polymorphs piecipitate with a"
nearly constant ratio over a wide concentration range.: However, slow ‘trans- -
formation from B to A (which.does not occur in the absence of :solvent) was:

obseryed and pure A could eventually be isolated. This transformation ipvolves
smooth growth of the stable A pelymorph and dissolution of the metastable
form B. The ratio of the rate constants for the appearance of A and the dissolu-

tion of B indicated a growth-controlled mechanism for the transformation. In

subsequent experiments investigating the effect of added ethanol, however, it
was found that the fraction of polymorph A in precipitates decreased rapidly
with increasing volurme fraction of ethanol in the mixture, and pure B could be
obtained when this fraction was 0.4. An explanation for the change in growth

mechanism with.addéd ethanol, based on the decreased concentration of poly-

morph A, was proposed [54].. o :
‘This type of behaviour is not.confined to polymorphs but may exiend to
pseudopolymorphic forms such as hydrates and solvates. A recent’ case of
solvent-mediated phase transformation involved polymorphicand pseudopoly-
morphic formus of thiazole carboxylic acid [55), where the transformation is
again sensitive to the composition of the mixed solvent. Three forms of the corn-
pound are. known, an anhydrous form, a 0.5 hydrate, and a 1.5 hydrate. In

50-80% solutions (% = vol.% MeOH-H,0), transformation of the 1.5 hydrate-

to- the 0.5 hydratc was observed while transformation to the axtydreis fuau
occurred in 85:100% solutions. No transformation occurred in 0+30% solu-
tiois, Detailed study of a solvent-mediated polymorphic transition has.also

been carried out for the antiulcerative agent cimetidine {56} for which seven -

polymorphic forms.are known. An important feature of this study was the sys-
tematic use of seed crystals to inducecrystallization at different supersaturation
ratios. o :

- The possibility of relating solvent effects to polymorphic crystallization at the
molecular level may be realized when the individual crystal structures of the
polymorphs are known. An analysis of this kind was carried out for the anti-
inflammatory drug piroxicam {57) which was found to crystallize as the a-poly-
morph from proton donor and basic solvents, but as the f-polymorph from
non-polar solvents: On the assumption that crystallization of the drug requires
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releasc of solvent molecules from acccptor and donor sntes on the mo]ecnlc, .
it was poSsible to reconcile the observed intermolecular hydrogen bonding -
arrangements in the crystals (infinite chains in a-, cydlic dimers in f-) with prob-

able sites of solvation on thie pitoxicam molecule in solvents of differerit polari-
ties. In this way, formation of the a- and f-polymorphs from different solvent

systems could be rationalised. Combination of polymorphic crystal structural

data with appropriately detailed solvation models could be a useful adjunct to
the existing methods of rationalising or predlctmg the outcome of po}ymorphxc
crystallization from solution. .

2.3 :
Polymorphism - Structural Censiderations

Dunitz has recently developed the therae of the crystal as an ordered supn-
" molecular entity [2). From this perspéctive, different polymorphic* modjqcz '

tions of a given compound may thus be regarded as: supmmolecuhr isomers”..
In discussing the possible structural arrangements occuiring in crystals of poly-
morphs, a convenient distinction may be'made {3] between rigid molecules (e.g.
planar chloro-aromatics) and those with conformational flexibility (e.g.

N-benzylideneanilines). In the former case, different polymorphic structures
frequently display common features such as similar intermolecular directional
contacts, layer stacking and unit cell dimensions which are related in a simple
way. Conformational polymorphism, the existence of different conformers of a
flexible molecule in the various crystal structures [58), may be expected to occur
when the conformational energy minima differ by less than about 8 k) mol-*. If
the energy barriers separating these minima are sufficiently Jow, these con-

formers may co-exist.in solution and slight vaniations in crystallization con- °

ditions roay Jead to their individual isolation as conformational polymorphs

[11). Systems.of this type havebeen exploited to study both the influences of the. - .

crystalline environment on molecular conformation as well as the properties of
molecules which depend strongly on cenformation {13). An example of con-
tormational polymorphism in which the structural ammgements are dictated
by non-directional van der Waals forces only is shown in Fi ig. 3. The molecule in
question is probucol, a drug used to control blood-cholesterol Jevels. Here, inter-
molecular hydrogen bonding between hydroxyl groups in the crystals is preven-
ted owing to intramolecular steric crowding of these groups by neighbouring
t-butyl substituents. The molecules adopt distinctly different.conformations-in

the two polymorphs [S9], the more symmetrical conformation approaching

point symmetry C,,.
Figure 4 shows representative hydrogen bonded (N-H:--0, C-H:+-0) layers of

planar nitrofurantoin molecules occurring in the a- and B-polymorphs [60).

which are triclinic and monoclinic, respectively. In this system, the molecular
conformations in the two polymorphs are-indistinguishable but the symmetries
of their intermolecular hydrogen bonding schemes differ significantly. The
common molecular conformation shown here occurs in five modifications (two
polymorphs and three pseudopolymorphs) of this compound [61]. The three-
dimensional crystal structures of the polymorphs result from close stacking
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(~3.2 A) of the respectxve layers shown in Fig. 4. This example conveys an idea

* of the variations in polymorphic structural arrangements. thaLaxepossib!emth

molecules containing hydrogen bonding functionalities.

During the last few years, the development of graph set analysis (16} has

greatly facilitatéd the visualisation and comparison of polymorphic structures.
Here, hydrogen bonding networks are classified as belonging to one of four
distinct patterns, each specified by a designator (G in general): intramolecular
(S), chains (C), rings (R), or other finite patterns (D). Purther spcaﬁcanon of the

number of donor (d) and acceptor (a) atoms as well as the total number of atoms.
* (n) coffiprising the pattern yields a concise and informative description of the

hydrogen bondmg arrangement, G§ (n). A simple illustration of the use of graph
set descriptors is given in Fig. 5 for a polymorph of thalidomide (space group
C2/c, Z=8) [62]. Alternating hydrogen borided ring motifs exist in this poly-
morphic structure as a result of bifurcated hydrogen bonding involving the

N-H group. In contrast, the other known racemic modification of thalidomide_

(s?ace group P2y/n, Z=4) [63] contains only centrosymntetric dimers of the

type R}(8). Application of graph set analysis to three polymorphs of iminodia-

cetic acid [64] has led not only to facile comparison of the crystal structures, but
has also provxdcd a basis for concise description of the polymorphic transform-
ations occurring in that system. Thus, e.g. transformation of one polymorph
of the acid into apother is simply described as-a conversion of R}(4) into R3(8).

It has been pointed out that graph set analysis of hydrogen bonded systems also
provides 2 means for seeking systematic correlations between the resultant
patterns that demonstrate “hydrogen bond pattern functionality” [16]. This con-
cept may be useful in the prediction of crystal structures as well as for thedesign
of materials with desired supramolecular features. Extension of the graph
set approach to encompass intermolecular atom-atom interactions other than
hydrogen bonding for the classification of polymorphic crystal structures is
envisaged as a natural and desirable development and more mdcsprcad use of

_ this classification can be cxpectcd in future.

Elucidation nf detafled =5dmoi phic siructurai features and structural chan-
ges accompanying polymorphlc transformations relies heavily on the smgle

’ crystzl X-ray diffraction techmque. The inability to produce single crystals in
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Fig.5. Graph set notation for hydrogen bonded ring motifs in a polymorph of thalidomide
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the laboratory (especially for metastable polymorphs) has hindered progress in
research on polymorphism. If, however, a polymorph is available in a powdered
crystalline form and a computational method exists_for-predicting pd's,a‘iblc
three-dimensional crystal stiuctures, then the later can be used to generate
computed X-ray powder patterns for comparison with the experimental pattern.
~ While the scope of the present review does not permit detailed exposition of the-
approaches and algorithms employed in crystal structure prediction,.a sum- .
mary of some recent developments, especially as they relate to polymorphism, is
in order. The studies of polymorphism and erystal structure prediction are .
indeed two facets of the same topic [65]. Additional powerful motivations for
predicting crystal structures include a better understanding of thé crystalliza-
tion process as well as the design of new solid'materials. The reader is referred
to several recent treatments of crystal structure prediction {66-70]. Comments
on some of these methads and their applications follow.. .

In the atom-atom potential (AAP) method as.implemented in the pfogram
PROMET [66], symmetry_operations (e.g. & strew axis, centre of inversion) .
appropriate to the chosen space group, are applied to a molecule in fixed con- -
formation (possibly optimised previously by a molecular mechanics calcula-
tion)-to generate molecular clusters. Following a search for the most stable

" ¢lusters on the potential hypersurface (calculated using empirical atom-atom

- potentials), translation is applied to gencrate one or more periodic structures.
Packing energies ate computed and acceptable structures are optimised. Thisis
a very useful means of generating a series of polymorphic structures for a given -
molecule. Ini this approach, consideration is usually given to only the rnost
populous space groups (93% of organic molecules being confined to 18 space
groups [71]) thereby running a small risk of an incorrect choice. If an exper-
imental X-ray powder pattern of the material is available, the correct crystal
structure may be identified by comparison. with computed powder patterns
frony the candidate structures generated by PROMET. In a study using this pro-
cedure [72] scveral literature cases were selected, for each of which the crystal |
structure of one polymorph had been determined, and mention was made of the
existence of a second polymorph whose crystals were :nsuitable for complete
structural ciucdadon by X-ray-analysis. Only unit cell and space group data
were available for these undetermined polymorphs. Each starting molecular
conformation was assumed to be the same as that in the corresponding fully
characterised-polymorph and was submitted to the PROMET procedure. In all
cases, satisfactory structures were gencrated, with predicted unit cell data in
good agreement with the experimental ones and with packing energies in the
expected ranges. These results represent authentic crystal structure prediction,
assisted by partial X-ray data. The method is therefore an alternative to direct
methods of structural solution and also implies that, provided cell and space
group information can be acquired, full structure determination without dif-
fraction data is feasible. The authors of this study are less optimistic as regards
true ab initio crystal structure prediction for numerous reasons, among them
that packing energies for polymorphs of the same compound are always very
similar, rendering the choice of the correctly computed structure difficult in the
absence of other data, and that the occurrence of polymorphs containing mole-
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cules in different conformations is common. The point was also made that-the

_ correct energy ordering of polymorphic structires by computational methods

‘may bear no relation to the experimental situation, where kinetic factors may.
determine which polymorph actually crystallizes under given conditions.

The AAP approach, with some variations, has recently been applied with
varying degrees of success to the prediction of several other structures in-
cluding, in order of increasing molecular complexity, high pressure solid phases

_ of benzene (73], the three polymorphs of sulfanilamide {74, and the low and

high temperature phases of poly(p-hydroxybenzoic acid) {75)."

An ab initie molecular packing ‘analysis procedure {(program mpa) which
avoids any prior assumption of space group symmetry has recently been de-
scribed [76]. Only the molecular structure and the force field are rcquu'ed as
inputs and the program finds intermolecular energy minima for packed arrangeo
ments for any given number of molecules compnsmg the asymmetric unit.
Space group symmetry opeiations are predicted in this procedure ‘and suc-
cessful application to the crystal structures of urea and benzene were repofted.
It is significant that the energy mininiisation for the urea structure converged
to the correct space group (P42,m) whxch has a frequency of occurrence of
only 0.39 %.

Quantum mechanical metheds have also been applied to crystal structure
prediction. A recent example invclved the use of ab initio arystal field methods

- with the SM (supermolecule) model and the PC (point charge) model applied to

the three known polymorphs of glycine [77]. Comparison of the optimised
structures with published X-ray structures for these forms indicated that the
quantum-mechanically based SM model employing a 15-molecule cluster pro-
duced results in better agreement with experiment than the PC model which
describes the crystal environment purely electrostatically.

Despite the varying degrees of success attainable by such computational
methods, a survey of the recent literature on this subject seems to indicate that
crystal structure prediction by theoretical methods is more rapid, has greater
chances of success, and consumes far fewer computing resocicis wicn coupied
with other techniques which provide additional experimental data for the crystal
in question. (Examples of such combined studies are discussed in Sect. 3.2). At
the same time, it can be argued that successful ab initio crystal structure pre-
diction (i.e. assuming only the molecular structure as given) bywhatever means
possible in the future, would represent a very significant advance in the under-
standing of the fundamentals of the crystalhzatlongmm.‘xnga;dmgethe-fes
sibility of crystal structure prediction in gerieral, some philosophical and tech-
nical points have been discussed, together with excellent practical recommen-
dations for a programme of expcnmcmal and theoretical studies for elucidat-
ing the basic principles of organic solid-state chemistry [78]. This is seen as a
prerequisite to the solution of the problem of crystal structure prediction.

Some new insights into the nature of organic crystal polymorphism have
been gleaned from a recent systematic analysis [79] of data for polymorphic
structures retrieved from the Cambridge Structural Database. A total of 345
crystal structures were reduced to 163 clusters (a cluster referring to a group of
two or more polymorphs of the same compound). These clusters comprised 147
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: 'Wlth 2,13 with 3, and 3 with 4’parmer& Differences iss moleadar propemes fP)
(e. g.«dcnsxty, molecular volume, packing coefficient; AAHR-calculated packing.

‘enérgies and other thermodynamic propesties) were computed beetween cluster-:
membets (i, j)as-8P= =By~P, or AP=100(P;~ P)/P| Q)ﬂm total. of 264 data-.
points, Both monovariate and bxvan:@tatast:cal ana.lzscrwet’c performedon -, -
the data, yielding several revealing. trends and correlatioas. HiStograms-of .dif-.-
ferepices in properties between polymorphic pairs.shiown ia Fig. fa— ¢, indicate:

respectively. that differences in crystal packing. enérgies, deasities and latdce:
vibrational entropics for polymorphs are;rather small Wifile Fig. 6d:reveals that-
‘an appreciable proportion (actually 18%). of-polymorphsRave & >1-(where Z'
isthenumber of molecules in the crystatasymmetric unit). Some further impor-
tant conclusions drawn from this studyare as follows: both calculated and ex-
perimental values. for the relative stability of crystal polymorphs are'currently-

subject to large uncertainties; polymorphs-with Z' >1 are as stable, ot even more

stable than those with Z°=1; higher crystal density. is; as-expected; found to

N@AEN] ‘ N(48).
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molecules in the asymmetric unit). (Reprinted with permission from:{79}, copyright 1995,
American Chemical Society)
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correlate with lnghzt packing energy. Finally, fxom the observauon that 24% of
the polymorphic pairs analysed comprised both a centrosymmietric and a non-
centrosymmetric partner, it was concluded that the link between molecular -
properties and centrosymmetry of crystals is evidently weak. The reader is
referred to this seminal study [79) for the full exposition of the above conclu-
sions and their justification, as well as ﬁmher perceptive obsemtmns on the ,
phenomenon of polymorphism. :

¥
3 ) co :
Methodology for the Study of Crystal Polymorphism

"3

Review of Preparative Methods .
Research on the polymo:phism of a new molecular entity normally comm‘eac'cs-
with experimental screening which can indicate the occurrence of more

one’ crystalhnc form of the substance. An inexpensive method of such testing is
hot stage microscopy (HSM), which has been used very extensively and effec-
tively by a leading proponent {80] for many years to provide preliminary indi-
cations of the presence of crystalline polymorphic and pseudopolymorphic
(solvated), as well as glassy (amorphous) forms, all of which may have practical -
utility. Pseudopolymorphic forms are molecular adducts containing solvent of
crystallization and have been classified {37) as stoichiometric solvates and non-
stoichioraetric inclusion-compounds possessing channel, layer or cage (clathrate)
structures. Procedures for detecting the existence of multiple forms by HSM
have been outlined [37,81). These include, for example, the observation of solid-
solid transformation upon heating the substance, ocbservation of transforniation
(spontaneous or mechanically induced) following the freezing of a melt, and
detection of gas evolution as bubbles from pseudopolymorphs -immersed in
silicone,_oil during heating (indicative of a solid—» gas + solid transformation).
Once the existence of rultiple forms is 2stablished, practical methods for-the
preparation of speaﬁc forms on a larger scale may-be explored. Frequcndy
recrystallization of the compound from solvents or solvent mixtures spanning a
wide polarity range is effective in produring several of the different formis in suf-
ficient quantity for complete characterisation by the analytical methods to be
discussed. Most pseudopolymorphs are prepared by crystallization of the parent
organic compound from the respective solvent, whereupon the latter becomes
incorporated in the new crystal. Recrystallization from a mixed solvent system .
may yield a pscudopolymorph containing either or both solvents. Exposure of .
the parent organic compound to vapours may also result-in the formation of .
pseudopolymorphs (as occurs e.g. when anhydrous drugs react with atmos-
pheric water to form hydrates). This is exemplified by the drug indomethacin,
for which four polymorphic forms (1-IV) have been identified [82). Crystalliza-
tion of the commercially available Form I from over fifty solvents yielded Forms
11L,1V and mixtures of these, as well as a number of pseudopolymorphs {83). To, -
ensure. subsequent reproducibility in the preparation of specific forms by
crystallization, careful attention to the details of solvent purity, degree of solu-

v




tion agxtauon,tcmpenmne. supersaturanon and the tate o{coolmg’oi thcrsolu- :

" tion is necessary, Detailédmethods for isolating fetastable polymorp}mfrom,
thc melt or- fmnnsolution.ﬁmb‘ccn reviewed[81).

" Desolyation of a pscudéfolymorPMC form by. contmncd»iicanng-!cad& to the
formation-of'a polymarph or a mixture of pelymorphs of the Pprrentsompound, .
hence providing an additioral route to isolation of swch spgc¥s: For exampld, for ™
indomethacin quoted: above, twelve pseudopolymorphs with: the general: for--
mula indomethacin - (sobrent), (n=0.2~-1.1).were isclated [83]:and.their pro--
ducts of ‘desolvation were characterised: Whereas mixtures of Forms I and:TT-
resulted from heating the benzene, CCl,, CHCl, and toluene pseudopolymorphs,
pure Form Il was obtained from desolvation of the acetone pseudopolymorph.
The most soluble (and pharmaceutxcally desirable) polymorph, Form IV, was
obtained in a pure state by desolvauon of the pseudopolymorph cqntan?mg
methianol.

A technologically very nmpon:mt nd ppotentially’ beneficial feitire.of: some:

" polymorphs obGined in this way is the possibility that they may ércqulrevaltercd?‘
rheological or other prbpcrxlcsc(ﬂowabdxry, texture, particlé.sizédistribjition,
.compressibility) whien compared with the same polymosplfi¢-crystilline: forms<
obtained by direct crystallization from. solation Two cxampkrof considerable :

pharmaceutical relevance may be cited, namely:those of !aomsuand‘paracetaa.

mol: The lactose used as an excipient in pharmiaceutical tablétstand capsules is
a-lactose monohydrate. It was found that thermal dehydeatibmof this-species-or
desiccation of-a-lactose containing methanol yielded. a-stable prodifct with.
superior binding properties and excellent flowability [84]. Tabiets'prepared-by~

compaction of the stable product had.an overall porosity-néarly equal to those

of tablets prepared with the. original’ materials. The very poor compzcssxom
abilities-of paracetamol prompted an investigation of satvation/desolvation-as a-
process for' preparing: puse paracetamol with improved properties’[85]. A
crystalline hemisolvate of paracetamol wassprepared by coeling a hot.saturated
solution of thedrug in dioxane. Desolvation of thisspecies yidded pure parace-
-tamol'with significandy improvedtechnological proptm:&mdudmg’ﬂowabih—
ty, die filling, and hardness/pressure profile. A crucial point is that thislimprove-

ment was not attributable to the prodaction of a new-polymarphic formrof the « -

drug; the X-ray powder diffraction pattern. of the desolvated material.was the:
same as that of thé commercially andahk.mmch’hicgot)cmorn}-cf?arsc‘t«-
mol. However, défailed examination with scanning-electron microscopy reveal-
ed that, desolvation produces material with.an unusually porous, sintered-likes
texture:which lends itself to compression more readily than other forms of.the
drug. Interestingly, solvation/desolvation using other oxygen-donor solvents.
" (e.g. acetone,, cyclohexanone) yielded paracetamol in thé same. (monoclinic)®
form but failed to produce paracetamol crystals with the required texture: An:
earlier- review..on polymorphism. [37} lists several drug pscudopolymorphy
whose desolvation leads to significant particle-size reduction (or microniza-
tion) of the ensuing polymorphic crystallites. This-usually results in improved
‘dissojution and tabletting properties of the polymorph.

Mechanical grinding and compression. of compounds represent another
.. -passibleroute to polymorphs. In the former case, the local pressures induced by

5
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the mcchamcal stress may initiate the transformauon of tlxe ongmal polyma:ph '

into another crystalline form. From an industrial vi
pression are attractive processes, being relatively i mexpeasxve and requiring no

- solvents. In addition, complete polymorphic conversion may be effected in very

short times (several minutes in some cases). Recent examples include the pro-

duction of polymorphic Form I of sulphathiazole by planetary ball-millirig of

Form 11 [86], the transformation of metastable Form I of caffeine into the stable
Form I by either grinding or compression [87) and production of Form I of pro-
bucol by manual trituration of Form II {59]. The role of grinding in the design
of pharmaceutical dasage forms has been investigated and the effects of increas--
ed spedific surface areas and enhanced solubilities following mechanical action
have been noted [88). The same group reported the effects of environmeptal
temperature and compression energy on the polymorphic mnsformatxons of
the antidiabetic chlorpropamide {89) and discussed the relation betiveen the
polymiorphic transformation pathway during grinding and the physicocherpical
properties of bulk powders of cephalexin; chloramphenicol palmitate-and indo:
mthacir [90): Local temperature variations during grinding may also playa
role.in effecting polymorphic transformation and it is desirable to separate-the
two influences. This was recently achieved with cortisone acetate by cryogrind-
ingat 78 K.dunng which the monoclinic form transformed to an orthorhombic
form in ten minutes purely by mechanical effects {91].

Prolonged mechanical grinding of a crystalline compound may produce

- material in an amorphous (or glassy) state which, due to the Jack of Jong-range

internal order of the constituent molecules, displays a broad melting tempera-
ture range and a diffuse X-ray diffraction pattern. A discussion of polymor-

‘phism without reference to amorphism would represent serious neglect of an

important aspect of ‘phase behaviour. The amorphous state rcpresents‘ihe
thermodyaamically least stable form of the compound, which conscqucntly has
a tendency to revert to a more stable form. The amorphous material is also the
most soluble form of the compound and this property is used to advantage in
puasusicuiicai preparations in cases where the solubility of the crystalline
form of the drug is low, leading to poor systemic absorption.’ A well known .
example-is the antibacterial novobiocin acid, for which the solubility of.the’
amorphous {and therapeutically active) form is ten times that of the cqstallmc
(mactxve) form [92]. However, use of an amorphous form in & suspension may
require addition of another component to suppress spontancous transforma-.
tion-to-a-thermodynamically more-stable form. For novobiocin acid preparao'
tions, the additives methylcellulose and polyvinylpyrrolidone are successful in-
this respect. It seems hkel'y that the amorphous state may attain even greater
practical significance in view of the recent reference to-“amorphous poly-
morphism”{14), i.e.the existence of more than one distinct amorphous phase of
the same substance. This phenomcnon, which has been studied by computer
simulation, evndently occurs in substances where the thermodynamic behaviour
of the Jiquid state exhibits liquid-liquid phase separation ora tendency towards it.
In concluding this discussion of the methods of preparing polymorphs,
several examples may be quoted of observations or procedures which, owing to
their novchy or confinement to only. one particular compound, cannot be
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dmxbed as gencral. However, smcé.syskmauc studyot' thc &th-cb mig}w
be involved in. effecting or aﬂ'cctmgpobanorphgﬁ‘msfomnﬁxwmﬁn‘cc £ases
_could in principle find wider application, brief-menjon. of such examfles is’
_made here. The effect-of cxplds;on on;polymorphs of chitin' andchitosar-has
recently been’ studied ]93], Explosion of a-chitin pesulted in:no:changs but-- -
explosion. of ‘hydratedchitosan .of Jow_crystallinity,yielded:a ‘product: with~
increased crystallinity as-well 25 a smaltameunt-of the; ankiydroustphase. The~
effect of an:electricfieldren polymorphtc fransformation in certaiit.clagtes of

compounds'may be a ph¢nomienon warranting systematic investigation. Strong

temperature-dependenceof the f <> a polymorphic transition of isotactic poly- *

propylene (containing addifives) has been observediwhen the system is exposed

" to an electric field [94]. The effects of neutron-irradiation oa. the kinetics: of- -

polymorphic phasc transitions. for several inorgani¢ compounds: bave heen
reported [95], but similar studies nsmg organic compound:. as snbstntes are

lacking: It has, however, been demonstrated that ionizing radiation eaninducea.
polymorphic transformation in an orgamc co?poundzkpolycrystallmc samplc« .

‘of the f-polymorph of a diacetylené. nitroxi
‘trangition to thie a—polymorph on irrfadiation with CuKx or “Co sources [96).‘
X-ray powdér diffractiortwas used to. motiitor this phase tranforihation.

has beenreperted to-undergo:

Finally, the role of serendipity in:producing poiymorphs may.be mcntioned:
Two recént cases involved unsqcccssf\ﬂ:altanpts to produce molcculax\ com-
plexes by reaction of two components ini solution, resulting iristead In the pre-
cipitation. of crystals of one component+in a.desirable polymosphic form..
Atteropts to grow crystals of methotrexate:by-various techniques faile2 {27].

Howerer, tetragonal crystals of the compound were-obtained from. a solution
" containing methotrexate and thymidine, prepared for the purpose of obtaining-

a co-crystal of these components. Similarly, attempted-complexation: betiveen-
5- su!phamethoxydnzmc and p-aminosalicylic a¢id failed, the solution of these

species in a 1:1 molar zatio producing instead large crystals of Foym I of the -

sulphonamida fog) ln"“oungay;rhn po!ymorpk of the drug is the-biologically -
most active fo:m asid is usually: from cthanol followed by sapid -

* cooling of the solation to ~12°C. This yields small particles with Ettle ormo geo-

metiical form {99} A possible explanition for.the crystallization:of Form-IT-
during attcmpt.s to pmduce the complex -has bccn,duscusscd. [98]

3.2'

_Review of Investigative Medwds

Having outlined.the methods of prcparmdn of polymorphs and’ pseudopoly—
morphs, this report now focuses on the methodology used to study these forms.
The discussion cgmmences with a survey of some well established and-still"
widely used techmques. cach of whicli s illustrated by one or more applications.

- This.is followed by a survey of newer methodology which is being used to

probe organic crystal polymorphism.
A wide spectrum of analytical leclquues may be used to charactcnze poly- ‘
morphs and pseudopolymorphs in terms of their structure, spectral energies,

thermodynamic stabilities, kinetics of transformation and solubility behaviour.
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The choice of analytical and physncoche:mcal ‘methods for the characterization.
of polyndorphs is dictated by the need to measure properties which ultumtcly

depend on-the-different internal arrangements of the same molecules in these
phases. When pscudopolymorphs are also considered, the range of suitable
analytical techmqucs is significantly broadened owing to the presence in the
crystal of the solvating molecule and the possibility of analysing the physical -
and chemical changes which may accompany both formatlon and decomposi-
tion of pseudopolymorphs.

Some remarks on the use of whxte- and polarized-light mlcroscopy serve as
an appropriate.introduction to this section. With the advent of more sophistica-
ted analytical methods, the use of microscopy has, to some extent, fallen into
neg,lcct. This is unfortunate, since investment of relatively little time and effort
in studying a crystal of a polymorph or pseudopolymorph by mlcroscopycznbe
invaluable, enabling one to assess the overall quahty of a recrystallization, to
detect crystal faulis, fractures and macroscopi¢ inclusions, and obtain pr.
inary information which will facilitate subse quent X-ray examination.. Dctectnon
of different crystal habits (acicular, tabular, bladed; plate-like, prismatic) usmg
white-light microscopy -is not necessarily indicative of polymorphism since
crystal habit depends on crystallization condmons and may vary widely for a
given po)ymoxph.Howcvcr, this method is useful for distinguishing polymorphs
having different colours in reflected or transmitted light. Pscudopolymorphs
which undergo pseudomorphosis (i.¢. loss of solvent on removal from their
mother liquor) tend to form-opaque, microcrystalline masses which are also
discernible by ordinary microscopy. Addition of a polarizing attachment allows
distinction between optically isotropic crystals and anisotropic crystals as well
‘as the measurement of refractive indices [100]. Optically isotropic crystals
belong to the cubic system and have a single value for their refractive index. The
vast majority of crystalline organic compounds are optically anisotropic, having
multiple refractive indices and displaying numerous optical effects which may
be used to differentiaic polymorphic forms. Anisotropic crystals reveal them-
selves by producing variable interference colours as weil as regular extinction of

‘plane-polarized light on rotation of the microscope stage. They may be uniaxial
(characterized by two principal refractive indices and belonging to the trigonal,
tetragonal or hexagonal systems) or biaxial (with three refractive indices and
belonging to the triclinic, monoclinic or orthorhombic systems). Measurement
of these refractive indices is certainly a means of -identifying a polymorph
unequivocally, but is seldom done for-this-purpose: Theuniaxial or biaxial
‘nature of the crystal is easily determined from observation of the respective
characteristic interference figure when the  crystal is viewed with condensed
(conoscopic) light. Taken together, extinction directions, crystal morphology
and unijaxial or biaxial character can facilitate the identification of a new poly-
morph, as exemplified by the following case from our laboratory. Carbamach:-
ne commeonly crystallizes in the monoclinic system with a prismatic habit {101].
Microscopic examination of crystal batches obtained by recrystallization of the
drug from a wide range of solvents confirmed the predominance of this form.
. However, crystals obtained from tetrahydrofuran were acicular, yielding extinc-
tion parallel to the needle-axis and presenting a uniaxial mtcrference figure.

/.
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Measurement of the mtcrfaaal angla ofa crystal sect:omboth xmcroscop:d}y
and using-an optical goniometer yiclded values of 120+1°. Thus, anew. poly-

morphi belonging to either of the trigonal oxhexsgonal systems-was: “unequivo---
cally identified: This was confirmed by subscqucnt X-ray photography which:

revealed a'trigonal: spacegmug[lozr

Owing to its vast depth of field, scannmg elcctxon mxcrostéyy (SEM) is:
widely used for observing the texture, morphology and surface-features of
both powders and large single crystals of polymorphs. The high vacuum used-

for sample observation precludes study of pseudopolymorphs -containing:

volatile solvents but SEM micrograpbs of polymorphs are usefulfor purposes
of identification provided that crystallization condmons and: SEM*samphng
methods aré carefully controlled.

Crystal density is an important technological paramctcr sincé it affectsithe
flow properties of bulk solids. Dué to the different bulk densities of po}ymorphs

and their abilities to. setain sq}vcm, different Lsolauon strztches are reqmrcd in .

industry [24). Fusthermore, if mixtures of different s6lid phases are prescnt Ina
'sample (e.g. in"a powdered pharmaceutical-formulation); differences in com-
ponent densities may lead to a heterogentous product-during. processing due to
phiase segregation. Distinguishing orphs of the samexompound by densi-
ty measurement (determined by otation ot Bas. displacement pzcnometry) is:
difficult because, as shown in Fig. 6b;differences inthe densities of such spcad
seldom exceed 5% and the experimental error of routine.ineasurements is typi--
cally 2%..However, the latter can be reduced if special precautions are taken-
during flotation measurements, especially with regard to eliminating occluded -
air. Under these conditions, anomalously-high or low.measured densities may be

useful indicators of the presence of pscudopolymorphs. Thus, e.g;, « measured'-

density of 1.30(1) g cm™ for a crystal of: doxylamine succinate obtained from
ethyl acetate was sufficiently different:from thdt of po}ymorphxc Form b

{p=1.21(1) g cm™) to indicate the presence of a psz:dipuily morpn: Subsequent. -

X-ray analysis showed the crystalito have the unexpected composition (doxyl-
amine succinate), - (succinic acd) {103}).-

Among the thermal methods of ana}yns,thcxmognnmcmc dnalysis (TGA):
differential therraal analysis (DTA) and differential scanning calorimetry (DSC)’

have been used-extensively to quantify thermal events wcompanymgcontmlled -

heating of polymorphs and pscudopolymm:ph&{l 23]. Figure 7 shows: com+"
bined TGA and DSC traces for two' pscudopolymorphs of nitrofurantoiif {61},

containing rapectxvcly N,N-dxmcthylformamxde (DMF) and dimethylsulphoxi-

de (DMSO)4
In TGA, the sample (~5-10 mg) is heated atx predetermined rate and the
‘weight is recorded as a function of. temperature. This technique cannot distin-’

guish polymorphs of a given orgamc compound, but for pseudopolymorphs

which lose their included: solvents prior to melting. or decomposition of the
parent (“host”) compound, the percentage weight-loss may be accurately mea-
sured and used to calculate the stoichiometry: of the pseudopolymorph. Data
recorded from the TGA traces shown in Fig. 7 indicated a nitrofurantoin: DMF
stoichiorhetric ratio of 1:1 and a nitrofurantoin: DMSO ratio of 2:1. A TGA
trace may reflect simple one-step weight loss of included solvent or moré complex
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Fig. 7a, b Combmed TGA-DSC traces for ‘pscudopolymorpbs of nitrofurantoin containing:

a DMF; b DMSO (R:pmt«l with permission from [61); copyright 1996, Gordon and Bmdx
Pubhshers)

multi-step weight lossu Coupled thh TGA, evolved gas analysis (EGA) using

-IR or mass spectrometry is an important mearis of identifyifig gaseous products

(18} and may be used to quantify both the pyrolysis products from thermal
degradation of -polymorphs as well as solvents released from desolvation of
pseudopolymorphs. Another.important application of the TGA method is the
determination of the xuntmnmvy—fer—émhauon of a pseudopolymorph
from traces recorded at varying heating rates {104}. Its application to psendopo-
lymorphs of succinylsulfathiazole [105) and tenéxicam {106}, and to inclusion
compounds of synthetic hosts {50} have rcccntly been described.

In DTA, the sample temperature (T,) is compared with that of a reference
compound (T,) as a function of increasing temperature. The resulting plot of AT
(=T,-T,) vs'T may display endothermic peaks corresponding to desolvation
(for pseudopolymorphs) ‘or fusion (for polymorphs) and exothermic peaks
representing recrystallization or decomposition processes, In the related DSC
technique, the difference in energy inputs into a compound and a reference sub-
stance is plotted against T during a controlled temperature programme In




