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The carboxylic acid—pyridine supramolecular heterosynthon
can be exploited to predictably generate binary crystalline
phases involving rac-ibuprofen, rac-flurbiprofen or aspirin.

The concept of crystal engineering was originally introduced in
the context of stereochemical control of photochemical reac-
tions,! but it has subsequently been shown to have wider
implications for materials science. In the context of pharmaceu-
ticals, there are important process and intellectual property
implications related to control and reproducibility of composi-
tion and polymorphism.?3 In this contribution, we focus upon
how crystal engineering can be applied towards small organic
molecules and generation of novel pharmaccutical composi-
tions. This study is premised on the assumption that pharmaceu-
tical molecules are inherently predisposed for such studies since
they contain exofunctional supramolecular synthons.4

Supramolecular synthons that are based upon hydrogen
bonds represent a prototypal tool for crystal engineering’ and
can be readily categorized as illustrated in Scheme 1: ‘supramo-
lecular homosynthons’ from self-complementary moieties, e.g.
the dimer formed by carboxylic acids, T; ‘supramolecular
heterosynthons’ from two or more components, e.g. the dimer
formed by pyridines with single or multiple carboxylic
acids, 610 I1.

Heterosynthon II has previously been exploited for liquid-
crystalline materials,” two-dimensional beta networks,” two-
dimensional corrugated sheets? and “ternary supermolecules’ !0
and similar heterosynthons have been used as templates for
control of solid-state reactions.!! We herein extend its use to the
realm of pharmaceutical molecules by forming novel composi-
tions of ibuprofen,!? flurbiprofen,!? and aspirin.1+

Supramolecular complexes A-D form when rac-ibuprofen,
rac-flurbiprofen or aspirin are crystallized in the presence of
dipyridyls: (ibuprofen),(4,4’-bipyridine), A (Fig. 1); (flurbipro-
fen),(4.4/-bipyridine), B, (Fig. 2); (flurbiprofen), (trans-
1,2-bis(4-pyridyl)ethylene), C (Fig. 2); (aspirin)»(4,4’-bipyr-
idine), D (Fig. 3); A-D were characterized by FT-IR
spectroscopy, XRPD, DSC, TGA and single crystal X-ray
diffractionf . The crystal structures of A-ID exhibit the expected
2 : 1 stoichiometries because of heterosynthon II. The resulting
3-component adducts are centrosymmetric for A—C and exhibit
herringbone packing patterns of the type seen in the pure
phases.}2:13 All hydrogen bonds in A—C are consistent with

expected values,!5-18 including the C—H---O interaction!9-2¢ that
affords rigidity to this supramolecular heterosynthon and helps
to explain the similarity between the crystal packing of A—C and
the pure pharmaceutical phases.

The 3-component supramolecular adduct formed between
aspirin and 4.4-bipyridine differs from A-C in that the 4.4’-
bipyridine molecules are twisted with a torsion angle of 39°
rather than planar and the planes of the Cg rings in the aspirin
molecules are oriented with a torsion angle of ca. 54°. This
precludes formation of a centrosymmetric supramolecular
adduct and results in dramatically different crystal packing. The
crystal packing of adducts of D results in a channel inclusion
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Fig. 1 The 3-component adducts present in pure ibuprofen and A (above);
the herringbone crystal-packing pattern seen in A (below).
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=] = | P \[// Fig. 2 The 3-component adducts present in pure flugbiprofen, B and C
5 . . i (above); the herringbone crystal-packing pattern seen in C. which is
a ibuprofen flurbiprofen aspirin isostructural with B (below).
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Fig. 3 The 3-component adducts present in pure aspirin and I» (above); the
open framework crystal packing pattern seen in I} (below). The hourglass
channels have effective dimensions as follows: 4.7 A in height; 2.4 A wide
at the narrowest point (middle); 2.7 A wide at the widest point (top &
bottom).

compound, presumably templated by the presence of hexane
during crystallization (Fig. 3). A review of the crystallographic
literature revealed that 4,4-bipyridine moieties exhibit torsional
flexibility in other circumstances.!3

In conclusion, supramolecular heterosynthons can be ex-
ploited for generation of binary crystals that contain pharmaceu-
tical components and, furthermore, the nature of the non-
pharmaceutical component can dramatically affect crystal
packing and, therefore, physical properties. For example, the
melting points for A-C are higher than their pure individual
components, and the melting point of D, a phase that exhibits
dramatically different crystal packing, has a lower melting point
than its pure individual components.t

Whereas A—D should only be regarded as model compounds,
we believe that the observations reported herein could have
broad implications for the formulation of pharmaceuticals since
control of composition can in appropriate circumstances now be
regarded as being addressable via a supramolecular retro-
synthetic2! approach. Further studies will focus upon multiple
component crystalline phases that will be designed and
optimized for improved pharmaceutical performance and
contain components that are generally regarded as safe (GRAS)
by the FDA.22.

M. Z and N. R. H. gratefully acknowledge support from the
Vahlteich Research Award from the College of Pharmacy,
University of Michigan.

Notes and references

T Synathesis and data: A--C were prepared by dissolving the pharmaceuti-
cal and bipyridine molecules in a 2 1 ratio in acetone and slow
evaporation. D was prepared by dissolving aspirin and 4,4/-dipyridyl (2 : 1)
in hexane and addition of diethyl ether. FT-IR spectra confirmed that
deprotonation did not occur. Single crystal X-ray diffraction data for A-D
were collected on a Bruker SMART-APEX CCD Diffractometer. Diffracted
data were corrected for absorption using the SADABS?23 program.
SHELXTL?24 was used for the structure solution and refinement was based
on |F|2. All non-hydrogen atoms were refined anisotropically. Carboxylic
acid protons were located and refined with isotropic thermal parameters
whereas the remaining hydrogen atoms were fixed in idealized positions
and refined isotropically with thermal parameters based upon the corre-
sponding carbon atoms [U (H) = 1.2 Ueq (C)]. In B and C the fluorine atom
was disordered between the 2 and 6 positions of the benzene ring with the
major component having ~ 70% occupancy. Calculated and experimental
XRPD patterns for A-D are consistent with single crystals being
representative of the bulk phases.

Crystal data for A: C36H44N204, M = 568.73, triclinic, space group Pl;
a = 5.759(3), b = 11.683(6), ¢ = 24.705(11) A, o = 93.674(11), B =
90.880(10). ¥ = 104.045(7)°, U = 1608.3(13) A3, 7' = 200Q2) K. Z = 2.
HMo-Kay = 0076 mm~— L, D, = 1.174 Mgm—3, 1 = 0.71073 A3, F(000)
= 612, 26, = 23.29°. 5208 reflections measured, 3362 unique (R;,, =
0.0826). Final residuals for 399 parameters were R; = 0.0964, wR, =
0.2510 for I > 20(l), and R; = 0.1775, wR, = 0.2987 for all 3362 data

Crystal duta for B: C4oHz4FoNoO4 M = 644.69, monoclinic P2i/n; a =
5.860(4), b = 47.49(3). ¢ = 5.928(4) A, ff = 107.382 (8)°, U = 1574.3(19)
A3, T = 20002) K. Z = 2, i(Mo-Ka) = 0.096 mm—", D = 1.360 Mg m—3,
A = 071073 A3, F(O00) = 676, 20, = 21.69°. 4246 reflections
measured, 1634 unique (R, = 0.0677). Final residuals for 226 parameters
were R = 0.0908, wR, = 0.2065 for I > 20(f), and R = 0.1084, wR, =
0.2209 for all 1634 data.

Crystal data for C: C1oHzgFoN>Oy. M = 670.73, monoclinic P2,/n; a =
5.8697(9), b = 47.357(7), ¢ = 63587(10) A, B = 109.492(3)°, U =
1666.2(4) A%, T = 200(2) K, Z = 2, y(Mo-Ka) = 0.093 mm~1, D, =1.337
Mg m™3, A = 0.71073 A3, F(000) = 704, 26,5 = 21.69°. 6977 reflections
measured, 2383 unique (R, = 0.0383). Final residuals for 238 parameters
were Ry = 0.0686, wR, = 0.1395 for I > 20(), and R; = 0.1403. wR, =
0.1709 for all 2383 data.

Crystal data for D: CogHauN,Og, M = 51649, orthorhombic Phen: a
28.831(3), b = 11.3861(12), ¢ = 84144(9) A, U = 27622(5) A5, T
1732) K, Z = 4, y(Mo-Ka) = 0.092 mm—1, D.= 1.242 Mg m—3, 4
0.71073 A3, F(000) = 1080, 20,5 = 25.02°. 12431 reflections measured,
2433 unique (Ry,, = 0.0419) Final cesiduals for 202 parameters wege Ry =
0.0419, wR, = 0.1358 for 7 > 20(), and Ry = 0.0541, wR> = 0.1482 for
all 2433 data.

CCDC  188913-188916. See  http://www.rsc.org/suppdata/cc/b2/
b208574g/ for crystallographic files in CIF or other electronic format.

t Melting points (°C): A: 117-120; B: 155-160; C: 153-158; D: 91-96;
aspirin: 133-135; ibuprofen: 77-78; flurbiprofen: 113-114: 4,4’-bipyridine:
111-114; trans-1,2-bis(4-pyridylethylene: 150-153.
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Understanding and Control of Nucleation, Growth, Habit, Dissolution and Structure of
Two- and Three-Dimensional Crystals Using ‘Tailor-Made’ Auxiliaries

By IsaBeLLE WEISSBUCH, RoMIT Porovitz-Biro, MEIR LAHAV AND LESLIE LEISEROWTTZ
Department of Maierials and Interfaces, The Weizmann Institute of Science, Rehovot 76100, Israel

(Received 24 March 1994, accepied 25 October 1994)

Abstract

Tailor-made auxiliaries for the control of nucleation and
growth of molecular crystals may be classified into two
broad categories: inhibitors and promoters. Tailor-made
inhibitors of crystal growth can be used for a variety of
purposes, which include morphological engineering and
etching, reduction of crystal symmetry, assignment of
absolute structure of chiral molecules and polar crystals,
elucidation of the effect of solvent on crystal growth,
and crystallization of a desired polymorph. As for crystal
growth promoters, monolayers of amphiphilic molecules
on water have been used to induce the growth of a variety
of three-dimensional crystals at the monolayer—solution
interface by means of structural match, molecular com-
plementarity or elecirostatic interaction. A particular
focus is made on the induced nucleation of ice by mono-

Leslie Leiserowitz oblained his PhD in 1966, working on ther-
mochromy in the group of the laie Gerhard Schmidt at the
Weizmann Institute of Science. He then moved 1o the Organic
Chemistry Institute of the University of Heidelberg when he
began a systematic invesiigation of the structural patierns and
physical properites of organic crysials. Meir Lahav obtained his
PRD in 1967 in solid-state chemistry, aiso in Gerhard Schmidr's
research group. He did postdocioral research with Paul Barileit
at Horvard. On his return 1o israei, he embarked on a program
for the design of sysiems for the generation and amplification
of optical activity via crysiallization. {1 was during this period
thut the Lahav-Leiserowitz collaboraiion siaried, with siudies
of photochemical reactions in solids. This team-work continued
with a study of crystal nucleation, growth and dissolution in the
presence of tailor-made auxiliaries. Ronit Popovitz-Biro received
her PhD in solid-state chemistry in 1979, working in the research
group of M. Lahav. Afier a postdoctoral period at the University
of California she returned 10 the Weizmann Institute. She has
since directed her efforts at the oriented growth of crysials
via Langmuir monolayers and the design of multilayer films.
Isabelle Weissbuch received her PhD in chemisiry in 1985 at the
Weizmann Institute of Science. She has continued to work ai the
Weizmann Institute where her main interesi has been solid-stale
chemistry, with emphasis on the design and use of auxiliaries for
the control of crystal nucleation, morphology and polymorphism,
as well as struciure determination of mono- and multilayer films.
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layers of water-insoluble aliphatic alcohols. The two-
dimensional crystalline structures of such monolayers
have been studied by grazing incidence X-ray diffrac-
tion. It has become possible to monitor, by this method,
the growth, dissolution and structure of self-aggregated
crystalline monolayers, and indeed multilayers, affected
by the interaction of solvent molecules in the aqueous
subphase with the amphiphilic headgroups, and by the
use of tailor-made amphiphilic additives.

1. Introduction

Although crystals and crystallization as a process play
an important role in pure and applied science, our
ability to design crystals with desired propertics, and
our control over crystallization based on structural un-
derstanding are still limited. Indeed our ignorance of the
overall process of crystal growth is brought lo the fore
by comparison with the controlled crystal growth pro-
vided in biomineralization. Organisms can mold crystals
of specific morphologies, sizes and orientations in the
form of composites of minerals and organic magerials
with characteristics vastly different from those of their
inorganic counterparts (Lowenstam & Weiner, 1989;
Addadi & Weiner, 1992), Nevertheless, the technological
advances in controlling the microstructure of inorganic
materials on the subnanometer scale have led to tremen-
dous success in the preparation of ceramics, synthetic
layered microstructures and semiconducting materials.
Paradoxically, advances in the field of organic materials
have not been as striking, although the techniques for
the preparation of films such as Langmuir-Blodgett and
self-assembled multilayers on solid support hold promise
as pyvoelectric, piezoelectric and frequency doubling
devices etc. The thread that binds these diverse topics
involves molecular interactions at interfaces.

The surfaces of a growing crystal can be thought of as
composed of ‘active sites’ which inleract siereospecifi-
cally with molecules in solution, in a manner similar
1o enzyme—substrate or antibody-antigen interactions.
The repetitive arrangements at crystal surfaces, and the
knowledge we have of their structures, offer simpler
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means to pinpoint molecular interactions. It is possible to
use the concept of molecular recognition at interfaces to
address open questions in the areas of crystal nucleation
and growth, crystal polymorphism, and interactions with
the growth environment.

Landmark papers for the prediction of crystal mor-
phology were provided by Hartman & Perdok (1955a,b),
Hartman (1973) and Hartman & Bennema (1980), who
laid the ground rules for a quantitative determination
of crystal morphology, based on the internal crystal
structure. Regarding the effect of additives and solvent
on crystal growth and morphology, a variety of important
experimental studies have been reported in the latter half
of this century. For example, Wells (1946) performed
elegant experiments particularly on polar crystals to
demonstrate the effect of solvent on crystal growth
and shape. Changes in habit induced in NaCl crystals
by the presence of a-amino acids were reported by
Fenimore & Thraikill (1949). Buckley (1951) described
a variety of crystal habit modifications, in particular the
effect of dyes which led to changes in morphology and
to colored inclusions known as hourglass or Maltese
cross shapes. Whetsione (1954) explained the nature
of such dye adsorption phenomena in inorganic crys-
tals. He invoked a structural match involving Coulomb
interactions between the additive and the structure of
the crystal surface onto which adsorption occurred. In
the case of molecular crystals, the sugar technologists
(Smythe, 1967, 1971; van Hook, 1968, 1981; Mantovani,
Gilli & Faglioli, 1967) studied the effect of raffinose
on the growth of sucrose during extraction of the lat-
ter from molasses, By carrying out kinetic studies,
they established that raffinose hinders growth along
specific directions of sucrose crystals and proved the
presence of its selective occlusion. The control, however,
on nucleation, growth, dissolution and morphology of
molecular crystals remained primarily 2 matter of ‘mix
and try’. There was no general approach for the design
of additives targeted for binding to particular crystalline
phases or preselected faces of any crystal. It was not, and
still is not, possible 1o wield the exquisite control mother
nature exerts in the field of biological mineralization.

In recent years a stereochemical approach has been
adopted involving the growth and dissolution of molec-
ular crystals in the presence of ‘tailor-made’ auxil-
iaries, which interact with specific crystal faces and
may be crystal growth inhibitors or nucleation promoters
(Addadi er al., 1985; Weissbuch, Addadi, Lahav &
Leiserowitz, 1991). With the assistance of such molec-
ular auxiliaries it is possible to examine a variety of
processes. We list first those which have involved crystal
growth inhibitors. Crystals may be engineered with de-
sired morphologies (Berkovitch-Yellin, Addadi, Idelson,
Lahav & Leiserowitz, 1982). A correlation may be made
between the chirality of tailor-made additives and the
macroscopic properties of affected host crystals. By such

TAIDLOR-MADE AUXILIARIES

means, the absolute configuration of chiral molecules
or polar crystals may be assigned (Addadi, Berkovitch.
Yellin, Weissbuch, Lahav & Leiserowitz, 1986). With
occlusion of the additive into the crystal, the sym-
meiry of the crystal may be reduced, thus making
a ‘centrosymmetric’ crystal emit a second harmonic
signal on irradiation with a laser beam (Weissbuch,
Lahav, Leiserowitz, Meredith & Vanherzeele, 1989),
Molecular crystals can be etched at desired faces on
dissolution (Shimon, Lahav & Leiserowitz, 1985, 1986)
and the effect of solvent on crystal growth may be
elucidated (Wircko et al., 1987; Shimon, Vaida, Addadi,
Lahav & Leiserowitz, 1990, 1991). Crystaliization of a
desired phase may be induced for the resolution of chiral
molecules (Addadi, van Mil & Lahav, 1982; Addadi,
Weinstein, Gati, Weissbuch & Lahav, 1982), or for
the precipitation of a polar crystal polymorph (Staab,
Addadi, Leiserowitz & Lahav, 1990).

With tailor-made auxiliaries in the form of crystal
nucleation promoters it has proven possible to engineer
two-dimensional crystalline monolayers composed of
amphiphilic molecules on aqueous solutions to induce,
by epitaxy, nucleation of crystals at the ..onolayer-
solution interface (Landau, Popovitz-Biro, Levanon,
Leiserowitz & Lahav, 1986; Landau et al., 1989) and, as
a corollary, to acquire information relevant to the mecha-
nism of nucleation of crystals in biological environments
(Mann, 1988, Mann, Heywood, Rajam & Birchall,
1988). The crystallinity of such Langmuir mono-
layers on the water surface has been demonstrated by
grazing incidence X-ray diffraction measurements, also
leading to structure determination almost at the atomic
level (Jacquemain er al., 1990). The knowledge acquired
from such induced crystallization and diffraction
experiments led to the use of alcoho! monolayers for
induced nucieation of ice (Gavish, Popovitz-Biro, Lahav
& Leiserowitz, 1990; Popovitz-Biro, Wang, Majewski,
Leiserowitz & Lahav, 1994; Wang er al., 1994). The
monolayers on the liquid surface can also be used for
studying the effect of solvent on the formation, growth
and structure of polymorphic arrangements of two-
dimensional crystallites, information not easily deduced
from three-dimensional crystals,

Here we present a birds-eye view of all these different,
yet connected, topics.

2. Morphological crystal engineering

The habit of a crystal is defined by the relative rates of
its growth in different directions; the faster the growth in
a given direction, the smaller the face developed perpen-
dicular thereto. Consequently, when growth is inhibited
in a direction perpendicular to a given face, the area
of this face is expected to increase relative to the areas
of other faces of the same crystal. Differences in the
relative surface areas of the various faces carn thercfore
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be directly correlated to the inhibition in different growth
directions. Dramatic morphological changes observed
during the growth of organic crystals in the presence
of additives revealed a high degree of specificity in
the interaction of the foreign matenal with the different
structures of surfaces of the crystalline matrix. Such a
change in crystal morphology is depicted in Scheme 1.

8
A—;:,Ig,
8

stereoselective adsorption

8

T

8 of sdditive inhibits the
unsffected crystal growth Browth of the B fuces
rate of growth of BxA

affecied crystal growth
e of growth of A > 8

Scheme 1.

As mentioned previously, the role played by im-
purities on the habit modification of cryswals (Kern,
1953) has long attracted the attention of crystal growers.
However, such studies did not, in the main, involve
morphological change by design. This became possi-
ble with the use of ‘tailor-made’ additives. From a
systematic study of a variety of organic compounds
crystallized in the presence of additives of molecular
structure similar to the structures of the correspond-
ing substrate molecules (Addadi ef ai., 1985), and so
labeled ‘tailor-made’ additives (or auxiliaries), it was
possible to deduce a stereochemical correlation between
the structures of the affected crystal surfaces and the
molecular structure of the additive. We could infer that
the ‘tailor-made’ additive is adsorbed on the growing
crystals, but only at certain surfaces and then with the
part of the adsorbate that differs from that of the substrate
emerging from the crystal. This selective adsorption of
the tailor-made additive at crystal faces and concomitant
inhibition of their growth is depicted in Scheme 2. Once
this mechanism was established, it became possible to
exploit it to systematically modify the morphology of

dislurbed growth

reguiar
growth

disturbed growihy
Scheme 2.

crystals by tailoring additives that bind at preselected
faces and thus inhibit growth in a predictable manner.
Benzamide, CsHsCONH;, provides an example where
the host-additive interactions at the growing solid-liquid
interface can be pinpointed and comelated with
the change in crystal morphology (Berkovitch-Yellin,
Addadi, ldelson, Lahav & Leisevowitz, 1982). This
compound crystallizes from ethanol as plates [Fig. 1(a)},
in the monoclinic space group P2,/c. The molecules in
the crystal form hydrogen-bonded cyclic dimers, further
interlinked by hydrogen bonds to yield ribbons parallel
to the b-axis {Fig. 2(a)]. The ribbons are stacked along
the 5.6 A a-axis to form stable (001) layers. These tightly
packed layers juxtapose along the c-direction, interacting
via weak van der Waals interactions between phenyl
groups, thus accounting for the {001} plate-like shape
of the crystals. Benzoic acid additive, C4HsCOOH,
adopting the stable O==C—OH synplanar conformation,
can replace & molecule of benzamide at the end of a
ribbon [Fig. 2(a)], however, at the site of the additive,
an attractive N—H- -0 bond (—25 kj mol"') is replaced
by repulsion (4-8kjmol™) between adjacent oxygen
lone-pair electrons of the bound additive molecuie and
of the oncoming benzamide molecule, leading to an
overall loss in energy of 29-33kjmol”! (Berkovitch-
Yellin er al., 1985). As predicted, the presence of
benzoic acid in solution inhibits the growth of the
benzamide crystals along b, transforming the pure
plate-like crystals into needies clongated along the
a-axis [Fig. 1(b)]. Inhibition of growth along the a-
direction was accomplished by adding o-toluamide, o-
HyCCgH4CONH,, to the crystallization solution, The
crystals consistently grew as bars elongated in & [Fig.
1(c)}. The additive o-toluamide can easily be adsorbed in
the hydrogen-bonding chain without disturbing growth
in the b-direction. The o-methyl group emerges, from
the (104) side face [Fig. 2(b)}, and thus interferes with

@) () ) @

Fig. 1. Crystals of benzamide: (a) pure, {b}-{d) grown in the presel
of additi ) b ic scid, (¢} tuamide and (d) p-loluamid
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growth in the a-direction, along which the dimers are
stacked. The relative orentation of benzamide at the
{001} faces is shown in Fig. 2(c). Thinner and thinner
plates {Fig. 1(d)] are obtained by adding increasing
amounts of p-toluamide, p-H;CCH CONH;, whose p-
methyl substituent perturbs the already weak van der
Waals interactions between the pheny! layers in the ¢-
direction [Fig. 2(¢)].

The preseat approach which is based upon specific
molecular interactions at the solid-liquid interface was
applied to a variety of molecular crystals, including o-
amino acids, dipeptides, primary and secondary amides,
carboxylic acids, sugars, steroids efc. It therefore appears
to be general and has since been successfully applied
10 8 large class of materials, be they organic (Lewtas,
Tack, Beiny & Mullin, 1991; Skoulika, Michaelidis
& Aubry, 1991: Antinozzi, Brown & Purich, 1992),
inorganic (Black er al.. 1991; Cody & Cody, 1991;
Ristic, Sherwood & Wojeshowski, 1994) or biological
(Markman, Elias. Addadi, Cohen, & Berkovitch-Yellin,
1992).

3. ‘Tallor-made’ etchants for organic crystals

Growth and dissolution are not reciprocal processes.
Growth forms are bound by the slowest growing faces,

—

7
Fe T Ba)
a
! at
| . b
substrate § @—{__
’

| prowing disecuion

) o f crysta
impurity "@'\',_...}‘@l of erystal

.. {"repulsion

(001}

Fig. 2. (@) Schematic representation of the ribbon motif of hydrogen-
bonded dimers of b id jecules interlinked along the Sb-axis,
showing the effect of benzoic acid inhibiting growth along the b-
dicection, (b) Packing arrangement of benzamide, viewed along the
b-axis, showing the effect of o-toluamide inhibiting growth along the
a-direction, (¢) Packing & of b ide, viewed slong the
b-axis, showing the effect of p-toluamide inhibiting growth along the
c-direction.

dissolution forms by the fastest dissolving directions (de
Boer, 1993). Nevertheless, we found that a ‘tailor-made’
inhibitor of growth of a given crystal face affects the rate
of dissolution of that same crystal face (Shimon, Lahay
& Leiserowitz, 1985, 1986).

It has long been recognized that partial dissolution of
crystals in the presence of additives may induce the for.
mation of well shaped etch-pits on particular faces of the
crystal. For example, when crystals of calcite were par.
tially dissolved in the presence of b- or L-tartaric, -malic
or -lactic acids, etch-pits with enantiomorphous shapes
were observed (Honess, 1927). Owing to the complexity
of the etching mechanism, no simple model involving a
stereochemical correlation between the structure of the
etchant, that of the lo-be-etched face, and the symme
and the geometry of the etch-pit, had been evolved, so
that selection of eichanis was done generally by trial
and ermor,

Crystal dissolution invariably begins at sites of emerg-
ing dislocations (Homn, 1952, Gevers, Amelinckx &
Dekeyser, 1952). At such sites more than one type
of facial surface is exposed to the solvent. When an
additive that binds selectively to a given face of the
crystal is present in the solution, the crystal dissolves
in different directions al rates that differ from those in
the pure solution. Subscquently, eich-pits are formed
at the dislocation centers on those faces at which the
additives are bound. It is also correct to say that there is a
difference between etching and dissolution. By inhibiting
the latter, the former is made more prominent. The
possibility of designing molecules which can interact
stereospecifically with a given face of a crystal should,
in principle, make those molecules efficient etchants of
the face. Therefore, it was anticipated that the same
molecules, which act as *tailor-made’ growth inhibitors
of a given face, operate as ‘tailor-made’ etchants of
the same face when the crystal is pantially dissolved.
The generality of this approach was tested on several
molecular crystals (Shimon, Lahav & Leiserowitz, 1985,
1986), which we illustrate with one example.

We consider the packing characteristics of the o-
form of glycine, *H;NCH,COy, a prochiral molecule
containing two H atoms at the central C atom that
are enantiotopic, namely, replacing one of these H
atoms by a different group yields a chiral molecule.
a-Glycine packs in an arrangement [Fig. 3(a)} of space-
group symmetry F2;/n. Of the four symmetry-related
molecules {1, 2, 3 and 4, Fig. 3(a)}, (1) and (2), related
by twofold screw symmetry, have their C—H, bonds
pointing in the +b-direction and emerging from the
{010) face. By symmetry, molecules (3) and (4), related
to (1) and (2) by a center of inversion, have their
C—Hq* bonds pointing toward ~b and emerging from
the (010) face. Only the (R)-amino acid additives

¢ Note that we have used the Prelog & Helmchen (1982) nomenc lature
10 specify the disstereotopic C—H ligands.

Material may be protected by copyright law (Title 17. U S. Code)
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can substitute a glycine molecule at the (1) and (2)
sites, and then only on the (010) face, while only (5)-
amino _acids can be adsorbed at sites (3) and (4) on
the (010} face. This constraint arises from the steric
requirement that the additive molecule be recognized
on the {010} surfaces as a ‘host' molecule so that the
a-amino acid side chain can replace the H atom of
glycine only at the C—H bond emerging from the crystal
surface. Otherwise, repulsion would occur between the
additive and the surrounding molecules on the crystal
surface. a-Glycine crystallizes from water as bipyramids
{Fig. 3(&)). Crystallization experiments in the presence
of (R)-a-amino acid additives led to the formation of
pyramids with a (010) basal plane, because growth in
the +b direction is inhibited [Fig. 3(c)}. (5)-a-Amino
acid additives induce the enantiomorphous morphology
[Fig. 3(d)]). Racemic a-amino acid additives cause the
formation of (010)* plates [Fig. 3(e)], because growth

* Note that the symbol {A&/] refers 10 all the symmetry-related faces,
whereas (Akl) refers 10 only the face specified by Ak

/:'6 7 /R

L7 ST EN

4 '

{b) (<) (d) (¢)

Fig. 3. (@) Packing srrangement of a-glycine viewed along the g-axis
showing the four symmetry-related molecules: the C—Hpe bonds,
almost pasallel 10 b, of the molecules point towands the (010) face
and the comresponding C—H,; bonds towards the (010) face. (b)-{e)
Crysia! morphologies of a-glycine when grown in the presence
of: (b) no additive, (¢} R-c-amino acids, {d) S-a-amino acids and
(e} racemic ar-amino acid additives.

" Material may be protected by copyright law (Title 17, U.S. Code)
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at both the +b and ~b sides of the crystal is inhibited
(Weissbuch ef al., 1983).

The faces relevant to the etching process are of the
type {010}, being those inhibited on growth. Plate-
like crystals of glycine with such well developed faces
were submitted (o partial dissolution in an undersatu-
rated solution of glycine containing variable amounts
of other n-amino acids. In the presence of racemic
additive, the rate of dissolution was much slower than
in their absence. Moreover, the inhibition was more
pronounced, the bulkier the additive side chain (Shimon,
Lahav & Leiserowitz, 1986; Shimon, Zbaida, Addadi,
Leiserowitz & Lahav, 1988). When resolved R-alanine,
*H3NCH(CH,)CO;, was present in the solution, well
developed etch-pits were formed only on the (010) face
[Fig. 4(a)]. These pits exhibit twofold morphological
symmetry with surface edges parallel to the - and c-
axes of the crystal. The enantiotopic (010) face dissolved
smoothly [Fig. 4(b)}, exactly as it does when the crys-
tal is dissolved in an undersaturated solution of pure
glycine. As expected, S-alanine induced etch-pits on the
(010) face. Racemic alanine etched both opposite {010}
faces. The well established role played by dislocations
for inducing etch-pit formation was also demonstrated.
A pure crystal of glycine was cleaved through its basal
plane to expose the (010) and (010) faces. These two

by

)

Fig. 4. Optical microscope photographs of the {010} faces of an a-
glycine crystal after eiching: {a) and (b) the (O10) and (010} faces as
etched by R-alanine; (¢) and (d) the (D10) and (010) faces of & cleaved
crystsl sfier ciching with racemic alanine.
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parts of the crystal, on being etched with racemic alanine
additive, displayed etch-pits in equivalent regions of the
two cleaved faces [Figs. 4(c) and (d)].

The same type of chiral selectivity holds for an enan-
tiomorphous pair of crystals dissoived in the presence
of & chiral-resolved molecule, when only one of the
enantiomers is etched. Such enantioselective etching
experiments provide a simple method of differentiating
between enantiomorphous single crystals which do not
express hemihedral faces. The method has been demon-
strated for a class of racemic a-amino acids that crys-
tallize as conglomerate mixtures (i.e. each enantiomer
crystallizes in its own enantiomorphous crystal), such as
chiral-resolved glutamic acid.HC! and asparagine.H;0
{Shimon, Lahav & Leiserowitz, 1986). Moreover, it also
proved possible 1o bring about a pronounced separation
of enantiomorphs by the enantioselective dissolution of
a conglomerate mixture in the presence of ‘tailor-made’
optically pure polymeric additives (Shimon, Zbaida,
Addadi, Leiserowitz & Lahav, 1988).

4, Assignment of absclute configuration of
crystals and molecules

4.1. Polar crysials

The standard method for the direct assignment of the
absolute configuration of polar crystals, composed of
chiral, racemic or nonchiral molecules, was introduced
by Bijvoet in 1948 with the use of anomalous X-ray
scattering. Over the past decade, several independent
methods for the assignment of the absolute configuration
of polar crystals have been applied, including the effect
of tailor-made molecular additives on crystal morphol-
ogy and structure, as well as gas-solid reactions (Paul &
Curtin, 1987) and ferroelectric measurements in liquid
crystals (Walba, Razuvi, Clark & Parmer, 1988), The
induced change in crystal morphology with tailor-made
additives, the anisotropic distribution of the additive
inside the host crystal, and the role played by additives
for the formation of etch-pits can be taken advantage
of for the assignment of the absolute configuration of
chiral molecules and polar crystals. In this way it has
been possible to assign the absolute molecular structure
of a variety of molecular systems, such as a-amino
acids, sugars and steroids (Addadi, Berkovitch-Yellin,
Weissbuch, Lahav & Leiserowitz, 1986). Although one
might argue that these studies have only confirmed
what was already known, they demonstrate the interplay
between molecular chirality and various macroscopic
phenomena, and also satisfy the curiosity of students
of stereochemistry with an inadequate knowledge of X-
ray scatiering. Furthermore, the method has been applied
to assign the absolute structures of polar crystals whose
constituent molecules are either a racemic mixture or
nonchiral, and may be the only viable method if the
constituent molecules are hydrocarbons.

DOCID: <XP__2960386A__|_»

To demonstrate the method we first focus on polar
crystals composed of chiral-resolved molecules, The
method involves the principle of fixing the orentation
of the constituent molecules vis-d-vis the polar axis,
or axes, of the crystal and subsequently determining
the absolule configuration of the chiral molecules. This
principle is depicted in Scheme 3, which shows two
enantiomorphous sets of hands arranged in s lattice, right
hands forming an (R)* crystal and left hands forming
an (5)* crystal. The fingers of the hands are exposed
at the (010) face of the right-handed ‘molecules’ and,
by symmetry, at the (0I0) face for the lefi-handed
‘molecules’. Thus, by determining at which face of
the crystal specimen the fingers or wrists are exposed,
the handedness of the constituent molecules may be
assigned. This may be performed by applying the two-
step adsorption~inhibition mechanism described above
with appropriate tailor-made additives.

o

Scheme 1.

We illustrate this approach with the example
of N-{E-cinnamoyl)alanine (Berkovitch-Yellin, Addadi,
Idelson, Leiserowitz & Lahav, 1982). Molecules of N-
(E-cinnamoyl)-S-alanine (la) crystallize in space group
P2,. The packing arrangement delineated by the crystal
faces as grown from methanol solution is shown in
Fig. 5. The molecules are arranged such that the
carboxyl groups emerge at the two {111} faces and the
C(chiral}—H bonds are directed along the +b axis. In
a study on the effect of tailor-made additives on the
morphology of pure N-(E-cinnamoy!)-(5)-alanine {la,
Fig. 6(a)], it was found, as expected, that the methyl
ester (1b), of the same absolute configuration as the
host molecule (1a), induced large (111} faces [Fig.
6(b)]. since the O—CHj; group replaces a O—H group
emerging from such faces. Tailor-made additive N-(E-
cinnamoyl)-(R)-alanine (1) of configuration opposite

*Note that for ¢ it the parenth fosing the chirality of
the molecule specifies a erystal: absence thereof, such as R, § or RS,
specifies the molecule only.
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» that of the host induced, as expected, a (010) face
Fig. 6{c)). because of an interchange of CH; and H at
1¢ guest asymmetric carbon so that the C—CH; guest
oiety replaces the emerging host C—H bond.
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It was found that solvent may act in a manner similar
to the tailor-made additives, for example, by growing
(1a) from acetic acid (Shimon, Vaida, Addadi, Lahav
& Leiserowitz, 1991) instead of methanol. Acetic acid
is a solvent which can selectively bind at the ex-
posed carboxylic acid groups of the two {111} faces,
forming a hydrogen-bonded dimer (2a2). Acetic acid
can also bind 1o the CHCO,H moiety of cinnamoy-
lalanine vig a cyclic dimer (2¢) on the (010) face.
The dimer (28) is the motif adopted by acetic acid
in its own crystal structure (Jonsson, 1971), forming
a C—H. - .O(carbonyl) interaction. (Taylor & Kennard,
1982; Berkovitch-Yellin & Leiserowitz, 1984). Crys-
tallization of N-(E-cinnamoyl)alanine (1a) from glacial
acetic acid yields crystals with the morphology shown
in Fig. 6(d), in keeping with expectation.

A nice example of how anomers, interconvertible in
solution, may be used for the assignment of absolute

OCID: <XP___2060386A__|_>

configuration is provided by the influence on the mor-
phology of o-lactose hydrate crystals by the anomeric
[-lactose molecules present in solution (Michaelis & van
Kreveld, 1966; Visser & Bennema, 1983).

Direct assignment of the absolute configuration of
chiral-resolved molecules by the difference in wetting
properties of hydrophobic and hydrophilic crystal faces
was made possible (Wang, Lahav & Leiserowitz, 1991)
using crystals of the class belonging to chiral-resolved

010y
(5)
Fig. S. Packing B of N-(E~ci y1-{S)-alanine deli d
by the faces observed in the pure crysial. To demonstrate the effect
of the tailor-made additives, (a) shows the orientation of only thuee
host molecules vis-d-vis the crystal faces,

L

(i (0i0) ()
(@)
- (010) (112)
N T [{2) dihy - i
a2 g0 ©i0)
(c) (@

Fig. 6. Morphologies of measured crystals of N-(E<innamoyl}S)-
alanine. (a)-{c} refer to crystals grown from methanol: (a) pure crystal,
(b) grown in the presence of the methyl ester (IB). (c) grown in the
presence of E-cinnamoyl-(R)-slanine (ic) and (d) pure crysts! grown
from acetic acid,
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alky! gluconamides, C,Hj, . NHCO(CHOH),CHOH,
n=7-10. The molecules crystallize as plates in an
arrangement akin to that depicted in Scheme 3, namely
head-to-tail, as shown in Fig. 7 (Zabel er al., 1986).
Thus, one face of the plate crystal is hydrophobic and the
opposite hemihedral face is hydrophilic. Contact angle
measurements with a variety of polar solvents deposited
on the opposite plate-like faces of specimen crystals
couid establish which face is hydrophobic and which
is hydrophitic. This information fixes the orientation
of the constituent molecules along the polar b-axis of
the crystal specimen and consequently their chirality.
These weitability experiments also led to crystal growth
experiments on these systems (o help determine the role
of solvent on crystal growth, as discussed in a later
section.

The last example involves etching experiments, which
have the advantage that they may be performed on pure
specimen crystals which had not been grown in the
presence of a tailor-made additive. Here we describe
the assignment of the absolute structure of racemic
(R.S)-alaninc by enantioselective etching (Shimon eral.,
1986). This compound crystallizes in the polar space
group Pna2,. In the crystal, which is needie-like along
the c-axis, the R- and S-molecules are oriented with
respect to the polar needle c-axis so that the carboxylate
CO; groups are exposed at one end of the polar axis
and the amino NHY groups at the opposite end. The
crystals exhibit different (hemihedral) faces at opposite
ends of the c-axis in the sense that one end face is flat and
the opposite capped. Conventional X-ray crystallography
does not allow one to assign the absolute molecular
orientation with respect to the polar axis, and so at which
ends are the CO3 and the NHj groups exposed. Etching

b
¢ §
0 a
(a) (b)
Fig. 7. Headao-tsil packing amangement of (a) N-(n- hepty!)-t%

%
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has been successfully applied for such an assignment by
making use of the well developed {210} side faces of
the needle. The orientations of the (R) and (§)-molecules
vis-d-vis the four symmetry-related {210} side faces for
the two possible orientations of the crystal structure
with respect to the polar axis are shown in Figs. 8(a)
and (b). Naturally, all four symmewry-relaied molecules
are exposed at each of the four symmexry-rciatcd {210}
faces, but only one of the four molecules is oriented such
that its C—CH; group emerges from 2 particular {210}
crysxal face, as shown in Fig. 8. Once these orientations
in a specimen crystal are determined, the absolute molec-
ular arrangement vis-a-vis the polar axis is assigned.
Partial dissolution in the presence of S-a-amino acids
such as serine, *H; NCH(CH,O0H)COj3, or phenylalanine,

*H;NCH(CH2CsH;5)CO, ", should replace an (S)-alanine
substrate molecule at only the (210) and (210) faces for
the orientation shown in Fig. 8(a), but would affect the

{4) (B)

Fig, 8. Schematic (mm2 point group) representation of the orienta-
tion of the four molecules of (R,S)-alanine vis-d-vis the symmetry-
related {210} faces, when viewed along the polar c-axis. These
four molecules are oriented such that only one has its C-—CH,
BrOup. emergmg fmm 8 gwen {210} face. (A) and (8) npmsem lhe
two of the molecules fos the
orientations of me polar crystal structure for a given duecuou of the
c-axis,

-l
o

Fig. 9. Scanning eiectron m‘crognph of one of the (2]0) side faces of
(R S)-slanine ewched by (8§)-th 2 only two ady g laces are

gluconamide in space group Pl and (b) N-(n-octyl)-D-gl
in space group P2y.
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(210) and (210) pair for the opposite orientation of Fig.
8(b). This expectation was demonstrated experimentally,
etch-pits being formed on only one pair of {210} side
faces (Fig. 9), so fixing the absolute structure of the
specimen crystal, and thus of all crystals grown from
aqueous solution because the crystals exhibit hemihedral
end faces.

The absolute orientation of specimen polar crystals
of (R.S)-alanine could also be assigned from growth
experiments in the prescnce of additives designed to
affect either of the two polar ends of the crystal. Crys-
tallization experiments in the presence of alanine ethyl
ester that would bind at the fast growing CO; end of the
crystal yielded much shorter needles. N-Methylalanine,
which was expected to affect the slow-growing capped
end of the crystal, yielded needles as long as from the
pure solution, thus fixing the orientation of the molecules
in the crystal (Shimon ef al., 1986).

Growth experiments in the presence of additives,
complemented by surface energy calculations, have also
been used for assignment of absolute structure. For
example, the absolute orientation of specimen polar
crystals of m-chloronitrobenzene (m-CNB) was deter-
mined by crystal growth experiments in the presence
of p-chloronitrobenzene (p-CNB) and p-dinitrobenzene
(p-DNB) additives (Chen, Garside, Davey, Maginn &
Matsuoka, 1994). The pure m-CNB crystals grown from
melt and from acetone solutions do not exhibit hemi-
hedral faces, although the space group is Pna2,. Growth
in the presence of p-CNB and p-DNB yielded asymmet-
rically shaped crysials affected along the polar ¢-axis.
Qualitative calculations of the binding energy of the
additives to the crystal were in agreement with the
experiment, insofar as the additive could be bound
at only one specific end of the polar axis. Docherty,
Roberts, Saunders, Black & Davey (1993) calculated a
polar morphology of urea (space group P42,m) which
was in good agreement with the crystal shape obtained
from sublimation. A classical type of energy calculation
in which one assumes that the charge distribution of
the molecules in the bulk and of those being attached
at the surface are the same would not yield a polar
morphology. By attaching different atomic charges to the
bulk molecules and to those being attached at the surface,
through the use of ab initio quantum chemical calculs-
tions, the polar morphology was computed. However, the
assignment of the absolute crystal structure of urea has
not yet been confirmed by experimental methods. The
crystals of urea grown from benzene or water, discussed
in §7.4, do not exhibit polar morphologies,

4.2. Use of centrosymmetric crysials for assignment of
molecular chirality

In contrast to the situation for chiral crystals, it had
not been generally appreciated that in centrosymmeiric
crystals the orientations of the constituent molecuies are

YOCID: <XP___2960386A _ 1 >

upambiguously assigned, with respect to the crystal axes,
from a conventional structure determination. Thus, the
known orientation of the two enantiomeric molecules
in a centrosymmetric crystal can be exploited for the
direct assignment of absolute configuration of chiral-
resolved molecules, provided the structural information
embedded in the racemic crystal is ransferred to a chiral
additive molecule. The direct assignment of the abso-
lute configuration of such chiral-resolved additives may
thus be determined through the morphological changes
they induce selectively on one set of enantictopic faces
of centrosymmetric crystals with appropriate packing
features.

A prerequisite for application of this method is that
within the centrosymmetric racemic crystal a specific
functional group A antached to an R-molecule points
towards the faces f1 and f2, but not towards the opposite
faces f1 and f2 (Scheme 4). By symmetry, the same
functional group attached to an S-molecule will emerge
at the cnantiotopic faces fl and /2, but not f1 and
f2. Crystallization of a centrosymmetric crystal in the
presence of a chiral additive R', in which A is replaced
by Y, designed so that it will fit in the site of an R
molecule on the growing crystal faces fi or £2, but not
on the enantiotopic faces f1 or f2, will hinder growth in
the —b direction, but not in the +b direction (Scheme
4), By virtue of symmetry, the enantiomeric additive
§' will inhibit growth perpendicular to faces f1 and f2,
while racemic additive RS’ will inhibit growth in both
directions +b and —b. This approach is not limited to
racemic crystals, but the constituent molecules should at
least be prochiral for ease of interpretation. For example,
the absolute configuration of all naturally occurring a-
amino acids, except proline, may be assigned by their
effect on the morphology of the a-form of glycine, a
prochiral molecule (Weissbuch et al., 1983). We shall
illustrate the above principle making use of centrosym-
metric crystals of (R.S)-serine to assign the absolute
configuration of threonine as an additive (Weissbuch,
Shimon et al., 1985).

'eieccge aceepied

Scheme 4,

Racemic serine crystallizes in space group P2/a.
Within the structure (Fig. 10), the Cg — Hg; bond vector
of the rigid methylene group of the R-serine molecule
has a major component along +b and, by symmetry,
the Cg — Hg. bond vector of the S-serine has a major
component along —b. Thus, their replacement by methyl,
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as in threonine, will inhibit growth in the b-direction.
That is, an R-threonine molecule with a side-chain 8-
carbon of chirality S will inhibit growth along +b, while
the —CH; group of S-threonine will replace the Hg,
hydrogen of S-serine and hence inhibit growth along —b.
(R .5)-serine forms tabular crystals with point symmetry
2/m [Fig. 11{a)); the crystals affected by cither R- or §-
threonine exhibit reduced morphological point symmetry
2 (the mirror plane is lost) and are enantiomorphous
{Figs. 11(b) and (c)]. When R.S-threonine is used as the
additive, the morphological point symmetry 2/m is left

| 3
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Fig. 10. Stereoscopic view of the packing of the (RS)-sernue crystal
along the a-axis. Each be-layer is posed of R- or S-molecules only.
For clanty, only half of each R+ (open ciscles) and S- (filled circles)
tayer is shown. The positions of the four (D11} faces are shown with
respect lo the crystal sirucwre. Threonine additive molecules have
been siereospecifically inserted, with the f-methyl groups indicated
by large circles.

(e)

Fig. 11. Photographs of (R.S)-serin¢ crysials which all have s common
orientation of the lattice axes and a vertical b-axis: (0) pure; (b)-{e)
grown in the presence of: (b) R-threonine, (¢) S-threonine, (d) RS-
threonine and {¢) R.S-sliothreonine.
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unchanged because the effects induced by each additive
separately combine, The crystals tum into thombs, with a
clear increase in the areas of the {011} side faces relative
to those of the pure form [Fig. 11(d)]. The changes in
morphology seen with the additives in Figs. 11(6)~(q)
with respect to that of the pure crystals [Fig. 11(a)]
can be interpreted only in terms of selective gdsorpﬁcm
of the R-enantiomer at faces (011) and (011), and of
$ at (011) and (O11). According 1o calculated surface
binding energies (Weissbuch, Shimon er al., 1985), R-
threonine may easily be adsorbed only on faces (011)
and (011) and, by symmetry, S-threonine only on (011)
and (O11). These results fix the absolute chirality of the
chiral-resolved threonine additive.

5. Symmetry lowering in crystals {ollowing selective
occlusion of tallor-made auxiliaries

Crystallization is a commonly used process for
purification of inorganic and organic materials, and
so the mode of occlusion of impurities or additives
inside growing crystals is of paramount technological
and theoretical importance. The results presentcu above,
on the interaction of ‘wilor-made additives’ with the
different faces of crystals, have bearing on the general
question regarding the distribution and arrangement of
occluded ‘tailor-made’ additives within crystals, indeed
on the symmetry and structure of crystalline solid
solutions.

A basic concept pertaining to this question is that,
in general, the two-dimensional symmetry relating
molecules at crystal surfaces is generally lower than
the three-dimensional symmetry of the bulk crystal and
that the surface structures of nonsymmetry-related faces
have different arrangements. For simplicity we illustrate
this aspect with a schematic arrangement of space-
group symmetry P2,/c, shown in Fig. 12, Note the
corresponding symmetry operations of the 2/m point
group given in the insert. The crystal is delineated by
four symmetry-related diagonal faces, labeled {011}
At these four surfaces, the three symmetry relations
belonging to space group P2y/c (i.e. center of inversion,
twofold screw and glide) are broken, thus their two-
dimensional symmetry is limited to transiation, plane
symmetry pl. We now examine the effect of tailor-
made additive on these faces. One can easily see that
an additive molecule, in black in Fig. 12, bearing an
appropriately modified group, will be able to substitute
for a substrate molecule at any diagonal face, say (011),
but at only one of the four different surface sites, because
at that site only the modified group does not disturb
the regular pattern of interactions at the crystal surface,
Occlusion of such a molecule through the (011) face
will lead to a crystal sector of symmetry P1, since
the occluded molecules therein are related by only
translation symmetry. Occlusion of additive through all
four diagonal faces {011} will lead 1o a crystal composed
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of four sectors, where these four sectors are related 1o
each other by the 2/m point symmetry of the original
host crystal.

Consequently, in general, an additive molecule will
be anisotropically distributed within the grown crys-
1al, preferentially occluded through different subsets at
surface sites on the various faces, leading to a mixed
crystal composed of sectors coherently intertwined. The
selective occlusion of the additive into a sector will
thus lead to a reduction of the crystal symmetry to the
symmetry of the face through which it was adserbed.
This principle holds for each crystal sector, although the
occluded additive may occupy only a small fraction of
the bulk sites. 1t also holds for the whole crystal, but we
note that the different crystal sectors are related to each
other by the symmetry clements of the point group of
the pure crystal structure. The reduced symmetry of each
sector may thus be masked, depending upon the history
of crystal growth, whether the sectors are examined
separately, and the type of examination. For example, in
a crystal containing all sectors, the loss of a glide plane
or twofold screw axis should be immediately evident
from the lack of the corresponding systematic absences
in the X-ray or neutron diffraction pattern (naturally
assuming that the crystal is of mosaic texture, which
is the general case, and so the different mosaic blocks

Fig. 12. Schematic representation of adsorption and occlusion of sdditive
molecules (in black) through the four slanted {011} faces in a
centrosysmumetric crystal space group P21 /¢, containing four symmetry-
related molecules. Their relative orientations arc aiso depicied in the
insert {point symmetry 2/m). In each of the four crystal sectors, only
one of the symmetry -related molecules can be replaced by the additive
on adsorption, which means the loss of all symmetry clements but
ir ion. The crystal symmetry in each sector is thus reduced from

P2i/c w0 P1.
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diffract independently). but not the loss of a rotation
axis, mirvor plane or center of inversion. Detection of
the latter would require at least measurement of the
complete set of diffraction data from the individual sec-
tor to test for a reduction in Laue diffraction symmetry,
generally to be followed by crystal structure refinement.
Reduction in crystal symmetry following the above
principles was predicted in several host~additive systems
and experimentally demonstrated by a2 variety of meth-
ods including changes in crystal morphology, HPLC,
frequency doubling of laser light (i.e. second harmonic
generation SHG), solid-state asymmetric photodimer-
ization and optical birefringence. Symmetry-lowering
has also been directly shown by X-ray and neutron
diffraction. We now review examples to illustrate the
arguments and principles described above.

5.1. Detection of reduced crystal symmetry by enantio-
meric disiribution of additives

The mode of occlusion of additive leading to
a reduction in symmetry, depicted schematically in
Fig. 12, may be used as an aid t¢ understand the
selective occlusion of RS-threonine into the crystals
of (R)S)-serine (Weissbuch, Shimon er al., 1985).
The morphological changes induced in (R,S)-serine,
as discussed in the previous section (see Fig. 10),
imply that R-threonine, if occluded, would do so
through the (011) and (011) faces. By symmetry, S-
threonine would be occluded through the (011) and
(0171) faces. Thus, the threonine additives, racemic in

%” 2
an
Fig. 13, Schematic rep and occlusion of additive

wation of P
molecules (in biack) through the top and botiwm [010) faces in a
crysiai of space group P2y/c. resulting in the loss of the glide and
inversion symmetry. The crysul symmetry in each half is thus reduced
from P2i/c 10 P2y,
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solution, must on occlusion into (R.S)-serine crystals be
enantiomerically segregated into domains of opposite
chirality along the b-axis during crystal growth, as
was indeed experimentally shown by HPLC methods
{Weissbuch, Shimon ef al., 1985).

Symmetry lowering of a somewhat similar nature in-
volved the a-form of glycine grown in the presence of a-
amino acid additives (Weissbuch er al., 1983). As an aid
to understanding we present Fig. 13, which is a model
representation of reduction in symmetry from P2,/c to
P2, when molecules are occluded through the (010) and
(010) faces. The mode of adsorption of a-amino acid
additives onto the {010} faces of a-glycine has already
been described in §3. In terms of that analysis, only the
R-a-amino acid additive may be occluded through the
(010) face. replacing a glycine molecule at sites (1) and
(2) only [Fig. 3(a)]. yielding a pyramidal morphology
[Fig. 3(c)]. By symmetry, only the S-a-amino acid
additives may be occluded into sites (3) and (4) through
the (010) face of a-glycine [Fig. 3(a)), yielding an
enantiomorphous morphology [Fig. 3(d)]. Thus. racemic
additives cause the formation of {010} plates {Fig.
3(e)}, because growth at the +h and ~b sides of the
crystal is inhibited. These plates were found to contain
0.02-0.2% racemic a-amino acid additive within the
crystal bulk with the two enantiomers totally segregated
in the two crystal sectors at the +b and —~b halves As
expected, the R-cnantiomers populate the +b, and the
S-enantiomers the —b half of the crystal according to
HPLC measurements (Weissbuch et al., 1983). In terms
of the argument given above, the crystal symmetry of
each half of the crystal must be reduced from P2;/n
10 P2, and the two sectors are enantiomorphous. We
note that the absolute configuration of the a-amino acid
additive can be directly assigned not only from the
induced changes in crystal morphology but also from its
anisotropic distribution on occlusion within the crystal.
Symmeury lowering of a similar nature was also demon-
strated in another system, which involved enantiomeric
segregation of the dipeptide glycyl-leucine inside grow-
ing crystals of glycyl-glycine *H3NCH,CONHCH,CO7
(Weissbuch, Berkovitch-Yellin, Leiserowitz & Lahav,
1985).

5.2. Detection of reduced crystal symmetry by non-
linear optics

Symmetry lowering in host-additive systems, such as
a loss of inversion, glide or twofold screw symmetry,
which would introduce (additional) polarity into the
crystal, may be probed by nonlinear optical effects,
such as second harmonic generation {SHG) which is
active in a noncentrosymmetric material. One require-
ment is that either the host or additive molecule has a
large molecular hyperpolanizability tensor 3, leading to
large optical nonlinearity. Consequently, a centrosym-
metric pure crystal structure, which consists of antipar-
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growth direction 1

blocked direction

grown in the presence of a '

pure centrosymmetric additive

(@) )

Scheme 5.

allel pairs of host molecules with high 3 coefficients
[Scheme 5(a)], would yield a SHG-active crystal upon
site-selective occlusion by a centrosymmetric guest mol-
ecule, as shown in Scheme 3(b). Because the growth of
the crystal is blocked at the bottom face, the additive
is adsorbed and occluded through only one of the pair
of surface sites at the top exposed face. We demon-
strated the potential of this approach with centrosym-
metric host crystals of p-(N-dimethylamino)benzylidene-
p’-nitroaniline {3a (Fig. 14)], which became noncen-
trosymmetric and SHG-active upon site-selective occlu-
sion of the guest molecule p p’-dinitrobenzylideneaniline
(3b), which is pseudocentrosymmetic (Weissbuch, La-
hav, Leiserowitz, Meredith & Vanherzeele, 1989). In
this system the host and guest molecules have large and
negligible 8-coefficients, respectively.

JCHB
NO;-O—N‘/ : Ny

(3a)

/_@‘ nor

{3b)

The reverse situation, where the guest has large hyper-
polarizability, is illustated by an a-glycine host crystal
containing, as additive, a-amino acids which have a
high 3 coefficient, such as the p-nitropheny! derivatives
of ab-diamino butyric acid (d4a), omithine (46) and
lysine (4¢). The amount of occluded additive was less
than 0.2% (wt/wt of glycine), but sufficient to yield
colored crystals. In terms of the arguments presented
above, {010} plate-like crystals of glycine, grown in the
presence of R.S-additives, should have their symmetry
reduced from P2i/n to P2,. In fact, the symmetry was
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NO,

NO,
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He ~H

He.l Ho,
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(4) )

reduced even further 10 Pl according to the SHG mea-
surements (Weissbuch, Lahav, Leiserowitz, Meredith &
Vanherzeele, 1989), providing additional information on
the nature of the crystal growth process.

Other systems of interest are the noncentrosymmetric
orthorhombic crystals of space-group symmetry P2,2,2,.
On symmetry grounds such crystals are nonpolar along
the three principal crystallographic axes and therefore
frequency doubling is forbidden in these directions. We
anticipated that such crystals, when grown in the pres-
ence of appropriate additives so as to reduce the crystal
symmetry to monoclinic P2;, should become SHG-
active along the remaining 2, axis but not along those
two axes which have lost their twofold screw symmetry.
in fact, single crystals of (S)-glutamic acid. HCl grown in
the presence of appropriate additives were SHG-active

D~ (ia)
D~ upy

1Ot 2O

O *O’Oi ‘Z‘ Adsorbed
3% B8R Yoot
Sev=Safp=aratia OO
et »orO'*f»\ |

OO

010

{

Fig. 14. (a) Packing arrangement of a polymorph of the p-(N-dimethyi-

aminojbenzylidene-p'-nivoaniline crystal, showing how the dinitro

additive may be adsorbed on the (010) face. The additive may be

adsorbed only at sites of type (1), but not at type (2) sites, (b) Two
views of the nworphology of the plate-like crystals,

2
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along all three axes (Weissbuch, Lahav, Leiserowitz,
Meredith & Vanherzeele, 1989), indicating symmetry
lowering to P1, once again providing information on
the nature of the crystal growth process.

5.3. Detection of reduced crysial symmetry by opiical
birefringence

The properties of optical birefringence in crystals
have been used to demonstrate a reduction in crystal
class, McBride & Bertman (1989) took advantage of the
fact that crystals that belong to a high symmetry class,
such as tetragonal, trigonal or hexagonal, are optically
uniaxial, whereas crystals that belong to a lower crystal
class, such as triclinic, monoclinic or orthorhombic, are
optically biaxial. They studied the tetragonal crystals
of di(11-bromoundecanoyl) peroxide (5a), denoted as
Br- - Br, in the presence of guest (56) where a Br atom
is replaced by CH;, denoted as Br---CH;. In the host
crystal Br---Br molecules assemnble into layers which
have Br atoms on both the upper and lower surfaces.

¢4
Be WN\/WO‘OWEH
19

(Sa)

o]
B'WV\A’\(SO'OK"\’M‘CH;

(5h)

Successive layers stack Br to Br atoms with a 90°
rotation about a fourfold screw axis in the stacking
direction. These crystals, which grow as square {001}
plates delincated by four {110} side faces, are not
birefringent for light travelling along the fourfold screw
axis perpendicular to the plate, appearing dark between
crossed polarized filters. Crystals of Br- - -Br containing
15% Br-«.CH, are birefringent, the plate revealing four
sectors under crossed polarizers. Birefringence in each
sector resuits from unsymmetrical incorporation of the
Br- - -.CHj additives during crystal growth, As McBnide
states in his paper, this method of optical microscopy
is convenient for surveying large numbers of crys-
tals, to catalogue their growth pattems, and to identify
reduced symmetry domains that may be characterized
by diffraction. Such an approach has been followed up
by Gopalan, Peterson, Crundwell & Kahr (1953) who
have observed reduction in symmetry both by optical
birefringence and X-ray crystallographic studies of dif-
ferent sectors in mixed crystals of NaBrO;/NaClO; and
NaNOQ;/Pb(NO;),. Gamets where Al** were replaced by
Fe’* ions also show a reduction in lattice symmetry from
cubic down to triclinic (Allen & Buseck, 1988).

5.4. Probing intermolecular forces through reduced
crystal symmetry

There is interest in investigating the minimal mod-
ification of the tailor-made additive with respect io
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the host molecule, that would still be recognized and
discriminated by the growing crystal surface, and still
lead to a reduction in symmetry. Indeed, solid solutions
composed of host and additive molecules of similar
structure and shape have generally been believed to
exhibit the same symmetries as those of the host crystals,
A reduction in crystal symmetry involving a structure
determination by X-ray or neutron diffraction should
allow one to probe fine interactions between host and
additive at the crysial surfaces.

We first discuss solid solutions of carboxylic acids
(XCO,H) in primary amides (YCONH,), where an NH,
group is substituted by an OH moiety (Scheme 6). A
strong inhibition of growth develops along the direction
of the O==C—N-—H,. - -O==C hydrogen bond, H, being
the amide H atom in an antiperiplanar conformation to
the C==0 system. Inhibition arises when a carboxylic
acid additive attempts to force the antiperipianar lone-
pair electron lobes of its OH group against a car-
bonyl oxygen of the underlying molecule, an atom that
would normally form a hydrogen bond with the amide's
antiperiplanar hydrogen. Incorporation of a carboxylic
acid in this orientation would substitute a 8 kjmol™
repulsion for a 25kjmol™' attraction. The carboxylic
acid additive molecule will thus avoid surface sites that
require the OH groups to be oriented towards the surface
and be preferentially adsorbed at sites where the OH
group emerges from the surface (Berkovitch-Yellin e
al., 1985).

1o be absorbed H’““\

Hang host molecule N H
\ /
N=~—H X o &
—d 3
X [ o)
¥ 8 )
O Crysalkolution interface fone pair
H"“i\ @ repulsion
/N-—H O~H
X— C\\ X—C\\ guest molecule
o [4]
! '
M ]
H\ H\
N-H Ne== H
X s C{ hosi molecuies x._C,
Q A
[¢] o
(2} (1))
XCONH/XCOOM
X = residue
Scheme 6.

Reduction in crystal symmetry has been demonstrated
in two amide—carboxylic acid sysiems by neutron
diffraction and solid-state photodimerization. The former
technigue was applied to asparaginc—aspartic acid
(Weissinger-Lewin et al., 1989), where as much as 15%
additive was occluded into the crystal by virtue of the
numerous hydrogen bonds between guest and host; the

S0OCHD: <XP__2060386A_1_>

dimerization mnethod was applied to the host:additive
system E-cinnamamide:£-cinnamic acid (Vaida et al,,
1989) where small amounts (<2%) of cinnamic acid
guest were occluded into the host crystal.

(5)-Asparagine, H,NOCCH,CH(NH{)CO3, crystal-
lizes from water as a monohydrate with a tight three.
dimensional net of hydrogen bonds in a P2,2,2,
structure {Fig. 15(a)]. The morphology is prismatic,
with 18 developed faces [Fig. 15(b), top]. Crystallization
of (S)-asparagine in the presence of S-aspartic acid,
HO,CCH;CH(NH)CO3, yields (010) plates [Fig.
15(b), bottom]. In terms of the arguments already given
for amide-acid systems, the guest aspartic acid molecule
should be more easily adsorbed at sites (1) and (3), on
the growing (010) surface, than at sites (2) and (4) [Fig.
15(c)}; the reverse situation holds for the opposite (010)
face. If, on growth of the mixed crystal, the (010) face
is blocked so that the amide and acid molecules would
only be occluded through the (010) face, the symmetry
of the mixed crystal shouid be reduced to P12,1. A
low-temperature (18 K) neutron diffraction study with
deuterated aspartic acid in protonated asparagine showed
the expected reduction in symmetry (Weissinger-Lewin
el al,, 1989).

Analogously, additive E-cinnamic acid, CgHs—CH==
CH-—CO;H, induces a loss of the center of inversion
in the crystal of E-cinnamamide, C¢Hs—CH=CH—

lz, axis hr
[t
Fig. 13. (@) Packing ar of (S)-asparagi nydrsie viewed
along the g-axis. Four adsorbed methanol mol sre i d on

the two {010} faces, referving 10 crystals grown from water-methanol
solution, (b) Preferential adsorption of aspanic scid on the (010)
surface of asparagine (open circles) at sites of type | and 3 rather
than 2 and 4, as the crysual is growing at the (010) face. Molecules
st sites 1 and 3 are shaded, indicating the latter msy be occupied by
cither asparagine or aspartic acid. The probability for aspanic acid
0 be adsorbed st site 2 (full circles) is less than at site | because
of O(hydroxyl}- - . Ofcarboxylate) lone-pair electron repulsion between
2 and 4. (¢) Stereoscopic view of morphology of (S)-asparagine
monohydrate: pure crystals grown from aqueous solution (top), grown
in the p of (S)-aspantic acid ), of in wat hanol
solution,
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CONH;, which in pure form appears in a centrosym-
metric monoclinic arrangement, space group P2,/c. The
crystal stracture [Fig. 16(a)} is composed of hydrogen-
bonded dimers interlinked by N—H- - -O bonds 10 form
a ribbon-like motif which runs parallel to the b-axis.
E-cinnamic acid is preferentially occluded through half
the {011} surface sites of the crystal at opposite ends of
these ribbons, resulting in a crystal [Fig. 16(b)] with two
enantiomorphous halves of at most P2, symmetry. This
reduced symmetry was proven photochemically (Vaida
et al., 1989). UV irradiation of E-cinnamamide yields
centrosymmetric photodimers, by virtue of a cyclobutane
ring formation involving pairs of close-packed >C=C<
bonds across centers of inversion (Fig. 17). Replacement
of one such pair by E-cinnamic acid results in the
formation of asymmetric cinnamamide-cinnamic acid
photodimers of opposite chirality at the two enantiomor-
phous halves of the mixed crystal, with an enantiomeric
ratio of 60:40 at each opposite half.

Reduction in crystal symmetry was demonstrated by
photodimerization, X-ray and neutron diffraction for
the host-guest crystal structure of E-cinnamamide-2-
E-thienylacrylamide (Vaida er al., 1988: Shimon et al.,
1993). The host structure [Fig. 16(a)] incorporates her-
ringbone contacts between aromatic C—H groups and
n-electron clouds of neighboring phenyl rings. In order

/

ymmu “» N
3 ' s Huanti)
\@. i , ‘
2

0y o1y

winy il
&)
Fig. 16. (@) Packing arrangement of £-cinnamamide viewed along the a-

to induce site-selective adsorption and occlusion, these
contacts are replaced in the host-guest system by unfa-
vorable contacts between suifur lone-pair electrons and
the w-electron system [Fig. 18(a)]. Thienylacrylamide
is occluded through the enantiotopic {O11) faces of

i
tsnamic acid

cinnemic scig
—— i
Fig. 17. Ribbons along the b-axis of hydrogen-bonded molecules com-
posed of Ecinnamamide (open circles) and occluded guest E-cinnamic
acid molecules (full circles), The latter were adsorbed through site
(1) at the +b end and site (1) at the —b end, leading to two
enantiomorphous domains joined ai the central dotted line. Also shown
arc the ribbons related by translation along the a-axis, thus depicting
the close 4 A contact berween C=C double bonds relsted by 2 center
of inversion, Two i phouss cyclob photodi heqween
the host and occluded guest from the 1op and botiom halves of the
crysial are also shown.

)

Fig. 18, {a) Herringbone contacts involving: (left) two cinnamamide
molecules, (right) host cinnamamide and guest thienylacrylamide
molecules. (b) The four different surfaces sites (1), (2), (3) and (4) of
E-cinmamamide &t the (011) face. S and C atoms of the superimpased
2-thienyl rings in the positions they would assume were they to
replace the pheny! rings of cinnamamide molecules at the (011) face
are shaded. Site (1) is preferred for guest adsosption on the (0T 1)
face since the S atom 3t that sile emerges from the crystal face.
By the same argument, (1) and (2) arc the preferred sites for guest
adsorption on the (001) face, (¢) Morphological representation of the

ide crystal with six sectors of reduced

hienyvl 1
thienylacry

axis delineated by the [011] faces. (b) Morphology of £-ci d
crystals: pure {left) and grown in the presence of cinnamic acid {right).
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the crystal {Fig, 18(b)]. These faces exhibit pl plane
symmetry, since the four different surface sites are not
related by symmetry. The guest can easily be adsorbed
at only one of these four sites at which the sulfur
emerges from the face, leading to P1 crystal symmetry
upon occlusion of the guest. Thienylacrylamide is also
occluded through the {001) faces, which exhibit pm
planc symmetry. Occlusion through faces of this type
should lead to crystal symmetry Pc. The mixed crystal
should be thus divided into six sectors of reduced
symmetry [Fig. 18(c)]. The different sectors of the same
type, such as A and A are related to one another by the
2/m point symmetry of the host crystal. Low-temperature
X-ray and neutron diffraction studies on A- and A-type
sectors, cut from a crystal specimen showed symmetry
P1, in keeping with the photodimerization studies. The
proposed reduction in symmetry of the B-type sector
{Fig. 18(c)] was proven (o be correct, but only by an X-
ray diffraction analysis. We may infer from these resulty
a repulsive intermolecular interaction between the sulfur
lone-pair electrons and electron system of neighboring
molecules, but we do not have an estimate of the energy.

We have elucidated, by changes in crystal morphol-
ogy, reduction in crystal symmetry and energy calcula-
tions, the molecular conformation of a flexible additive
and the effect of diastereomeric chiral additives on
crystal morphology and symmetry. For example, for the
centrosymmetric crystal of the dipeptide glycyl-glycine
when grown in the presence of glycyl-leucine additive,
the latter adopts a specific conformation which mini-
mizes unfavorable additive-host molecular interactions
at the site of adsorption (Weissbuch, Berkovitch- Yellin,
Leiserowitz & Lahav, 1985; Berkovitch-Yellin, Weiss-
buch & Leiserowitz, 1989).

The promounced effect threonine exerts on the mor-
phology and structure of racemic serine crystals has
been discussed in §4.2 and §5.1. Oddly enough, additive
allothreonine, the diastereoisomer of threonine, does
not alter very much the morphology of racemic serine
crystals [Fig. 11(e)}, nor is there any enantioselective
segregation of allothreonine along the b-axis of the
crystal. These observations were accounted for in a
quantitative way by calculated surface binding energies,
according 10 which, say S-allothreonine, is most strongly
bound on the [100] faces and somewhat less so on the
(011) and (011) faces of racemic serine crystals, We
note that R- and S-allothreonine additives are equally
well occluded through the {100} faces because of the
2/m crystal point symmetry of (R.5)-serine. thus masking
any enantioselective segregation of the additive through
the {011} faces (Weissbuch, Shimon et al., 1985).

5.5. Some general rules on symmetry lowering through
additive occlusion

As a conclusion of this section on crystal symmeuwy
lowering, we may draw some general rules. The local

3DOCID; <XP__2060386A__|_>

symmetry of a mixed crystal is determined by that of
the faces developed. If the symmetry of the crystal face
through which an additive is adsorbed is not lower
than that of the bulk, there cannot be reduction in
symmetry for the crystal sector bound by that face, In
other words, the symmetry of a crystal sector cannot
be lower than that of the growth sites on the bounding
crystal face. This principle is so basic that if a crystal is
bound by faces of different plane symmetries, one can,
at least in principle, imagine it as formed of different
sectors each with bulk symmetry as Jow as that of its
bounding face, the sectors being related to each other
by the point symmetry elements of the crystal, Thus, the
‘overall’ symmetry of the crystal is not reduced. This is
a consequence of Curie's principle, as presented in his
paper ‘Symetrie dans les phenomenes physiques’ (Curie,
1894): a physical event cannot have a symmetry lower
than that of the event which caused it,

6. Effect of tailor-made additives on crystal texture

Surprisingly, little work has been done 1o date
on the effect of tailor-made additives on mosaicity
and coherence length (i.e. extent of perfect crystat
order) in molecular crystals. Indirect evidence was
first brought to light by low-temperature (18K)
neutron diffraction measurements on single crystals of
pure asparagine monohydrate and the solid solution
of asparagine-aspartic acid monohydrate (Weissinger-
Lewin es al., 1989), undenaken to demonstrate symmetry
lowering in the laner system (§5.4). The neutron
reflections of the specimen crystal of pure asparagine
suffered from pronounced extinction effects, whereas the
specimen crystal of asparagine-aspartic acid was almost
free from extinction. These results were interpreted
in terms of much higher mosaicity and smaller
mosaic domains in the asparagine-aspartic acid crystals,
brought about by the presence of aspartic acid. More
direct evidence came from studies on biomineralization
(Berman e al., 1990, 1993a,b), which addressed the
fundamental question of whether proteins in calcite
mineralized tissue alter the crystal texture in an
anisotropic manner. High-resolution synchrotron X-ray
diffraction was used to monitor changes in coherence
length and angular mosaic spread. It was found that
protein extracted from sea urchins and mollusks reduced
the coherence lengths of crystals of calcium fumarate
and calcium malonate in the directions perpendicular to
the planes onto which the proteins were preferentially
adsorbed, In contrast, the calcite crystals grown in
vitro in the presence of the proteins exhibited an
increase in angular spread, but no anisotropic effect in
cohererice length was detected. A biologically produced
calcite crystal, on the other hand, showed a preferential
reduction in coherence length in the direction of the
c-aXis.
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7. Effect of solvent on crystal growth and morphology

Solvent has a strong influence on the habit of crystalline
materials, however, the role played by solvent-surface
interactions in enhancing or inhibiting crystal growth is
still not completely resolved. To date there have been
two different approaches to clarify this point. In one
theory, proposed by Bennema and others (Bennema &
Gilmer, 1973, Bennema, 1992; Boume & Davey, 1976,
Elwenspoek, Bennema & van Eerden, 1987), favorable
interactions between solute and solvent on specific faces
leads to reduced interfacial tension, causing a transition
from a smooth to a rough interface and a concomitant
faster surface growth. Altemnatively, it has been proposed
that preferential adsorption at specific faces will inhibit
their growth as removal of bound solvent poses an
additional energy barrier for continued growth. Our
studies on the role played by tailor-made additives
are in keeping with the latter approach. However, sol-
vent-surface interactions cannot be as clearly analyzed
as those between the tailor-made additives and the
crystal. In order to help clarify this problem, we describe
several approaches that have been adopted.

7.1. Computational methods

One of the main difficulties is to disentangle the
refative contnibutions of the intemal crystal structure and
solvent-surface interactions in determining the crystal
morphology. The former may be evaluated by growing
the crystal by sublimation, if possible, or by theoretical
modeling. The ground rules for a quantitative determina-
tion of crystal morphology were laid down by Hartman
& Perdok (1955a,6), Hartman (1973) and Hartman &
Bennema (1980). According to their analyses, the crucial
relation is between the layer energy, E;, which is the
energy released when a layer is formed, and the attach-
ment energy, E,., which is defined as the energy per
molecule released when a new layer is attached to the
crystal face. E,, controls the growth rale perpendicular
to the layer, while E. measures the stability of the
layer. The working hypothesis is that the morphologici:l
importance of a crystal face is inversely proportional
to its attachment energy. The energies, £, and £,
may be computed using atom-atom potential energy
functions, which are generally made up of van der Waals
and electrostatic terms. The latter term is described by
an interatomic Coulombic interaction with parameters
which depend upon charge distribution and so may be
derived by quantum chemical methods, self-consistent
force field methods, or from experimental deformation
¢electron-density distributions as determined from low-
temperature X-ray diffraction data (Hirshfeld, 1977).
By applying such a procedure it became possible to
calculate the energy values of £, and £,, for vari-
ous low-index crystal faces from which the ‘theoretical
crystal form' may be derived. This method has been
applied for a variety of organic (e.g. Berkovitch-Yellin,
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1985; Berkovitch-Yellin er al., 1985; Boek, Feil, Briels &
Bennema, 1991; Docherty, Roberts, Saunders, Black &
Davey, 1993) and inorganic (Woensdregt, 1993) crystals.

It is possible to use such information on the theo-
retical form to help understand the effect of solvent
on crystal morphology. For example, the theoretical
form of a-glycine (Berkovitch-Yellin, 1985; Boek, Feil,
Bricls & Bennema, 1991) calculated by this method [Fig.
19(a)] is in good agreement with the morphology of
a-glycine crystals obtained by sublimation [Fig. 19(b)].
This morphology exhibits well developed {010} faces, in
keeping with the dominant hydrogen-bonding energy of
the molecular bilayer in the ac-plane. However, glycine
crystals grown from aqueous solution display a dis-
tinctly different morphology, which is bipyramidal with
large {011} and {110} faces and. less well developed
{010} faces {Fig. 3(»). In order 1o understand these
differences, substrate-solvent interactions were taken
into account. The large {011} and {110} faces expose
CO3 and NHi groups well oriented to have a strong
affinity for water. The {010} face exposes aliernating
layers of C—H or CO; and NH3 groups [Fig. 3(a)}, and
50, on average, is less hydrophilic than the {011} and
{110} faces. Moreover, if the solute glycine molecules
dock into surface sites primarily as cyclic hydrogen-
bonded dimers, the (010] face will essentially expose
C—H groups. These observations were expressed by
Berkovitch-Yellin in a semi-quantitative form by calcu-
lating the Coulomb potential at the various faces, which
indicated preferential adsorption of water molecules onto
the polar faces. Further support for such arguments
comes from the observed crystal morphology of the
a-amino acids with hydrophobic chains such as pheny-
lalanine (Weissbuch, Frolow, Addadi, Lahav & Leis-
erowitz, 1990), valine and isoleucine (Torii & Yitaka,
1970, 1971). Their crystal structures sre composed of
hydrogen-bonded bilayers as in a-glycine, and their
morphologies are plate-like when grown from agueous
solution. Clearly the hydrophobic chains provide in-
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Fig. 19. (@) Theoretical cryswal form of a-glycine. {b) Morphology of
a-glycine crystals obtained by sublimation.
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creased layer energy and a lower binding concentration
of water at the sides of such bilayers than in a-glycine,
providing a strong propensity for plate formation.

7.2. Crystalline solvates

Another approach involved the use of crystalline
solvates, where the solvent of crystallization plays the
dual role of solvent and crystal solute. Such crystals
were grown in the added presence of tailor-made solvent,
which is a slightly modified version of the solvate
solvent. It was found when crystalline hydrates were
grown from aqueous solution in the added presence of
methanol (the ‘tailor-made’ solvent), that the change in
morphology was interpretable (Shimon, Vaida, Addadi,
Lahav & Leiserowitz, 1990, 1991) in a manner akin to
the effect of a tailor-made inhibitor. This approach is
illustrated with the crystal of o-rhamnose monohydrate,
which contains a polar arrangement {Fig. 20(a)] in space
group P2, and, when grown from pure aqueous solution,
displays a bipyramidal morphology [Fig. 20(b)]. The
two O—H bonds of the hydrate water moilecules are
oriented lowards the +b direction, but not towards the
~b direction of the crystal. Thus, addition of methanol
as a cosolvent changes the morphology of the crystal,
completely inhibiting growth along the +b direction and
yielding a pyramidal crystal {Fig. 20(c)].

A second example is (S)-asparagine.H,0. Crystals
grown from pure water are delineated by 18 faces
{Fig. 15(b). top}. The packing arrangement (Fig. 15a),
shows that one of the two O—H bonds of each water
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Fig. 20. (@) Packing amangement of a-thamnose monchydrate crystal
viewed along the a-axis; the OH bonds of the hydrate water molecules
point towards the +b, but not the ~b direction: replacement of water
by methanol on the {110} faces is depicied. (b}{c) Crystals viewed
along the a-axis. Morphologies of a-rh monohydrate crystals
grown from: (b) squeous solution and (¢} 9:1 methanol:waler solution,
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molecule emerges from the (010} faces, which are
poorly expressed. Therefore, methanol molecules can be
casily attached at these surface sites {see Fig. 15(g)],
The methyl group of each adsorbed methanol protrudes
from the two {010} faces, impedes growth in the b.
direction and thus induces the formation of large {010}
crystal faces [Fig. 15(b), botiom). On the {011} faces,
only two of the four symmetry-related molecules can
be substituted by methanol and so inhibition of {011)
should be less dramatic. This reasoning proved to be
in keeping with experiment (Shimon, Vaida, Addadi,
Lahav & Leiserowitz, 1991); growth in the presence
of methanol as additive yielded {010} plates similar in
shape 1o when asparagine is grown in the presence of
aspartic acid [Fig. 15(b)]. That methanol can indeed be
selectively adsorbed on both the (010} and {011} faces
was further demonstrated by experiments involving par-
tial dissolution of asparagine.H20 crystals in methanol
solution, revealing eich-pits, although poorly developed,
on only these faces (Shimon, Lahav & Leiserowitz,
1986).

1.3. Pulur crystals

In another approach, use was made of the principle
that in a polar crystal the attachment energy £, at
opposite and hemihedral faces (hkl) and (Akf) are the
same (neglecting effects such as possible differences in
molecular charge density in the bulk and to-be-attached
molecules at opposite faces). Although a difference
in E,, has been invoked to explain the polar mor-
phology of urea obtained by sublimation (Docherty,
Roberts, Saunders, Black & Davey, 1993), its effect on
morphology must be far less than that of solvent on
crystal growth and morphology. Thus, in the absence
of a difference in the effect of binding of solvent at
the hemihedral faces (hkl) and (Akl), these two faces
should grow at the same rate (Turner & Lonsdale,
1950). A pronounced difference in growth rate must
then be associated with differences in solvent-surface
interactions. This principle was exploited in the family
of plate-like crystals composed of amphiphilic molecules
which pack in layers stacked head-to-tail in a polasr
arrangement {chain-like amphiphilic molecules normally
pack head-to-head and tail-to-tail in the crystalline state).
Thus, the polar plate-like crystals are hydrophobic at
one plate face and hydrophilic at the opposite face. The
idea was to ascertain the relative binding properties of
polar solvents to the opposite hemihedral faces from
the macroscopic wetting properties, in terms of contact
angle measurements, and to correlate this effect with the
relative rates of growth of the two crystal faces in the
same solvents. In §4.1 we had shown how the absolute
configuration of the constituent molecules of chiral-
resolved alkylgluconamides, which pack in the desired
polar arrangement (Fig. 7), may be assigned from the
difference in wetting properties of the hydrophilic and
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ydrophobic faces. In CH3;OH solution the polar plate-
ke crystals of the octyl derivative (n = 8) were found
> grow almost four times faster at the hydrophobic
ide than at the hydrophilic side (Wang, Leiserowitz
¢ Lahav, 1992). This result is completely in keeping
vith the observation that water and other polar solvents
vet the hydrophilic face more strongly than the opposite
iydrophobic face (see §4.1). It is noteworthy that at the
iydrophilic face, solvent methanol can form O—H.-.O
iydrogen bonds with the terminal hydroxyl groups of
wo neighboring chains, since the translation separation
listance between them is ca 5 A,

The theory that strong solvent-surface interactions
nhibit crystal growth is also bome out by a compar-
son of the effect of tailor-made additives and acetic
icid solvent on the morphology of the polar crystals
»f N-(cinnamoyl)alanine, already discussed in §4.1. A
renchmark study on the effect of solvent on growth of
»olar crystals was carried out by Wells (1949). He found
hat in aqueous solution, the a-form of resorcinol (1,3-
lihydroxybenzene), which crystallizes in space group
’nal;, grows unidirectionall, along the polar c-axis.
(he {011} faces at one end of the polar axis have
proton donor' properties and the {011} faces at the
pposite end ‘proton acceptor’ properties. However,
Nells could not fix the absolute direction of growth
dong the polar axis. This assignment was made with
he use of tailor-made additives (Wireko et al., 1987).
The unidirectional growth in aqueous solution occurs
it the ‘proton acceptor’ (011} faces, This observation
vas explained in terms of stronger binding of water to
he ‘proton acceptor’ {011) faces (Wireko er al., 1987;
Javey, Milisavijevic & Boume, 1988). However, these
mnalyses were not completely irrefutable, hinting that
sther growth mechanisms might also be responsible.
(hus, we describe the next experiments on the polar
srystals of y-glycine and racemic alanine as well as urea,
vhere different mechanisms were invoked to account for
heir growth behavior.

1.4, A ‘relay’ mechanism of crystal growth as a result
of selective solvent binding

An entirely different approach involved strong
ielective adsorption of solvent at a subset of molecular
wurface sites, of say type B, and repulsion of solvent
Wt the remaining set of surface sites, of say type A, on
he crystal face. This is depicted in Scheme 7, where
ve emphasize the difference between the two types of
ites by assuming a corrugated surface such that the
i-type site is a cavity and the B-type site is on the
sutside upper surface of the cavity. Scheme 7(a) shows
he B-type sites blocked by solvent S and the A-type
sites unsolvated. Thus, solute molecules can easily fit
nto A-type sites. However, once docked into position
‘Scheme 7(b)], the roles of the A- and B-type sites are
:ssentially reversed and the solvent molecules which
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originally were bound to 8-type sites would be repelied
since they now occupy A-type sites. This cyclic process
can lead to fast growth by a kind of 'relay’ mechanism.

approsching
Q Q solute 1o siie A
nd solvent

OOOOOOOO

{a)

Scheme 7.

In such a situation, where desolvation is rate limiting,
we have implicitly made use of the proposal that the
free energy of incorporation of a solute molecule helps
to displace bound solvent. This relay mechanism may
be demonstrated by a crystal with a polar axis and the
experiment involves a comparison of the relative rates of
growth at the opposite poles for the different solvents, as
exemplified by the growth and dissolution of the crystals
of (RS)-alanine and the y-form of glycine in different
solvents (Shimon, Vaida, Addadi, Lahav & Leiserowitz,
1990, 1991). These two crystals have similar packing
features and so the discussion is confined to (R.S)-
alanine. As already described in §4.1, the zwitterionic
molecules are aligned so as to expose CO,~ groups at one
end of the polar c-axis and NH;* groups at the opposite
end, The crystal has a polar morphology, with the CO;
groups emerging at the flat —c end, as shown in Fig. 21.
The (001) face at the carboxylate end contains cavities.
This face grows and dissolves faster in aqueous solution
than the ‘smoother’ amino face [Fig. 22(a)}. We propose
that the faster growth at the (001) side of the crystal
in aqueous solution is due to the relay mechanism of
growth, according to the following arguments. The water
molecules may be strongly bound by hydrogen bonds to
the outermost layer (001) of COj groups. In contrast, the
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Fig. 21. Packing arvangement of (R.5)-alanine delineated by crysuai faces,

as viewed down the b-axis. The capped faces at the +¢ end of the polar

axis expose NH{ and —CHj groups at their surfaces, the opposite
{001) face exposes carboxylate CO3 groups.
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pockets act as proton acceptors for the NHY groups of the
solute molecules. Replacement of the solute NH3 moiety
by solvent water within the pockets yields repulsive or,
at best, weakly attractive interactions. The pockets will
therefore be weakly hydrated and so relatively easily
accessible to approaching solute molecules (Fig. 23).
There is, however, an altemnative mechanism which may
account for the faster growth at the —c end: a higher
crystal attachment energy at the (001) end of the crystal
than at the opposite end. We could demonstrate that the
relay mechanism is the more operative on the following
basis: we predicted that methanol molecules could bind
into the pockets at the (007) face. The methyl group of
this cosolvent molecule can form attractive, albeit weak,
C—H-:--0O interactions within the pocket and the OH
group can form a hydrogen bond to the CO7 group at
the surface of the pocket. In keeping with prediction,
crystals of (R,S)-alanine in 80% methanol:water mixmure
grow faster at the +c amino end of the crystal than at the
-¢ carboxylate end [Fig. 22(b)}, indicating that methanol
blocks solute access to the pockets more effectively than
water at the (001) face.

This work implies that for those crystals which expose
at each face set of different surface sites, the average
binding energy of solvent to a face may not be a suffi-
cient criterion for establishing the relative morphological
importance of the different faces. It may be necessary
to assess the ease of replacement of solvent by solute at
each of the different surface sites, as well as the different
modes of docking the solute molecules at the surface.
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Fig. 22. Graph of the relative growth at opposite poles of the polar axis
of (R.S)-alanine crystals: {g) in water and (b) in 4:1 methanoliwater
mixture,
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For example, Boek, Feil, Briels & Bennema (1991)
calculated the theoretical growth form of tetragonal urea
and found that it is almost cube-like and compares
well with those of crystals from ethanol or benzene,
However, the theoretical form is very different in shape
from the [001] needles obtained from aqueous solution.
Boek & Briels (1992) performed molecular dynamics
simulations of interfaces between water and crystalline
urea. They argued that the observed needle morphology
cannot be explained using a simple layer model because
of strong adsorption of water to the relevant faces. By
examining the interface between a saturated agqueous
urea solution and crystalline urea, Boek (1993) explained
the [001] needle morphology in terms of wrongly and
randomly absorbed urea molecules to the {110} side
faces, so providing an increased interfacial entropy. It is
noteworthy that oxamide crystals grown from agueous
solution contain ca 2% of wrongly oriented oxamide
molecules in the lattice (Swaminathan & Craven, 1982).

8. Control of crystal phase formation

Any crystallization process must cross the nucleation
barrier. 1t is generally assumed that as the molecules
start to associate in supersaturated solutions, they form
embryos with structures resembling those of the to-be-
grown crystals. For polymorphic systems embryos of
all the observed polymorphs are probably formed. Each
type of embryo would structurally rescmble the crystal
into which it will eventually develop. If this hypothesis
is correct, one may use the structural information of
the mature crystals to design inhibitors of a particular
crystalline phase. The overall consequence of this sterco-

Approaching

al-nme T Rejecred
% &L waer <
Bound alanine

Fig. 23, Schematic representation of the {001) face of R S-alanine during
crystal growth. {a) In this view, approaching solute alanine molecules
are depicted as about to be bound within the pockess of the (00§)
face. Also shown are water molecules bound 1o the outermost CO;
groups of this face. The pockets remain poorly solvaied because
fone-pair-lone-pair oxygen-oxygen repuisions irhibit (similar 1o that
described earlier in the asparagine-aspanic acid system, in §5.4) the
binding of water within them, (b) In this view, the newly adsorbed
slanine molecules are each bound via three NH: - .O hydrogen bonds.
The previously bound water molecules are shown being rejecied by
O(water)- - -Ofcarboxylate) lone psir-lone pair repulsions. Note the
formation of new unsolved pockets.

LIMONN1ARRNR
NOVARTIS EXHIBIT 1517

Novartis v. Regents, IPR2023-01347

Page 3790 of 4460



WEISSBUCH, POPOVITZ-BIRO, LAHAV AND LEISEROWITZ 135

specific inhibition process can be that the unaffected
phase, if less stable, will grow by kinetic control, We
shall consider several systems where the logic of the
above arguments apply. We first discuss the synthesis
of chiral enantiomerically pure material from nonchiral
reagents. This will be followed by a method for the
kinetic resolution of enantiomers and the induced crys-
tallization of a particular polymorph. Finally, the induced
nucleation of a particular phase which acts as a template
for the nucleation and further growth of the more stabie
phase into a macroscopic crystal will be discussed.

8.1. Amplification of chirality by crystallization with
chiral additives

The solid state may be used for the synthesis of chiral
enantiomerically pure material from nonchiral reagents
by precipitation of nonchiral molecules in appropriately
packed chiral crystals, followed by a lattice-controlled
reaction (Green, Lahav & Rabinovich, 1979, Addadi er
al., 1980), However, crystallization from achiral solvents
generally yields {R}- and {§}-crystals in equal amounts.
In order (o obtain enantiomerically pure material, it is
necessary to inhibit the nucleation of one of the two
chiral crystal phases. This was achieved in the following
way. Molecular dienes were ‘engineered’ to pack in
chiral crystals (Addadi & Lahav, 1979, Addadi, van Mil
& Lahav, 1982; van Mil, Addadi, Gati & Lahav, 1981,
1982), in which the molecules are stacked by translation
such that the neighboring C-.-C double bonds are in
appropriate proximity for photodimerization (Scheme
8). UV irradiation of a single crystal yields dimers,
trimers and oligomeric products of a single chirality
P, or P,, dependent upon the chirality of the starting
crystal. Thus, the handedness of the molecular stacking
arrangement is retained in the structure of the oligomer.
A net asymmetric induction of one of the crystalline
phases was achieved when crystals were grown in the
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presence of oligomers of a single chirality (i.e. P, or P,)
obtained from a large single crystal. In all experiments
it was observed that a large excess was formed of the
phase which was enantiomorphic to that in which the
additive itself had been generated: namely, R-crystals
were obtained from a solution containing P, additives,
and vice versa,

A natural extension of this work led to the suggestion
of a new method for kinetic resolution of a racemic
mixture crystallizing in the form of a conglomerate of
{R}- and (S}-crystals (Addadi, van Mil & Lahav, 1981;
Addadi er al., 1982), as described below.

8.2, Resolution of enantiomers

Racemic mixtures of molecules which crystallize as a
conglomerate yield two enantiomorphous equienergetic
crystalline phases. Kinetic resolution of the conglom-
crate may be achieved with the assistance of tailor-
made chiral-resolved inhibitors which would, in solution,
bind enantioselectively and stercoselectively to only one
of the enantiomeric crystalline phases and so prevent
its eventual growth. This principle has been demon-
strated for many systems (Addadi et al., 1982; Addadi,
Weinstein, Gati, Weissbuch & Lahav, 1982; Zbaida e/
al., 1987). There are no particular requirements on
molecular packing, although we may state that the higher
the point symmetry of the crystal, the more differ-
ent orientations in the lattice the constituent molecules
may occupy, making the inhibition process more pro-
nounced since the additive would be adsorbed on more
faces. The kinetic resolution may encompass preferred
precipitation from a racemic mixture in solution of
one enantiomorph at the expense of the more stable
racemic crystal phase. Naturally the energy gap be-
tween the racemic crystal and the mixture of resolved
enantiomorphs must be relatively small. For example,
racemic histidine. HCI precipitates, at 298 K, as a siable
racemic dihydrate crystal and a metastable conglomer-
ate of resolved monohydrate crystals. Addition of as
little as 1% of the chiral-resolved poly-(p-acrylamido-S-
phenyalanine) additive induced resolution with quantita-
tive yield of the desired enantiomer (Weissbuch, Zbaida,
Addadi, Lahav & Leiserowitz, 1987).

8.3. Induced crysiallization of a polar polymorph

We now consider the preferred precipitation of a
crystal containing a polar axis, at the expense of the
dimorph which is centrosymmetric and thus nonpolar.
The concept is that in crystals with a polar axis all
molecules are aligned in the same direction vis-d-vis
the polar axis. In centrosymmetric crystals neighboring
molecules are arranged in an antiparallel manner. These
two arrangements are depicted in Scheme 9. Thus, an
appropriate tailor-made additive will inhibit growth of
the centrosymmetric form at opposite ends of the crystal,
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Scheme 9.

and so prevent its appearance, but will only inhibit
growth of the polar form at one end of the crystal.
This concept has been demonstrated in two different
systems. In  N-(2-acetamido-4-nitrophenyl)pyrrolidine
(PAN; 6a), the metastable polar form [Fig. 24(b))
displays optical second-harmonic generation. As litile
as 0.03% of the polymer (6b) inhibited precipitation of
the pseudo-centrosymmetric stable form of PAN [Fig.
(24a)], only allowing crystallization of the metastable
form (Staab, Addadi, Leiserowitz & Lahav, 1990).

(>

N
NH_ o -CH
g
NOy
(6a)
(>
Nﬂ\ﬁ/‘cuﬂ\”‘wu O,
[o]
NO;

(6b)

The other system involved preferential crystallization
from aqueous solution of the y-form of glycine, when
grown in the presence of the additive racemic hexa-
fluorovaline, (CF;);CHCH(NH{)CO; (Weissbuch,
Leiserowitz & Lahav, 1994). As already mentioned,
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glycine usually crystallizes in the centrosymmetric o
form from aqueous solutions, but litaka (1961) reported
that glycine can precipitate in a polar ~y-form from acetic
acid or ammonia solutions. Perhaps the crystallization of
a-glycine in pure aqueous solution is promoted by the
presence in solution of cyclic hydrogen-bonded dimers
of glycine (see §7.1), but whose formation is inhibited in
acid or base solution, leading to the precipitation of the
v-form. The ~y-form appears in space group P3, (or P3,),
arranged in a2 way similar to (R,S)-alanine crystal (Fig.
21}, so that the molecules expose CO3 groups at one end
of the polar trigonal axis and NH{ groups at the opposite
end [Fig. 25(a)]. It was found that racemic hexafluo-
rovaline is an effective inhibilor of growth of a-glycine
since it binds to the four {011} faces and so blocks
growth along both b and the fast c-growing directions
{Fig. 25(c)}. This behavior is in contrast to that of the
common a-amino acid additives which bind primarily 1o
the {010} faces and so retard the growth of a-glycine
only along the b-direction, inducing the formation of the
{010) plates, as described earlier in §5.1. The abnormal
behavior of hexafluorovaline may be understood in terms
of its molecular structure and conformation, as found in
its native crystal structure (Weissbuch, Frolow, Addadi,
Lahav & Leiserowitz, 1990): steric repulsion imposed
by the hexafluoroisopropyl moiety prevents adsorption
onto the {010} face, but not at the {O11) faces to
which it is strongly bound through charge-transfer inter-
actions. Furthermore, hexafluorovaline does not inhibit
nucleation and growth of the y-glycine form because
the additive is bound thereto primarily at the NH{ end
of its polar axis, the crystal growing unidirectionally
along its polar c-axis at the CO;7 end. However, the
hexafluorovaline molecules can be also adsorbed on
the newly developed {151} side faces of the trigonal
pyramidal crystals [Fig. 25(b)]. The salient lesson to
be learnt from these experiments on glycine is that the
inhibitor, to be effective, should bind along the fast-
growing directions. The antifreeze proteins in fish that
inhabit the polar seas act in a similar way; they bind 10
the fast growing directions of the ice nuciei to inhibit
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(a) ()]
Fig. 24. Crysuailine packing ammangements of PAN (6g): (@) stable form
which is pseuds y ic and (b) ble form where the

polar sxis is along the venical direction,
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growth (De Vries, 1984; Chaknabartty, Yang & Hew,
1989; Knight, Chang & De Vries, 1991).

8.4. information on early stages of nucleation via
induced twinning of racemic alanine crysials

Finally we examine a system in which a chiral-
resolved additive induces nucleation of a chiral phase
from a racemic mixture in solution, but this step is
followed by the eventwal precipitation of the thermo-
dynamically stable racemic crystal through an epitaxial
structural fit between the two crystalline phases. The
constituent molecules are alanine. The racemic (R.S)-
crystal, already described in §4.1 and §7, crystallizes
in the polar space group Pna2;. The molecules form
parallel hydrogen-bonded chains along the polar c-axis,
exposing CO7 groups at one end of the polar axis
and NH{ groups at the opposite end (Fig. 21). The
enantiomorphous crystals of (R)- or (S)-alanine have
very similar cell dimensions, but the hydrogen-bonded
chains are arranged antiparalle] in space group P2,2,2,.
so exposing both CO7 and NH{ groups at each end of
the c-axis. The energy gap between these two phases
must be small and their solubilities are very similar.
The racemnic crystals exhibit a morphology (Fig. 21) of
point symmetry mm2, in keeping with the space group.
Precipitation of alanine from a racemic solution, when

()

Fig. 25. (a) Packing arrangement of the ~-form of glycine, as
delinested by the faces grown from squecus solution contsining
acetic acid. (b) Photograph of y-glycine crystsls grown from
squeous solutions in the p of hexafi linc additive (3%
wi). (¢) Photograph of a-glycine crystals grown from aqueous
sofution in the presence of a low comcentration (1% wt) of
hexafluorovaline additive, showing inhibition of the four [O11] faces.
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grown in the presence of a chiral-resolved a-amino
acid additive, such as (R)-threonine, yields (R.$)-alanine
crystals with an affected morphology, propeller-shaped
and exhibiting 222 point symmetry [Fig. 26(a)]. Growth
in the presence of the opposite enantiomeric additive
S-threonine yields propellers of the. mirror image (Weiss-
buch et al., 1994). The crystals expose CO; groups
at each end of the propeller and so would appear to
be twinned about the central ab-plane, in keeping with
observation that the two crystal halves appear to be
stitched across this central ab-plane. However, the two
surfaces in contact across such a twinning plane would
each expose NHJ groups, which must be energetically
unfavorable. One reasonable explanation for the ob-
served effect is the inhibition of nucleation of both the
racemic and the chiral form of alanine homomeric to
that of the chiral-resolved additive in solution, leading
to nucleation of the opposite enantiomer through the
absence of steric interactions with the additive. Indeed
this step was done by design. These chiral nuclei then
act as templates at their two opposite {001) faces for
nucleation sites for epitaxial growth of (R.S)-alanine,
yielding the “twinned' crystals. The proposed structural
arrangement at the epitaxial interface is shown in Fig,
26{b). This arrangement also brings about the point that

Fig. 26. (@) Twinned crystals of (R.S)-slanine grown in the presence of
1% R-treonine additive. (b) Proposed structural arrangement showing
the cpitaxial growth of (R.5)-alanine at the (001} and (001) faces of
a nucleus of (S)-alanine.
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cach of the two (R.S) to (S) interfaces has half favorable
N—H-: .0 hydrogen bonds and half unfavorable, but
well-separated, NH7..-*HiN clectrostatic interactions,
while twinning of the two (R,S)-domains without an
interleaving (S)-layer would generate only unfavorable
contacts. The tapered arms of the propeller are brought
sbout by the enantioselective adsorption of the chiral
additive at two opposite faces of the four {210} side
faces. The proposed mechanism of aucleation followed
by epitaxial growth was substantiated by the observed
growth of (R.S)-alanine from seeds of chiral-resolved
alanine and by growth experiments involving various
nonracemic (R:S) mixtures. Furthermore, X-ray diffrac-
tion measurements of a twinned crystal revealed the
following: a misalignment between the two halves, and
reflections, but only from the crystal center, that are
symmetry forbidden for space group Pna2,, and so could
arise from a P2,2,2, crystailite.

9. “Tailor-made’ surfaces composed of amphiphilic
monolayers for promotion of crystal nucleation

Crystal nucleation is generally a heterogeneous process.
This means that the activation barrier for aucleation
is lowered by interaction with template surfaces. This
process can happen at different levels of specificity,
ranging from nonspecific adsorption to epitaxial growth.
One can therefore envisage induced nucleation of desired
crystalline structures, even with a specific crystal ori-
entation, by designing appropriate nucleation promoters
which match the structure of the crystal on a specific
plane,

We described earlier in §3 the changes induced in
the a-form of glycine crystals upon growth in the pres-
ence of various a-amino acid additives. These changes
involved morphology and enantiomeric segregation of
the occluded additive molecules. Growth in the pres-
ence of hydrophobic a-amino acid additives yielded
glycine crystals at the air—solution interface, floating
with their {010} faces exposed to air, long before crys-
tals appeared at the bottom of the crystallization vessel
(Weissbuch e al., 1984; Weissbuch, Addadi, Leiserowitz
& Lahav, 1988). The R-a-amino acid additives such as
leucine, norleucine, valine and a-amino-octanoic acid
induced the formation of pyramidal crystals floating with
their (010) faces exposed to air. By symmetry, the S-
a-amino acid additives induced the enamtiomorphous
(010)-oriented pyramids. Crystallization experiments in
the presence of racemic hydrophobic additives yiclded
the solution surface covered with {010} plates of both
onentations. Crystallization experiments in the presence
of optically pure hydrophobic a-amino acid additives
(e.g. R-leucine) and racemic hydrophilic a-amino acids
(e.g. racemic glutamic acid) yielded only (010)-oriented
plates of glycine (Fig. 27). This orienting phenome-
non was explained by the spontaneous aggregation of
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the hydrophobic c-amino acid additives at the solu-
tion surface to yield nucleating domains. This proposed
mechanism is also in keeping with surface tension mea-
surements, according to which the hydrophobic o-amino
acids aggregate at the agueous solution surface. More-
over, the chiral-resolved hydrophobic a-amino acids, in
their own crystal structures form hydrogen-bonded layers
akin 10 that of o-glycine (Benedetti, Pedone & Singu,
1973; Weissbuch, Frolow, Addadi, Lahav & Leiserowitz,
1990). The mechanism is slso in keeping with HPLC
measurements of the floating glycine crystals grown
in the presence of the chiral-resolved hydrophobic a-
amino acid, which revealed very small amounts, if any,
of the additive occluded in the crystals. Thus, it is
conceivable that the hydrophobic -amino acid additives
assemble at the solution surface into hydrogen-bonded
layers, further stabilized by the binding of glycine solute
molecules to form hydrogen-bonded bilayers, and which
can induce the oriented nucleation of a-glycine crystals
at the solution surface.

These studies led directly 10 the use of water-insoluble
a-amino acid amphiphiles 10 induce oriented nucleation
of a-glycine crystals. Such a design of a synthetic
template of a Langmuir monolayer of amphiphilic
molecules spread at the air-solution interface and
having their polar head groups in contact with the
water proved to be a very expedient nucleating
system. It has proven possible to induce, by virtue
of a designed structural match between nucleator
and nucleate, oriented crystallization of a-glycine
(*H3;NCH,CO3) under a-amino acid monolayers such

Fig. 27. A crust of oriemed a-glycine plate-like crystals fioating on the
surface, oblsined from a solution containing 1% wywt R-Jewcine and
racemic glutamic acid. All the floaling oriented plates expose their
{010) faces 10 the air duc 1o R-leucine, and glnurmc md is tdded lo
the solution 1o induce plate [ ion. This o d
from the crystal shape, since for the ma,omy of the crysuls the long
edge of each crysual is parallel to the c-axis and the shont edge is
parallel 10 a. Fur those crystals which appear 10 be reversed, of which
there are spproximately five or six in this photograph, the correct
(010) orientation was confirmed by X-my diffraction measurements.
For such crystals the long edge was paralicl o the a-axis and the
short edge 10 c.
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as palmitoyl lysine, C;sH;CONHC,HgCHNH7CO7
(Landau, Popovitz-Biro, Levanon, Leiserowitz & Lahav,
1986, Landau er al., 1989). Several other types of
crystals have since been nucleated at the water surface by
Langmuir monolayers through either & (partial) structural
fit or an electrostatic attraction. These include p-
hydroxybenzoic acid (Weissbuch, Berkovic, Leiserowitz
& Lahav, 1990), silver propionate (Weissbuch, Majewski
ef al., 1993), sodium chloride (Landau, Popovitz-Biro,
Levanon, Leiserowitz & Lahav, 1986), nanocrysials
of PbS (Zhao, Yang, McComick & Fendler, 1992)
and CdS (Fendler, 1993), barium sulphate (Heywood
& Mann, 1992a.b) and the vaterite and calcite form
of CaCO; (Mann, 1988; Mann, Heywood, Rajam &
Birchall, 1988). The work on CaCO; was done as parn
of model! studies on biological mineralization.

We shall make brief mention of the crystalline self-
aggregating properties and packing arrangements of the
Langmuir rnonolayers, as established by grazing inci-
dence X-ray diffraction (GID). This will be followed
by an outline on the effect of solvent molccules on
the growth, dissolution and packing structures of the
amphiphilic monolayers. We shall also describe the
design of mixed monolayers in order to glean a measure
of the critical size of induced nuclei of the three-
dimensional crystals at the monolayer~solution interface.
Finally, we examine the role played by monolayers of
aliphatic alcohols for the induced nucleation of ice.

9.1. Cryswalline self-assembly of amphiphilic monolayers
on the water surface

Structural information on the induced nucleation of
the crystals of a-glycine, p-hydroxybenzoic acid, silver
propionate and ice at the monolayer interface has becn
independently gleaned by determination of the two-
dimensional crystal structures of the monofayers on the
liquid surface (Wolf es al., 1987; Jacquemain er al.,
1990; Weissbuch, Majewski ef al., 1993). This has been
achieved by grazing incidence X-ray diffraction (GID)
using synchrotron radiation.

Evidence for the formation of self-organized two-
dimensional crystalline aggregates (crystallites) com-
posed of waler-insoluble amphiphilic molecules, at the
air-water interface, has unti] recently been indirect; it
has generally been assumed that the degree of lateral
ordering in the uncompressed state is very low, if at all
existent. The newly developed method of GID is a pow-
erful 100l for exploring this field (Als-Nielsen & Kjaer,
1989; Barton er al., 1988; Als-Nielsen & Mohwald,
1992; Jacquemain et af., 1992) since it allows for the
detection of two-dimensional crystalites formed by the
amphiphilic molecules and for the determination of their
size and structure almost at the atomic level. Using
GID, the two-dimensional crystaliinity of amphiphilic
monolayers in the relaxed state (i.e. where the monolayer
coverage on the water surface is sufficiently low, eg.
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<80%. so that the monolayer surface pressure is very
low) was shown to be a widespread phenomenon. This
was demonstrated for a variety of amphiphiles, such
as long fluorocarbon chain a-amino acids (Jacquemain
et al., 1990) and carboxylic acids (Dutta ef al., 1987;
Barton et al., 1988, 1992), hydrocarbon chain alcohols,
amides, carboxylic acids (Jacquemain er al., 1991) and
their cadmium or calcium salts (Bshm et al., 1994).
Indeed the GID spectrum of the cadmium arachidate
monolayer (Leveiller er al., 1991) gave direct evidence
of an ordered counterionic cadmium layer bound to the
carboxylate head group. This result of an ordered counte-
rionic {ayer is in agreement with induced crystallization
of inorganic salts at the Langmuir monolayer interface
{Landau, Popovitz-Biro, Levanon, Leiserowitz & Lahav,
1986; Landau et al., 1989; Zhao, Yang, McCormick &
Fendler, 1992; Mann, 1988; Mann, Heywood, Rajam
& Birchall, 1988). Analysis of the GID data using
structure-factor calculations, sometimes complemented
by lattice energy calculations yielded two-dimensional
crystal structures almost at atomic resolution (Leveiller,
Jacquemain, Leiserowitz, Kjaer & Als-Nielson, 1992;
Leveiller e al., 1994; Weissbuch, Leveiller er al., 1993;
Wang er al., 1994; Béhm et af., 1994).

9.2, Effect of solvent and tailor-made auxiliaries on
growth, dissolution and structure of amphiphitic
monolayers

Amphiphilic monolayers on the water surface are
an ideal vehicte for study of the effect of solvent on
two-dimensional (and by extension, three-dimensional)
crystal growth and dissolution. Two-dimensional crystals
have an advantage over their three-dimensional counter-
parts, because solute molecules present in the aqueous
subphase only come into contact with the polar head
groups of the monolayer on a well characterized inter-
face. Moreover, GID offers the possibility to monitor
in real time, changes in two-dimensional crystallinity.
We have been able, by GID, to demonstrate that solute
can retard, or inhibit, the growth or induce dissolution
of monolayer crystallites. For example (Jacquemain ef
al., 1990), the left part of Fig. 28(a) shows that 10 min
afier the monolayer of perfluorododecyl aspartate (PFA),
CyF2CyH,OCOCH, CH(NH;)CO3, was deposited over
an undersaturated solution of glycine, no diffraction
peak was observed and it took around 30 min before
crystalline domains could be detected. The inhibition can
be understood from the top part of Fig. 28(d), which
shows how one glycine molecule can bind to two neigh-
boring molecules of the a-amino acid monolayer with
strong hydrogen bonds, thus hindering their assembly.
The formation of this complex is in kinetic competition
with that of the two-dimensional crystalline hydrogen-
bonded bilayer, which is composed of quasi-dimers of
PFA and glycine [Fig. 28(b), top). Once the PFA mono-
layer crystallizes, glycine solute molecules together with
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PFA form a pseudo~centrosymmetric hydrogen-bonded
heterobilayer which provides additional stability to the
systern, Use of G-alanine, "H;NC;H,COf, as 2 solute
molecule instead of glycine had an entirely- different
effect on the two-dimensional crystals of uncompressed
PFA; it did not strongly inhibit growth as dramatically
as glycine, but caused a complete dissolution of the PFA
crystals over 2h, as shown by GID measurements [Fig.
28(a), right]. This dissolution was rationalized in terms
of a strong interaction of B-alanine with the amino acid
head groups of neighboring surfactant molecules leading
o a disruption of the two-dimensional crystals {Fig.
28(b), bottom], since f-alanine cannot form a hydrogen-
bonded heterobilayer with PFA as may glycine.

The second example involves the different hydrogen-
bonding properties ©of the cosolvents formamide
(HCONH,;) and formic acid (HCO;H) in agueous
solution, which have a drastic effect on the crystallinity
and stucture of Alms of aliphatic amides and
carboxylic acids (Weinbach ef al., 1993). Arachidamide,
Ci1sH3CONH,, on pure water forms a crystalline
monolayer according to the Bragg peaks displayed by
the GID paitern (Fig. 29). Analysis of the X-ray intensity
profiles along the Bragg rods (not shown in Fig. 29)
yielded a tilt of the molecular hydrocarbon chains of
ca 18° vis-d-vis the water surface. A | M formamide
solution as subphase, instead of pure water, did not
have a detrimental effect on the monolayer crystallinity,
according to the Bragg peak profiles (Fig. 29), but there
was a change in structure since the molecular chains
were vertically aligned on the subphase, as deduced from
the Bragg rod intensity profiles. Replacing formamide
by formic acid aqueocus subphase did not change the
Bragg peak pattern for a 0.3 M solution (Fig. 29), but
1 M formic acid solution inhibited the formation of two-
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dimensional crystalline C;oH3;CONH; monolayers (Fig.
29). The essential difference in binding of formamide
and formic acid to the amide groups of the amphiphile
is depicted in Scheme 10. It involves the replacement
of a ~29kjmol™' attraction between monolayer-bound
formamide molecules by a 8 kj mol™ repulsion between
lone-pair electrons of monolayer-bound formic acid
molecules. We may deduce that the lone pair-lone pair
repulsion between bound formic acid molecules inhibits
two-dimensional crystal growth of the CigHCONH,
monolayer. We note that this inhibition is essentially an
extension of the effect of tailor-made carboxylic acid
additives on the morphology of primary amide crystals
discussed in §2 and §5.4.
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An increase in concentration of the formamide solu-
tion 10 7 M revealed by GID [Fig. 3a)) the formation
of two coexisting crystalline phases of arachidamide, a
trilayer and a monolayer (Weinbach et al., 1994). In the
monolayer phase [Fig. 31(a}}], the molecular hydrocarbon
chains were aligned vertically with respect to the ligquid
surface. In the wilayer phase [Fig. 31(a)], the chains

Fig. 28. Uncompresed monolayer of PFA
spread at an average moleculsr area of 45A?
over various soluti {a) GID
as s function of time afier spreading: over
glycine solution (0.013M; left); over §-
alanine solution {0.005M; right). Note the
increase in two-dimensional crysiallinity in the

¢ PFA former, and the decresse in the latier as
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indicated by the different time evolution of
the peak. ge (= 475in8/A) is the horizonial
scatiering vector paraliel to the water surface.
{b) Schematic drawings of 'bridging com.
plexes” between PFA monolayer molecules
and the solute molecules for glycine (top) and
p-alani b ). A p ial q 1di is
illustrated for glycine, while the mismaich is
depicted for S-alanine, Key: large stippled
circles, O; small empty circles, C: full small
circles, N atoms; .-, hydrogen bonds; —»,
hydrophobic chains.
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were tilted ca 30° from the normal to the liquid surfsce,
The pure formamide subphase yielded two phases in
the trilayer form, the minor one tilted as before and
the major phase with the molecular chains vertically
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Fig. 29. GID diffraction pattern, showing uie Bragg peaks of a monolayer
of uncompressed arachidamide spread on various subphases. The
horizontal axis ge = 4msin /A, where 8 is the component of the Bragg
sngle parallel to the monolayer plane.

Fig. 30. Two-dimensional intensity p!ols K q,y. q,) of the GID patem
of hidamide on 0% fi f at 278 K. The
qry-axis describes the horizontal X-ray scaltering vector 4wsin @/A,
where § is the component of the Bragg angle parsliel to the water
surface. The g;-axis describes the vertical X-ray scatiering vector.
(a) Pure arachidamide and (b) arachidamide conuining 5% N-methyl
arachidamide.
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Vertical chains (L)

aligned. According to the GID pattemn [Fig. 30(b)}, it
proved possibie to inhibit the trilayer formation, yielding
only the monolayer of the phase in which the molecules
arc vertically aligned [Fig. 31(b)], by deposition of
the amphiphile together with the tailor-made additive
N-methylarachidamide. This inhibition process is sim-
ilar to the behavior of the tailor-made additives on
growth of three-dimensional molecular crystals. Sponta-
neous formation of multilayers of amphiphiles on liquid
surfaces may prove not to be a rare phenomenon. It
has been found to occur for other amphiphilic sys-
tems such as Cy;oHiCONHCH,CH,;CONH, on water
(Weinbach er al.,, 1993). Indeed, the bolsamphiphiles
HO-——(CH,),—OH (n = 22, 23, 30) spontaneously form
crystalline multilayers on the water surface (Popovitz-
Bivo et al., 1994a,b; Majewski, Edgar ef al., 1995).

9.3. Mixed monolayers as a probe for mimicking the
solid-liquid interface

Although many experiments have been performed
in which the crysial morphology can be understood
in terms of strong binding of either solvent or addi-
tive molecules to specific faces, little work has been
reported on the direct determination of the local struc-
ture at liquid-crystal interfaces. It is perhaps a con-
sequence of the fact that the structure and dynamics
at the solid-liquid interface is not easily amenable to
direct study. Nevertheless, in situ synchrotron X-ray
scattering studies have been recently carried out at
the gold-electrolyte (Ocko, Wang, Davenport & JIsaacs,
1990; Wang, Davenport, Isascs & Ocko, 1992) and
calcite-water (Chiarello, Wogelins & Swurchio, 1993)
interfaces, and the growth and dissolution of ammonium

Arachidamide Only: Arachidamide + Additive:
Monolayer + Tritsyer Monolayer
vy
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Tilted chains (/)

(a} (&

g. 31, S i jon of the p g ar of arachi-
damld: on 70% fumnmadcuwncr solunon sbowmg side views (iop)
and views along the hydrocarbon chain axes {(bouom). {a)} Pure
arschidamide. Two phases, one a monolayer with chain axes vertically
sligned in a herringbone structure and the other a trilayer phase with
the chains tilted and paraliel. (b) Arachidamide plus additive N-methyl
srechidarnide. Monoiayer phase with chsins vertically sligned in a
herringbone amangement.

Vertieal chalns (1}
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dihydrogen phosphate, NH,H,PO,. in agueous solu-
tions (Cunningham, Gerson, Roberts, Sherwood & Wo-
jciechowski, 1991). A monolayer may be designed so
as to partially mimic the solid-liquid structure and so
be amenable to study by GID and X-ray refiectivity.
Thus, we made use of a 1:1 mixed monolayer of long-
chain carboxylic acids and amines to mimic the structure
of that crystalline face of (3-alanine which exposes the
highest concentration of CO; and NHi groups and
which was found to be strongly inhibited on growth in
CdCl; aqueous solution (Gidalevitch, Weissbuch, Kjaer,
Als-Nielsen & Leiserowitz, 1994). We had found, both
by GID and X-ray refiectivity measurements, an ordered
binding of Cd* and CI” ions to the head groups of
the mixed monolayer. Moreover, addition of (-alanine
to the CdCl, subphase solution resulted in competitive
binding of J3-alanine molecules to the head groups of
the monolayer.

9.4, Mixed monolayers for the design of struciured
surfuces to induce three-dimensional crystallization

The transfer of structural information from the
monolayer to the three-dimensional crystal can provide
evidence for a comrelation between the size and structure
of the monolayer as two-dimensional crystalline ‘nuclei’
and the tendency for formation of the three-dimensional
crystals. The size, or lateral area, of the monolayer
inducing nucleation of the three-dimensional crystals
may be controlled using mixed monolayer films of
type A + B, where the pure amphiphile A is an efficient
nucleator, whereas pure 8 amphiphile is not. The
oriented growth of three-dimensional crystals may
be studied as a function of the molar ratio of the
two components in order to establish the threshhoid
concentration required for efficient nucleation of the
crystals (Weissbuch, Majewski er al., 1993).

One approach for the design of mixed monolayers
with segregated domains of type A and 8 involves the
use of molecules with a common moiety, structured so
as to promote the formation of a homogeneous array
of molecular moieties, common 0 A and B. Mole-
cule A, however, contains additional groups appropriatc
for the induced three-dimensional crystallization and
which would also favor their segregation into domains.
As B we used CyHy, )CONHy, = 19, and as A
C,Hin « ;CONHCH,;CH,COOH, a = 19. The hydrogen-
bonding amide group provides the driving force for
a continous network of hydrocarbon chains. The head
group of A, —CH,CH,COOH, was chosen and indeed
found to favor segregation, as shown in Scheme i1, and
so induce the crystallization of a variety of layer com-
pounds, for example, metal salts of carboxytic acids. The
structural requirement for nucleation is that the crystal be
composed of bilayers with the metal ions concentrated at
the center of each bilayer. We chose silver propionate,
CH;CH,COOAg, as an appropriate compound. It was
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found that mixed monolayers A and B with a molar ratio
A:B down to 1:10 induced oriented formation at the air-
solution interface of plate-like silver propionate crystals,
Only few crystals, and with a different morphology, were
obtained for a lower A:B ratio or purc 8. A randomly dis-
tributed monolayer mixture of two amphiphiles A’ + B’
did not induce crystallization of silver propionate, as did,
for example, stearic acid A’ and stearyl alcohol B' in the
ratio as high as 1:1. The segregated nature of the A+ B
domains was demonstrated independently by specular X-
ray reflectivity measurements. The presence of cadmium
ions bound to neighboring CO;,™ head groups was used
as the probe to show the extensive juxtaposition of A-
type molecules. The homogeneous and ordered nature of
the A + B mixed monolayers was demonstrated by GID
for a variety of A:B mixtures (over CdCly solution and
pure’ water subphases). The remaining question to be
addressed in this analysis is the size of the embedded
A-type domains, which will provide information as to
the size of the 'nuclei’ of silver propionate en route to
three-dimensional crystallization. Such information rep-
resents one of the principal unknowns in crystallization
processes.

9.5. Induced nucleation of ice by monolayers of long-
chain alcohols

Pure water can be supercooled 10 temperatures as low
as 233-253 K. Therefore, the inhibition or induction of
the freezing point of ice, in particular through the role of
auxiliaries, has lar-reaching ramifications for the living
and the non-living world, An intriguing example of
inhibition involves the activity of antifreeze proteins in
the blood serum of fish in polar seas, these proteins Jower
the freezing point by no more than 2K, but this small
difference is vital for their survival (De Vries, 1984;
Feeney, Burcham & Yeh, 1986; Yang, Sax, Chakrabartty
& Hew, 1988). Promotion of ice nucleation, has been
exploited in the induced precipitation of rain by silver
iodide sceded in clouds (Vonnegut, 1947; Comin &
Nelsen, 1968). On the other hand, it can result in
wide-scale damage to nonconiferous plants in temperate
climates by frost bacteria (Schnell & Vali, 1972; Maki,
Galyan, Chang Chien & Caldwell, 1974; Lindow, Amy
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& Upper, 1978, Lindow, 1983), which nucleate ice at
temperatures as high as 271K,

Ice nucleation has been widely studied, yet the role
played at the atomic level by auxiliaries involved in
the promotion of ice nucleation is still unclear. Several
mechanisms have been proposed such as a lattice or
structural match between the substrate and the nucleated
ice crystal (Fletcher, 1970; Warren, Corotto & Wolber,
1986: Mizuno, 1989; Kajava & Lindow, 1993), or an
electric field present in the substrate which orients the
water molecules to induce ice nucleation (Prappacher,
1963). To help unravel the complexity of this process,
we designed experiments where such mechanisms can
be studied in a systematic manner. There is a close
expitaxial fit between the ab-cell axes of hexagonal ice
(@=b=45A, v = 120° and of the two-dimensional
cell of a compressed monolayer of the aliphatic long
chain alcohol C3 HaOH (@ =b = 4.5A, 4 =113°) at just
above 273K, as determined from GID measurements
(Baston er al,, 1988). We found that uncompressed
monolayers of aliphatic long chain alcohols were very
efficient ice nucleators (Gavish, Popovitz-Biro, Lahav
& Leiserowitz, 1990, Popovitz-Biro, Wang, Majewski,
Leiserowitz & Lahav, 1994). The induced freezing point
of ice for C,H,, . OH with n odd reached an asymptotic
temperature just below 273 K for an upper value of n =
31, the freezing point for n even reached a plateau of
265K for n in the upper range 22-30. The long-chain
carboxylic acids C,Ha,. CO;H are, by comparison,
poor ice nucleators (Fig. 32).

GID studies of uncompressed monolayers of
C.Hi, . 1OH, n = 13-31, on water at 278K revealed
two-dimensional crystalline self-assembly and yielded

;ﬁ:i }/{‘;]/I —
§ 21+ l/ %
fal A PRI

2574

255 4 §§ )

253

T 6l T ey r Al - A Ls
1012 14 46 1% 20 2 24 26 28 30 32 a4
Numbses of carbons

monolayers of sicohol, Calizy o1 + OH (n even, fillcd diamond;
odd, empty square), and carboxylic acid, Cabaa 4 1 + COzH (empty
circle). Freezing point curves are drawn separstely {or alcohols with
n odd and n cven.
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their packing arrangements to near atomic resolution
and information on molecular thermal motion (Wang et
al., 1994; Popovitz-Biro, Wang, Majewski, Leiserowitz
& Lahav, 1994; Majewski, Popovitz-Biro ef al., 1995),
The extent of two-dimensional crystalline order (i.e.
coherence length) and the amount of crystailine material
was less for monolayers, with n = 16 and 20, than for
n = 23, 30, 31 according to a GID analysis, the latter
property being independently confirmed by FT-IR. The
best lattice match to ice was for n = 30 and 31, the lattice
maich to ice being poorer for n = 13-20 in terms of
area pzr molecule, so correlating with their less efficient
ice nucleation behavior. The packing arrangements of
the hydrocarbon chains of monolayers CyHg OH and
C31Ho3OH are very similar, but for the orientation of
their —CH,0H moieties which are different, resulting
in different ice nucleation behavior. Fig. 33 shows the
packing arrangement of the monolayer of C3HeOH.
Further evidence for the role played by the orientation
of the C—OH group is the ice nucleating properties
of aicohols CH3(CH;),COX(CH;),,OH (X = O, NH). In
these systems the freezing point was found to depend on
the odd and even value of m, but not on that of n. The
two-dimensional crystal structures of two ester-alcohols,

(¢}
Fig. 32. Freezing points of drops of supercooled water covered by  Fig. 33, Two-dimensional crystal structure of the CyiHgyOH monolayer

on water a8 278 K, in which the two molecules in the unit cell are
essentially related by glide symmetry along the b-sxis. (a), (b) and (¢)
are views along the g-axis, the b-axis and down the molecular axis,
respectively,
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1= 19, m=9, 10, on water were determined by GID and
attice energy calculations yielding distinctly different
—CH,OH orientations. The effect of molecular motion
of the aicohol chains on induced ice nucleation was also
evident from the G1D studies. The atomic displacement
parameter (ADP) of C,Ha, , ;OH increases with chain
shortening from n = 31 to 13, which is compatible with
the lowering in ice nucleation efficiency. For n=31, the
vatue of ADP parallel to the plane of the monolayer is ca
0.12 A%, for n= 19 a value of 0.25 A?, and for n = 13 the
chain is almost a free rotator according to its large cross-
sectional molecular arca (Majewski ef al., 1995). The
epitaxial nature of the induced ice nucleation is obvious
from the similarity between the arrangement of O atoms
in the (001) layer of ice and in the alcohol monolayer
C,Hi, . 1OH (n = 30, 31) over water, at a temperature of
278K, as depicted in Figs. 34(a) and (b). This epitaxial
relation was confirmed by the electron diffraction pattem
[Figs. 34(c) and {d)} from an essentially single crystailite
of the CyHg OH monolayer on a single crystal of ice,
in proper registry (Majewski et al, 1993). Recently
we have grown under a Ci HgOH monolayer, at a
temperature just below 273 K, (001) plates of ice crystals
smooth enough that it was possible to detect the presence
of the ordered monolayer on ice by GID (Majewski,
Popvitz-Biro et al., 1994), Many of these ice crystals
had a lateral coherence length as low as 25 A, probably

Fig. 34. Layer arrangements of the O atoms in (a) an (001) layer
of hexagonal ice and (b) the alcahol (CaHyy sy + OHL 2 =30, 31)
monolayers. The ice lattice is depicted in terms of the regular
hexagonsl cell (solid line) and a centered rectangular cell (dotted
line). The reguiar rectangulsr lattice of the sicohol monolayers is
drawn 3s well us 2 distoned hexsgonal net jointing the O atoms.
{(¢) Elecron diffraction patiem from an essentislly single crystal-
lite of the C3)Hs30H monolayer on a single crystal of hexagonal
ice. (@) Schematic relation between the reciprocal lattice of ice (filled
circles) and of the monolayer (empty rectangles).
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by virtue of multiple ice nucleation sites. This value of
25 A provides rather direct information of an estimate
on the upper limit of the critical size of ice nuclei as
induced by the monolayer just below 273K, suggesting
a cluster of about 100 water molecules.

10, Induced nucleation of ice on surfaces of a-amino
acid crystals and by frost bacteria

There are reports in the literature on induced ice nucle-
ation that indicate mechanisms other than an epitaxial
fit. For example, the onset temperature of ice nucleation
by crystalline powders of chiral-resolved hydrophobic
o-amino acids such as valine, leucine and isoleucine
was higher than the temperature induced by their corre-
sponding racemic counterparts (Power & Power, 1962;
Barthakur & Maybank, 1963; Parungo & Lodge, 1967).
These results were surprising because the chiral and
racemic crystal forms of thesc amino acids resemble
each other in molecular packing and crystal morphology.
A comparative study of ice nucleation on isostructural
faces of single crystals of chiral and racemic «-amino
acids showed that crystal polarity plays an important
role (Gavish, Wang, Eisenstein, Lahav & Leiserowitz,
1992}, as described below.

The hydrophobic o-amino acids pack in hydrogen-
bonded layers. In the chiral crystals, molecules within
the layer are related by translation and interlinked by
N—H-..O bonds, as in the a-form of glycine {Fig.
3(a)]. In the comresponding racemates, the molecules
appear in a similar layer motif. The neighboring layers
are interlinked by N—H-..O bonds to form bilayers.
These bilayers are generated in the chiral crystals by
(pseudo-) twofold symmetry and in the racemates by
centers of inversion, as in the a-form of glycine [Fig.
3{(a)]. The chiral crystals are polar as a consequence
of the monoclinic (pseudo-) twofold axis parallel
to the plane of the bilayer. The racemic crystals
are centrosymetric and hence are nonpolar. The plate-
like faces of the hydrophobic a-amino acid crystals
expose hydrocarbon residues according to water contact
angles. Water vapor condensed on these faces at 273K
froze, on cooling, at temperatures higher by 3-5K
on the polar chiral amino acid crystais than on the
corresponding centrosymmetric racemates, In a different
type of experiment, the substrate crystals were cooled
to 258K before water vapor deposition. Ice crystals
hexagonal in shape, and with the c-axis tending to be
paraliel to the face of the substrate, were found to emerge
from cracks at their surfaces [Fig. 35(a)].

The sbove results were explained as follows: The
structure of the plate faces of the polar and nonpolar
a-amino acid crystals are depicted schematically in
Figs. 35(¢) and (d). Both faces contain cracks that
expose the hydrophobic as well as the hydrophilic CO3
and NHy groups. In a polar crystal the stucture of
the opposite surfaces within a crack, perpendicular to
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the polar axis, are radically different. Were such a
surface to carry a net charge, the two opposite faces
would carry charges of opposite sign. In contrast, the
opposite faces within a crack of a centrosymmetric
crystal have similar structures with no net charge on
cach of the two faces. Therefore, it was deduced that the
opposite faces of cracks along the polar axis produced
an clectric ficld strong enough for the alignment of
water molecules into proton-ordered ice clusters which
would be polar along its hexagonal axis [Fig. 35(b)).
According to this model it was predicted and shown
for alanine and tyrosine, whose racemic crystals have a
polar axis and whose chiral counterparts do not, that the
racemic crystal induces ice nucleation at temperatures
higher by ca SK. This model is in agreement with
calculations of interaction energy between polar and
nonpolar hexagonal ice-like clusters contained within
the crevice of both (R,S) and (§) of alanine (Lahav,
Eisenstein & Leiserowitz, 1993). The ice freezing point
results were explained on a more macroscopic level by
Wilen (1993), who invoked the role of the difference in
dielectric constants of water and ice.

We have already alluded to the fact that several strains
of bacterial species, such as pseudomonas syringae, can
catalyze ice nucleation at temperatures as high as 271 K.

polar axis of ihe amino acid crysial

sixe anbiun

FARRN
{0001) bilayer
[12]
Plate face of nonpolas crysial

(eny

Plase face of polar crystal

110 (L1l Lty (Lt
TTTgfTT TTTTTT
rralg/rrr Laraldfraa
TTAE/TTT T E/TTT
tra\ /11 1ra\/ iy
TTTYTTT TTTYTTT
L:;:’m‘::;?‘aco; proup
{©) ()

Fig. 35. (@) Schematic view of hexugonasl ice crystsls (esaggerated
for clarity) emerging from the plate face of an a-amino acid
crystal, (b) Molecular packing of a hexagonal ice from which the
O—H.- -0 hydrogen bunds along the unique axis are assumed to
be proton-ordered and so the structure is polar along this direction,
The remaining O—H- .0 bonds per molecule within each (0001)
bilayer are assumed to be proton-disordered. (¢) Schematic view of
a polsr a-amino acid crystal composed of hydrogen-bonded bilayers.
The polar axis is siong the horizonts! direction. The opposite faces
within the crscks expose different groups. (d) Schemastic view of the
centrosymmetric a-amine acid crystal. The opposite faces within the
crack sre equivalent.

OCID: <XP___ 26603864 __1_>

The membrane proteins responsible for ice nucleation
have been sequenced (Green & Warren, 1985; Warren,
Corotto & Wolber, 1986; Warren & Corotto, 1989), It
was recognized by Warren and coworkers (1986) that
the protein probably consists largely of 3-strands. They
proposed a schematic arrangement having a triangular
shape similar to that of the ab-layer of hexagonal ice.
Mizuno (1989) proposed a more detailed model. Kajava
& Lindow (1993) pointed out some disadvantages of
these models: the lack of close packing of the protein
structures as well as the inability of the water molecules
at the ice-like template to form all necessary hydrogen
bonds. They have presented a structural model which
consisis of a largely planar extended macromolecule with
one side interacting with the membrane, and the other
side serving as a template for orienting water into an
ice lattice. Such ice nuclei would not be formed from
an ab-layer so that an experimental determination of the
oriented ice crystallites could shed light on the validity
of the model.

11, Conclusions

A great variety of crystalline properties can be controlled
and modified with the use of tilor-made auxiliaries,
including growth and dissolution rates, morphology,
crystal texture, etch-pit formation, structure and poly-
morphism. Surprisingly, such studies also allow one
1 help elucidate basic scientific guestions, such as
pinpointing fine molecular interactions at interfaces, the
correlation between molecular chirality and macroscopic
phenomena in crystals and the role played by solvent
on crystal growth and morphology. Control of crystal
formation in the very early stages is still primitive and
the monitoring of such a process by diffraction methods
is still 10 be done. Very little work has been done with
tailor-made additives on liquid crystals or on crystals
composed of macromolecules, such as proteins. Indeed
one has only to look at the fine control achieved in
biomineralization to realize that we still have a long
way ahead.

This review describes work carried out over the past
decade. We wish to acknowledge the contributions of
L. Addadi and Z, Berkovitch-Yellin. We also thank all
students and post-doctoral fellows who were engaged in
the work and whose names are listed in the references.
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performed together with F. Frolow and neutron diffrac-
tion studies with R, K. McMulian of the Brookhaven
National Laboratory. The grazing incidence synchrotron
X-ray diffraction measurements on the monolayers were
carried out at DESY, Hamburg, in 2 fruitful collaboration
with K. Kjaer and J. Als-Nielsen of Riso National
Laboratories, Denmark. We thank J. M. McBride and
P. Bennema for a critical reading of the manuscnipt.

UMO00016819

NOVARTIS EXHIBIT 1517

Novartis v. Regents, IPR2023-01347

Page 3801 of 4460



46 TAILOR-MADE AUXILIARIES

‘his work was supported over the years by the Minerva
oundation, Miinich, the Israel Academy of Sciences,
1¢ US~Israel Binationa! Science Foundation, The Pe-
-oleum fund of the American Chemical Society and the
serman-israeli Foundation.

References

o0api, L. & Lanav, M. (1979). Pure Appl. Chem. 51, 12691284,
DDADY, L. & WEINER, S. (1992). Angew. Chem. Int. Ed. Engl. 31,
153-169.
\oDaD, L., ARIEL, S., Lanav, M., LEserowriz, L., Porovirz-Bro. R. &
Tang, C. P. (1980). In Chemical Physics of Solids and their Surfaces,
Vol, 8, p. 202. Specialist Periodical Reports.
\DDADA, L. BERKOVITCH-YELLIN, Z., Dome, N, Gan, E, Ladav, M. &
Leserowrrz. L. (1982). Nare, 396, 21-26.
\DDADL, L., BERKOVITCH-YELLIN, Z., WEISSBUCH, [. LAaHAY, M. &
Lesserowrvz, L. (1986). In Topics in Stereochemisiry. edited by
E. L. Eum., S. H. WiLeN & N. L. ALLINGER, Vol. 16, pp. {~85. New
York: john Wiley & Sons, inc.
\DDADL L. BERKOVITCH-YELLIN, Z., WEISSBUCH, L, VAN MIL, 1., SHIMUN,
L. bW, Lanav, M, & LEisErowrrz, L. (1985). Angew. Chem, Int.
Ed. Engl. 24, 466485,
\DDADY, L., VAN MiL. J. & Lanav. M. (1981). J. Am. Chem. Soc. 103,
1249-1251.
\DOADE, L., van ML, §. & Larav, M. (1982). J. Am. Chem. Soc. 104,
3422-3429,
\DDADL, L., WENSTEIN, S., GaTy, E., WeisssucH, |. & Lanav, M. (1982).
1. Am, Chem, Soc, 104, 46104617,
ALLEN, F. M, & Buseck. P. R, (1988). Am. Miner, 73, 568.
ALS-NIELSEN, J. & KUAER, K. (1989). In The Proceedings of the NATO
Ad d Study Institute, Phase Transitions in Soft Condensed Maiter,
Series B, Vol. 211, p. 113, New York, London: Plenum Press,
ALS-NIELSEN, J. & Monwatn, H. (1992). In Handbook of Synchroiron
Radiation, Vol. 4. A dam: North Holland,
swrpiozz, P AL, Browwn, ¢ M. & Purich. D. L, (1992). J, Cryst.
Growth, 125, 215-222. .
JARTHAKUR, N. & MAvBanK, Dr J. (1963). Nature, 200, 866-868.
Aaxron, S W., Goupot, A, Bouwoussa, O. Ronpeez, F. Lin,
B., Novak, F., Acero, A. & R S. (1992). J. Chem. Phys. 96,
13431351,
BARTON, §. W., Tsomas, B. N., FLom, E. B., RiCE, S.. LN, B, PENG. 4, B.,
KETTERSON, ), B. & DUTTA, P. (1988). J. Chem, Phys. 89, 2257-2270.
Benepern, E. Pepong, C. & Swicu, A, (1973). Acta Cryst, B29,
730-733.
Benwema, P. (1992). 2, Crvst. Growih, 122, 110-119,
BenneMa, P. & GiLmer, G. (1973), In Crysial Growth, An Introduction,
edited by P. HarTMAN, p. 272, Amsterdam: North-Holland,
BERXOVITCH-YELLIN, Z, (1985). J. Am. Chem. Soc. 307, 8239-8253.
BERKOVITOH-YELLIN, Z. & Lesserowitz, L. (1984). Acia Crysi. B48,
159-165.

BERKOVITCH-YELLIN, Z.. ADDapDi, L., loetson, M., Lavav, M. &
LEISEROWITZ, L. (1982). Angew. Chem., Suppl., pp. 1336-1345.

BrerOVITCH-YELLIN, Z., ADDADY, L., Iokison, M., Leserowtrz, L. &
Lanav, M. (1982), Naiure, 296, 27-34,

BERKOVITCH-YELLIN, Z., VAN MiLL, J. ApDapi, L., IDELSON, M.. LAHAY,
M. & Leserowrtz, L. (1985). J. Am. Chem. Sec. 107, 3111-3122, |

Berkoviren-YrumN, Z, WEsssuch, 1. & Leserowrrz, L. (1989). In
Murphniogy and Growih Units of Crysials, p. 247. Tokyo: Terrapub.

BErMAN, A.. ADDADI, L.. Kvick. A.. LEssErowiTz, L., NELSON, M, &
Wener, S. (1990). Science, 250, 664~667.

BERMAN, A., HansON. J. Leiserowniz, L., Koerae, T. F., WEemER, S.
& ADDADL L. {1993a). Jcience, 259, 776-779.

BERMAN, A., HANSON, J.. Leserownz, L., Koevzie, T. F., Wener, S,
& Aobapt, L. (1993b). J. Phys. Chem. 97, 5162-5170.

Buack, S, M., BROMLEY, L. A.. CorTier, D.. Davey, R. )., Dosss, B. &
Rour, 1. E. (1991). J. Chem. Soc. Faraday Trans, 87, 3409-3414.
Boek, E. S. (1993). Crysualsolution interfaces. PhD Thesis. Univ. of

Twente, The Netherlands.
Borx, E. S. & Brigrs, W. J. (1992). 2. Chem. Phys. 96, 7010-7018.

DOCID: <XP___2060386A__|_»

Boek, E. S., Fen, D, Bress, W. 1. & BEnNema, P, (1991). ). Cryst.
Growth, 114, 389410,

Boexr, R. C. pe (1993). Morphology related plw
Catholic Univ. of Nijmegen, The Netherlands.

Bowm, C., Leventer, F., JACQUEMAIN, D, MOHWALD, H., KJAER, K.,
ALs-NIELSEN, J., WEISSBUCH, | & LEISEROWTTZ, L. (1994). Langmir,
10, 830-836.

Boumne, J. R, & DAveY, R. §. (1976). J, Cryst. Growth, 36, 278-286,

Buoxeey, H. E (1951). Crysial Growth. New York: Witey.

CHAXRABARTTY, A.. YANG, D. S. C. & Hew, C. L. (1989). J. Biol. Chem,
264, 1131311316,

Cwen, B. D, GarsiDg, J., Daviy, R. 1., MaGinn, S. 1. & MATSUOKA, M.
(1994). J. Phys. Chem. 98, 3215-3221.

Cruiargrio, R. P, WoseLms, R. A. & Sturcuio, N. C. (1993), Geochim,
Cosmochim. Acta, §7, 4103-4110.

Cony, A. M. & Coov, R. D. (1991). J. Cryst. Growth, 113, 508519,

Cormrn, M. L. & NELSON, J. A. (1968). /. Phys. Chem. 72, 643645,

Cunnmiciam, D, A, H., Gerson, A. R., Ropexys, K. 1., Swerwoop,
3N, & Wosciecowskt, K. (1991). In Advances in Industrial Crys-
tallization, edited by J. GarsiDg, R. J. Davey & A. G. Jongs, p. 108,
Ozxford: Bunerworth-Heinemann Lid.

CUREE, M, P. (1894). J. Phys. p. 393,

Davey, R, ., Muisaviarvic, B. & BOURNE, J. R, (1988), J. Phys. Chem.
92, 2032-2036.

De VRries, A. L. (1984). Phil. Trans. R. Soc. 304, 575-588.

Ducherty, R., Ronerys, K., SAUNDERS, V., Black, S. & Davey, R, 1.
(1993). Faradoy Discuss. 95, 11-26.

Durra, P. Pexo, J. B, Lmv B. Kermerson, J. B, Praxasu, M.,
Geogorouros, P. & Exuicn, S. (1987), Phys. Rev. Len. 58, 2228-2231,

ELwWENSPOEK, M., BENNEMA, P. & VAN EERDEN, J. P. (1987). J. Crysi
Growth, 83, 297305,

FEENEY, R, E., BurcHAM, T. S, & YEN, Y. (1986). Ann. Rev. Biophys.
Biophys, Chem. 18§, 59-18.

FenoLer, J, (1993). Private communication.

Fenmaore, C. P, & THRANGLL, A. (1949). J. Am. Chem. Soc. 71,
27142717,

FLETCHER, N, H. (1970). In The Chemical Physics of Ive. Cambridge
Univ, Press.

Gavis, M., Popovitz-Biro, R., Larav, M. & LEssrowrrz, L. (1990).
Science, 230, 973975,

GavisH, M., Wang, J, L., Bisenstein, M., Ladav, M. & Leiserowivz,
L. (1992). Science, 256, 815-818.

Gevers, R., AMELINCKX, S. & Duxevser, W. (1952). Naturwis-
senschafien, 39, 448-449.

Gwoatevited, D.. Wesssuck, [, Kiaer, K., ALS-NIELSEn, J. &
Letserownrz, L. (1994), J. Am, Chem, Soc. 116. 3271-3278.

Goeatan, P, PETERSON, M. L., Caunowrit, G. & Kaur, B. (1993). /.
Am. Chem. Soc. 1185, 3366-3367.

Green, R. L. & Warren, G. J. (1985). Narture, 317, 645648,

Grern, B, S., Lanav, M. & RasiNovicH, D. (1979). Ace, Chem. Res.
£2, 191-197.

Harmman, P, (1973). In Crysial Growth. An Introduction, p. 367, Ams-
terdam: North-Holland Publishing Co.

Harrvan, P. & Bennema, P. (1980). J. Cryst. Growih, 49, 145-165.

Harrman, P. & Perook, W. G. (19534, Acta Cryst. 8, 43-52,

HART™MAN, P. & PERDOK, W. G. (1955h). Acta Crysi. 8, 525-529.

HEYWOOD, B. R, & MANN, §. (1992a). Langmuir, 8, 1492-1498,

Heywoop, B. R. & Mann, 8. (19926). J. Am. Chem. Soc. 114,
468 1-4686.

HiksHFELD, F. L. {1977). Theor. Chem. Acia, 44, 129138,

Homess, A, P, (1927), The Nawwre, Origin and nierpreiasion of the Ewch
Figures on Crysials. New York: Wiley.

HOOK, A. VAN (196R). Kristal, Acad. Nuuk. SSSR Inst, Kristatiogr. B, 45

HOOK, A. van (1981), J. ASSBT. 21, 130.

Horw, F. H, (1952). Philns. Mog. 43, 12101213,

HTAKA, Y. {1961). Acta Crysi, 33, 110,

JACQUEMALY, D., GRrAYER WOLF, S, Levenieg, F., DEUTSCH, M., KIRER,
K., ALs-Nigtsen, 1. Lauvav, M. & Luserowirz, L. (1992). Angew.
Chem, Int. Ed. Engl. 31, 130-152.

Jacquematn, D., Graver Worr, S. Levewier. F., Lanav, M.
Leserowrrz, L., Devrsen. M., Kiarr, K. & Aus-Niewsen, J. (1990).
J. Am. Chem, Soc. 112, 77247736,

PhD Thesis.

LIMONN1ARYIN
NOVARTIS EXHIBIT 1517
Novartis v. Regents, IPR2023-01347
Page 3802 of 4460



WEISSBUCH, POPOVITZ-BIRO, LAHAV AND LEISEROWITZ 147

JacquemMam, D., LEVERLLER, F,, WemneacH, S., Laav, M., LEisErowTrz,
L. Kiamm, K. & Aus-NiLsen, J. (1991). J. Am. Chem. Soc. 113,
76847691,

Jonssow, P. G. (1971). Acte Cryst. B27, 893-898.

KAlava, A, V. & Lavpow, S. E. (1993). J. Mol. Biol. 232, 709~717.

KERN, R, (1953), Bull, Soc. Fr. Mineral. Cristaltogr. 76, 391,

KNIGHT, C. A, Ciane, C. C. & De Vwies, A, L. (1991). Biophys. /.
59, 409-418,

Lanav, M., Bisensven, M. & Laserowrrz, L. (1993). Science, 259,
1465-1470.

Lanpau, E. M., Porovirz-Biro, R., LEVANON, M., Luiserowniz, L. &
Lakav, M. (1986). Mol. Crysi. Lig. Cryst. 134, 323-335.

Lanpau, E. M., Wous, S. G., Levanon, M., LEisekowrre, L., LaAv, M.
& SAGH, 1. (1989), J. Am. Chem. Soc, 111, 1436~1445.

LEeveneeR, F., Botnwm, C,, Jacquemam, D, Monwaep, H., LEISEROWTTZ,
L. KIAER, K. & ALS-NIELSEN, J. (1994). Langmuir, 10, 819829,
LEVEQLER, F.. JacQUEMAM, D., Lanav, M., LEisgrowrrz, L., DEUTSCH,
M., Kiagr, K. & Avs-NieLsen, 1. (1991), Science, 252, 1532-1536.
Levesier, Fo. Jacquemats, D., Leserowitz, L., Kiarr, K. & ALs-

NiELsEn, J. (1992). J. Phys. Chem. 96, 1038010389,

Lewras, K., Tack, R, D.. Bawy, D. H. M. & Muim, J. W, (1991).
Advances in Indusirial Crysiallization, p. 166, Oxford: Butterworth-
Heinemann L.

Linpow, S. E. (1983), Annu. Rev. Phytopathod, 28, 163-384,

Lavoow, S. E., ArNY, D, C. & Upper, C. D. (1978). Phytopathology,
68, 523-527.

LOweENSTAM, H. A. & Weover, 5. (1989), On Biomineralization. New
York: Oxford Univ. Press,

Masewskl, 1., Eocar, R., Porovirz-Bro, R., Bouwman, W. G., Kiaer,
K.. ALS-MIELSEN, J., Lanav, M. & Leiserowrrz, L. (1995). Angew.,
Chem. 1n the press.

Masewskl, §., MarGuus, L., JACQUEMAIN, D., Leven.Ler, F., Boum, C.,
ARAD, T., TALMON, Y., LaHav, M. & Lriserowtrz, L. (1993). Science,
261, 899-902.

MasEwsky, ., PoroviTz-Biro, R.. Kiark, K., ALS-NIELSEN, )., LAHAV,
M, & Leiserowtiz, L. (1994). /. Phys. Chem, 98, 40874093,

Masgwskl, J.. PoroviTz-Biro, R., BOUWMAN, W, G., Kiaer, K., ALs-
Niersen, §., Lasav, M. & Lesewowrrz, L. (1995). Chem. Fur. J,
Submitted.

Maki, L. R, Gawvan, E. L., CHang Cien, M. & Carpwrrt, D, R,
(1974). Appl. Microbiol. 28, 456459,

Mantovan, G.. Gi.ii, G. & Facuiou, F. (1967). Proe. 13ih Conf. CITS,
Falsierbo, Sweden, pp. 289-301,

MarN. S, (198R). Naiure, 332, 119-124,

Mann, S, HeYwoop, B. R., Rasam, S, & Bircrall, ). D. (1988). Narure,
334, 692695,

Markmay, O., Euias, D.. Apoadi, L.. Coxen, L R. & BERKOVETCH-
YeeuN, Z. (1992, /. Cryst. Growth, 122, 344-350.

MCBRIDE. J. M. & Berrvan, S. B. (1989). Angew. Chem. imt, Engl. 28.
330-333.

MICHAELIS, A. S. & van KReverd, X. (1966). Neth. Mik Dairy J. 20,
163~181.

Mz, J. var, Avpany, L., Gam, E. & Laisav, M. {1981). £, Am. Chem.
Soc. 103, 12481249,

MiL, §. VAN, ADDAD!, L.. Gan, E. & LaHav, M. (1982). J. Am. Chem,
Soc. 104, 3420-3434,

Muzuno, H. (1989). Proicins: Struct. Funct. Genel. 5, 47-65.

OcKo, B. M., WanG, 1., DAVENPORT. A, & Isaacs, H. (1990). Phys. Rev.
fetr, 65, 1466-1469.

Pakunco, F. P. & Louct. 1. P. Jk. {1967). J. Aim. Sci. 24, 274277,

Pan, [ C. & Curmin, D. Y. (1987). Organic Solid Siate Chemisiry, p.
331, Amsterdam: Elsevies,

PoroviTz-Biro, R.. Maewske, §,, Marcuis, L., Conex, S., LEISEROWITZ,
L. & LaHav, M. (19944}, J. Phvs, Chem. 98, 49704972,

Porovimz-Biro, R, Masgwsxy, |, Marcutss, L., Comen, S., LEISEROWITZ,
L. & Lanav, M. (1994b). Adv. Mar. 6, 956-959.

PopowviTz-BiRD. R.. WANG. J. L. Maswski, J., Lrserownrz, L. &
Lakav, M. (1994). J. Am. Chem, Snc. 116, 1179-1194,

Powen, B, A, & Power. F. (1962). Nature, 194, 11701171,

Puappacick, H. R. (1963). Z. Angew, Math, Phys. 14, 590~-593.

Preroc, V. & HeLMenen, G, (1982). Angew, Chem. Int. Ed. Engl. 21,
567-583.

DCID: <XP___2960086A_i_»

Resnc, R, L, Susnwoop, 1. M. & Womsuowsxi, K. (1994). J, Phys.
Chem, In the press.

SomeLs, R. C. & Vau, C. (1972). Nature, 236, 163-1685.

Swmon, L. 1. W, Lanav, M. & Lesserowrrz, L. (1988). J. Am. Chem.
Soc. 107, 3375-3377.

Srmon, L. J. W, Lanav, M. & Leaserowrrz, L. (1986). Nowv, J. Chem.
10, 723-737.

SHIMON, L. J. W, VAIDA, M., ADDADI, L., LAHAV, M. & Leiserowrrz,
L. (1990). J. Am. Chem, Soc. 112, 6215-6220.

Srimon, L. 1 W, Vaipa, M., ADDAD!, L., Lanav, M. & Lassrowrre,
L. (1991). In Organic Crystal Chemisiry, p. 74. Oxford Univ. Press,

SHiMON, L 1. W., Vaiba, M., Frotow, F., Lanav, M., Lasserownz, L.,
WEISSINGER-LEWIN, Y, & McMutian, R, K. (1993). Faraday Discuss,
98, 307-327.

SHiMON, L. J. W, Wingko, F. C., WOLF, J., WEISSBUCH, 1. ADDADI, L.,
BERKOVITCH- YELLIN, Z., LARAV, M, & LeisErowrrz, L. (1986). Mol
Cryst. Lig. Cryss. 137, 67-86.

Stumon, L. L W, Zsapa, D, Appant, L., Luserownrz, L. & Lanav,
M. (1988). Mol. Cryst. Lig, Cryst. 161, 199-221.

SKOULIKA, S., MichAasLiDls, A, & Auvery, A. (1991}, J. Cryst. Growth,
108, 285-289,

SMyTHE. B. M. (1967), Austr, J. Chem. 20, 1115-113L.

SMymie, B, M. (1971), Sugar Technol. Rev. 1, 191-231,

STAAB, E., ADDADY, L., LEISEROWTTZ, L. & LAHAV, M, (1990). Ady. Maier.
2, 40-43,

SWQAMIN.\TNA.\'. K. 5. & Craven, B, M. (1982). Am. Cryst. Assoc. Ser.
. 10, 13,

Tavior. R, & Kennaro, O. (1982). 7. Am. Chem. Soc. 104, 5063-5070.

Torat, K. & Yivaxa, Y. (1970). Acta Crysr, B26, 13171326,

Torar, K. & Yriaka, Y. (1971). Acte Cryss. B27, 2237-2246.

Tunner, E. & LonsDALE, K. (1950). J. Chem, Phys. 18, 156.

Valoa, M., SIAMON, L. J. W., van M., 1., Ernst-Casrera, K., ADDADI,
L., Leisgrowtre, L. & Lauav, M. (1989). J. Am, Chem. Sur. 1il,

10291034,

Vaipa, M., Stivon, L. . W., Wessinoer-LEw, Y., FroLow, F., Lanav,
M., Lmserowarz, L. & McMuwan, R. K. (1988). Science. 241,
1475-1479.

Visser, R, A. & Bennema, P. (1983). Netk, Milk Dairy J. 37, 108-137.

Voungaut, B. (1947). J. Appl. Phys. 18, 593595,

Warga, D, M., Razuvt, H. A, CLAark, N, A. & Parmer, D. 3. (1988),
J. Am. Chem. Soc. 110, 3686-8691,

WaNG, J., DAVENPORT, A., 1saacCs, H. & Ocxo, B. M. (1992). Science.
255, 1416-1418,

WANG, J.-L., Lanav, M. & LEssEROWITZ, L. (1991). Angew. Chem. (nt.
£d. 30, 696698,

Wang, 1-L., Laserowrtz, L. & Lanav, M. (i%92). J. Phys. Chem, 96,
1§-16.

WaNG, J.-L., LEVEILLER, F., JACQUEMAM, D.. KJARR, K.. ALS-NIELSEN,
J., Larav, M. & Luserowrrz, L. (1994). J. Am. Chem. Soc. 116,
1192-1204.

Wagrren, G. 1. & Corotro, L. (1989). Gene, 8§, 239-243.

Warren, G. 1., Cororro, L. & WOLBER, P. (1986). Nucl. Acids Res,
14, 804783060,

WENBACH, S., Jacguemaln, D, LEVEILLER, F., KUAZR, K., ALS-NIELSEN,
. & Lesserowrrs, L. (1993). /. Am. Chem. Soc. 115, 1111011118,

WEINBACH, S.. Kiatr, K., Ais-NiELsen, L, Grusa, G.. LeGrasp, M.,
Lanav, M. & Leserowrtz, L. (1994). Science, 264, 15561570,

WeisssucH, L. Aopadi, L., Berkovitcu-YELuwn, Z., Gan, E., Latav,
M. & LEISEROWITZ, L. (1984). Narure, 310, 161-164,

WEISSRUCH, |., ADDADL L., BERKOVITCH-YEILN, Z.. GATL E., WEINSTEIN,
S. Lanav, M, & Lustrowitz, L. (1983). /. Am. Chem. Soc. 105,
66136621,

WEISSBUCH, |.. Appant, L. Lawav, M. & Leiscrowrtz, L. (1991).
Science. 253, G31-645.

WEIsssucH, 1., Appant, L., Leiserowrrz, L. & Lawav, M. {1988). J.
Am. Chem. Soc. 11, 561-567.

WisssUCH, L, Berkovic, G., LEISEROWFTZ L. & Lanav, M. {1990y, J.
Am. Chem, Soc. 112, 54745875,

WersseuUCH, [, BERKOVITCH-YELLUN, Z,, LEISEROWITZ, L. & Lanav, M,
(1985). isr. J. Chem. 25, 362-372.

WEIsSBUCH, |, FxoLow, F., AbDaDt, L., Laiav, M. & Lesekowire, L.
(1990). J. Am. Chem. Soc. £12, 7718-7724,

UMO00016821
NOVARTIS EXHIBIT 1517

Novartis v. Regents, IPR2023-01347

Page 3803 of 4460



148 TAILOR-MADE AUXILIARIES

WEISSBUCH, 1., KUZMENKO, L., VaiDa, M., Zaiv, S., LEISEROWITZ, L. &
Lanav, M. (1994). Chem. Mater. 6, 1258-1268.

WeisseUcH, 1., Lanav, M., Lauserowrz, L., Memeormt, G R &
Vanuerzeees, H. (1989). Chem. Maoter, |, 114~118.

WesssucH, L, Leiserowrrz, L. & Lawav, M. (1994). Adv. Mat. 6,
953-956.

WEISSBUCH, 1., LEVEILLER, F., JACQUEMAN, D., KJAER, K., ALS-NIELSEN,
1. & Lasexowrrz, L. (1993). 4. Phys. Chem. 97, 12858-12861.

WEISSBUCH, [., MaSEWSKL, J., KUAER, K., ALS-NIELSEN, J., LAHAV, M, &
LEISEROWITZ, L. (1993). J. Phys. Chem. 97, 1284812857,

WasssucH, 1, SuiMon, L. J. W., ADDADI, L., BERKOVITCH-YELLIN, Z.,
WeNsTEIN, S., Lanav, M. & Luserowrrz, L. (1985). lsr. J. Chem,
25, 353-362.

Weassauck, 1., Zsaia, D.. Appaot, L. LaHav, M. & Luserownz, L.
(1987). J. Am. Chem. Soc. 109, 18691871,

Weissavors-Lewin, Y., Frotow, F.. McMutLan, R. K., Koetair, T.
F. Lauav, M. & Luserowitz, L. (1989). J. Am. Chem, Soc. 111,
1035-1040.

JOCID: <XP__2060386A__[_>

wes, A, F. (1946), Philos. Mag. 37, 180, 217, 605-629,

Weils, A. F, (1949). Discuss. Faraday Soc. §, 157201,

WHETSTONE, 1. (1984). Faraday Discuss. pp. 132140,

WiLen, L. (1993). Science, 259, 1469,

WIREXO, F. C.. Stimon, L. J. W, FroLow, F., BERKOVITCH- YELLIN, Z.
Lanav, M. & Leiserowary, L. (1987). J, Phys. Chem. 81, 472481,

WoENSDREGT, C. F. (1993). Faraday Discuss. 9§, 97-108,

Wour, 8. G, Lessrowntz, L., Lauav, M., Deursc, M., KIam, K. &
ALS-NIELSEN, J. (1987). Nature, 318, 63-66.

Yang, D. 8. C, Sax. M., CHAKRABARTTY, A, & Hew, C. L. (1988).
Narare, 333, 232-237.

Zasgn, V., MuLLgrR-FaHRNOwW, M. HILGENFELD, R., SAENGER, W..
PFANNEMULLER, B., ENKELMANN, V. L. & WELKE, W. (1986), Chem.
Phys. Lipids, 3%, 313-327.

Zoaoa, D., WEISSBUCK, L., SHAVIT-Gam, E., AooaDt, L., LEISEROWITZ,
L. & Lanav, M. (1987). React. Polym. 6, 241-253.

2140, X. K., Yanc, )., McConrsaicx, L. D. & Penoues, §. H. (1992). 4.
Phys. Chem. 96, 9933-9939.

.

UMO00016822
NOVARTIS EXHIBIT 1517

Novartis v. Regents, IPR2023-01347

Page 3804 of 4460



o

LY E-14

N P i P A

FIREE 1667855

Cited Document §

>H<

¢

by i‘%% ’ﬁ??-ﬁ‘b"é‘ A4 PRE I
Hy ik EHko TR, FHEeE ER BTN
CyeH TN, (3043}
Ber.: N 1421
Gel- N 13,93
300 (N tamiding ) bidimehydroiodid (3¢

Ausheute: $2%. Farblose Nadeln. Schmb. 185-187.5°C (a-C,H,OH) UV
HOH, 08, nea (g 5iz A, = 222 (4,44) IR{KEBr,cin ™ *Jiv = 3380, 3280 3130, 1630
(Cm N), 1580 (NFI), 1240 (C~N). 'H ~NME(DMSO D, ppm): § = 2,10 {1,
2H, —CH, —}; 2,82 (dt, 2H, —CH, —); 3,48 {, 28, —CHy~); 7, 17—744 (m, 3K,
Ar-Hy; 7.54 fs, 4H, NH).

CioH TN, (3183 : :

Ber: W 17461

Gef.: N 16,64

334, Jof N 4-Mothylph

Ansbeute: &7%. Farblose Modeln Schimb. 152-154°C (0.C,H,OH). UV
PCH O, noo (i ) hpes =~ 231 {4,310}, mtxk» o " FE Y - 3370, 3100, 2970, 1820
0= 1N, L3835 (NED, 1570, 1230 (G~ M), * H ~ NMR({DMSO — Uy, ppm)s § = 4,10
(&, 2K, —~CH,~} 239 {3, 38, ~CH,)t 289 {de, 26, —~CE,—~)% 343 {1, 28,
wlTH ) 705 (d, 2H, Ar—H) 7,20 (3, 28, Ac~H); 7,41 45, 4H, NH’)
._”H,.,IN‘ ()322;

Ber: N 1

13 asicline ) Yrtintruds

f (35)

L Gel N I7.32

3.35. 1 fN-(4-Chlerpherpllomidine Jpyrozulidin-hydraiodid {3g)

Ausbeme: 45%. Farblose Kristalle, Schmob. 169—1715°C  (rCyH,OH)
UVICH O, nmn (g et D e = 223 (4.37),245%4»!7).!}1(]{,3:‘,@") v = 3420,
3210, 3100, 1640 {Ce= N} 1595 {NH]), 1560, 1490, 1230 [C~N). 'H—N‘MR-
(DMED —Dy, ppm)i 8 = 2,07 (tt, 28, —~CH, ~) %88 [y, 2H, ~CHy~); 3,41
w28, ~f'H:—) % L'Sld 2, Ar ~HY; 7,62 (4, 2H, Ar —H); 755(&43@}{;
CoH,,CIN, (352,

Ber W 1589

Cel: N 1604

336 Jof N4 {ianiding] liclt-drydiroiodd 130}

Auvsboute; 51%. Forblese Kxistalle, Schmb, 179-182,5°C (CH,OH), UV

[CHLOH, nm(lg oll: dua, < 233 (4,55, 294 (s 385, IR(KBr, exp St w3380,

3B, 1530 (Cm ), 1585 (NH), 1550, 1470, 1220 (C=14,. 'F —~ NMR{OMSO ~Dg
ppm): s e 2,11 {1, 2H, —CH, 3 291 (d, 2H, = CH, ~F: 3,45 {t, 2, ~CHy -2t

7,15 (4, 2B, Ar=—H); 7,56 {d, 2H, Av~H}: 70 (s, 4FL NE)

CoH,BrIN, (37,1

Bers N 4,11

Gel: N 1424

Yeclis

3.3.7. I~{ NeNaghth-I- ofodid {37).

Awsbeure: 48%. Farblose Krinalle, Schmb, 218-223°C {0-CyH,0HL UY'
[CH O, m{fg ) Ly, = 272 {sb 187}, 283 (3,05, 204 {sh 3,87 IR (KHr. e ™'t
v = 3390, 3300, 3000, 1610 (C=N), 1580 (NH). 1380, J250 (C~Nb
L~ MMRIDMS0— Dy, ppm): 5 e LIS (t, 2B, ~CHy—); 298 (4t 2H,
—CHy ) 1320, 78, —CHy =) 750 (z#H.NB).U.‘rS.ﬂZ{m. TH, Ar - H}
CyuHi, 1IN, (3682

Bar: N 1521

Gef: N 1523

Wir danken Hszern T. Magel, Betlin-Chemis, fGr dis Unlesstdeeong bei der
Auioehme und Dickussion der 'H~N8R-Spektren

Literatur .
1 Morgensieen, O, Richter, P.H.; Klemana, A Pharmazie 46 413 {1991

1, Mitzediung
2 Budle, B L.; Moors, A, #d.; Wisslogle, F. Y.: . Am. Cheas. Soc, €5, 29 (1943)

3 Kureee, Fu Cmd(r::a, L B A Aagew. Chern. 75, 1157 {1963)

Dz, O, borgenstern
Fnudnch.z.unmg.:;m.su 7
O-2200 Greifswald

Eingegangen am 25, Jull 1980

L #00{}4

Aczneimittelwerk Dresden GmbH, Geschiiftsbereich Forschung und Entwicklung

Untersuchungen uber Addltlon'werbmdungen von Carbamazepin

'H WLUNDERLICH, I. ZENEER; H USBECK, A STARK D. LOHMANN und W. THIEL

Es werden Addmonwe:rbmdr_ngm von Carbamazepin
mit Ammoninmchlorid, Ammoniumbromid und Forma-
mid dargestellt und charakterisiert (IR- Spcktr: , Ver-
halten gegentiber Wesser, Laslichkeit).

Derjvatives of carbar ine with i Jogenid

and formamide
The reaction of carmemazepine with ammonivm
chloride, ammondnm bromide, and formamide Is deserd-

bed. The products were characterized by menns of IR
spectra, the reaction with water and their selubility,

1. Binbeitong

Ias Antiepileptikum. Carbamazepin (Finlepsin® AWD; 1)

. bildet Additionsverbindungen, die in der Literatur schon

mehrfach Erwibnung fanden, So beschrieben Péhlmann ot al
[1} die Anlagerung von Wasser unter Bildung von Carbamaze-
pindibydrat. Von japanischen Autoren wurde iber e
Monoaceton-Addukt susfiihrlich berichtet {2} In einer DDR-
Patentschnift [3] sind Additionsverbindungen avs )1 und
anorganischen oder organischen Sduren mitgeteilt worden.
Irn Rahmen unserer Arbeiten zor technischen Herstellung und
Reinigung von 1 konnten wir fesistellen, dafl dieses zuch mdt
Ammonivmhalogeniden und Formanid Addukte bildet.

Pharmazie 46 (1951), H. 7

2. Untersuchanpgen und Ergebnisse

2.1. Additionsverbindungen aus Carbamazepin und
Ammonivmbalogeniden

2.4.1, Herstelhng

Bei der Reaktion von S-Chiorcarbornyl-fH-dibenz(b, fjazepin
(4, X =CI} mit gasformigem Ammonigk in siedendem Chloro-
form wird ein farbloses, in Chloroform schwer Gsliches
Kristallisal erhalten, dessen Schimelzvechalien von dem des 1
verschicden ist. To gleicher Weise verlduft die Reakton io
Alkohol Butyl at, oder Toluen Ao der
Elementaranalyse folgt, daB die Substanz stdehiometrisch aus 1
und Ammonivmeblorid im Verhiltnis 1:1 zusammengesatzt ist.
Geht man von t aus, so lassen sich in gosigneten organischen
Lasungsmitteln durch Zusaz von Ammoniwnhalogeciden
ebenfalls die histang nicht bekannten Addukte isolicren (vgl
3.1.}. Die Bildungsweise der Addukteist im Schema 1 dargestelit.

‘Schema 1

&0

)
ca-X

l‘&vé‘

1
CO-NHz NHgX

@(\ﬁ/+

0 -y ajar
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Diie Additionsverbindungen 2 und 3 sxnd an der Luft stabil und
laszen sich in niederen Alkcholen unzersetzt wnkristallisicren.
Um die neuen Verbindungen pgenauer zu charakterisieren,
wurden ncben spektroskopischen und Loslichkeitsuntersu-
chungen auch umfassende elektrochemische und réntgenstruk-
turapalytische Untersuchungen eingeleitet, fiber deren Ere
gebnisse gesondert berichtet wird [4, 5.

2.4.4. IR-Spekiren

Die IR-Spektren (in KBr} der beiden Addukte 2 und 3 sind
cinander sehr dhnlich {Tahelle 1) Unterschiede gegemiber 1
zeigen sich an einer dopp:l! auftretenden Carbonylbande bet
1650 und 1660 em™!, an der verschobenen Bandengruppe ffir
vNH-Schwingungen und an der beeiter, intensiven Bande bei
1435 cxe™ Y, die wir einer verschobenon SNH-Schwingung
zuordnen, Daravs 186t sich ein stirkerer EinfluB des ionischen

. Partoess im Kristaligitter awf die Carbamoylgmppe ableiten,

Dras NH,L -Kation m 2 und 3 zeigt eine sebr intensive, b:en.e
Bande bei 2960 cm”

Tabelle 1 IR-Absorannsbam!sn Icm"’;’
Addukte im Vergleich zu r
Curbamazapiag (1, 1)

&er Ammonmmhalﬂgcmd-
» deg

2 s T 1, Schwingung
770 Te& 750 ¥CH (out-of-piane)
1435 1438 1375 1385 ENH
1680 1480 1480 vC=C
1575 1575 1585 (are-
1595 1595 1595 mntisch)
1650 1650 3685 i68s
1660 1680 - - } vC=0
azts 3250 2270
30 3315 3335 : vINH
3400 3395 3460 3475

Dic IR-Spektren berechtigen zu der Annabme, daB cs sich um
definierte Additionsverbindungen end nickt pur vm Gerische
handslt.

2.1.2. VPerhallen gegeniiber Wasser

Die Zerlegung der 1-NH X-Addukte in Wasser 1doft vor aliem
bei picht ausreichender Wassermenge tonvelisiindig ab. Ein
blofles Auswaschen des Reaktionsproduktes mit Wasser fijhrt
nicht ze reinem 1. ORenber war Schindler [6] bei der
Erstbeschreibung der Synthese von 1 aus 5-Chlorcarbonyl-SE-
dibenzlb, flazepin uad Ammoniak diesem Irrtum un!arlegzn
als er vach wisderholtem Umlcristallisieren den Schmb. mit
204-206°C anstait mit dem zutrcffenden von 190-192°C
angab,

Dic Herstellung von 1-NH, X-Addukten ist nach Schema ! in
organischen Losungsmitteln avch in Gegenwart von begrenzten
Mengen Wasser mghich und gestattet z B. die Anwendung
von koaz Ammondakibsung So Hefert die Reaktion wwischen
4 (X=Cl) und 25% wiiBriger Ammczu’ak!ﬁaung in Butylacetat
als Finalprodukt das 1-NF,Cl-Addukt in guter Ausbeute [7).
Dies ist bei der technischen Herstellung von 1 und fiir die
weiteren Reinigungsoperatiopes von Bedeutung, denn 10
Bromcarbamazepin oder 10,11-Dibydrocarbzmeazepin bilden
mit Ammoniumchlorid unter vergleichbaren DBedingungen
keine Addukte, .

Zur Ermittlung der Lobslichkeit wurden 20mg Substanz
{Variante A) bzw. 100 mg Substanz (Variante B) mit einem
Zuogatz ven 250 ml Wasser™ im varschlossenen Erlenmeyer-

- Kalben mitrels Thermeovibrator bei 25 °C peschiittelt. Zum

Vergleich wurde - sine &quimolare Mischung von 23,6 mg
Carbampgzepin-f-medifikation (I uwod 53 mg Ammonium-

508
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chiorid’ mit einem Lusatz von 25ml destilliertern Wasser
untersucht,

Wach der in Tabells 2 angegabme:n Zeit wurden Proben der
klaren walbrigen Losung genommen und ibr Gehalt an
Carbamazepin UV-spektroskopisch bestimmt Die Ergebnisse
sind in Tabelle 3 zusammengestailt.

Tabelle 2 LésTichkeiten (mg 1/100 ml Lbsung) vou 2, 3, 1; und elverm
Squimolaren Gemisch 1y 4 NEH (Y bei

Zalt : 2 3 1 1y + RHCL
] A B A A A
1148 253 11,8 14,3 14,4 14,1
5 4y 279 120 134 13,2
7 135 35 122 123 129 130
24. 152 172 138 12,8 128 12p
a8 - 156 146 126 123

Unter vergleichbaren Bedingbngen zeigen alle Substanzen

abinlichs Lishchkeitswerte, Geringfligige Unterschirde lassen’

sich durch Abweichungen in den XorngroBen- und Phasenver-
teilongen erkliren. Der Einfluf des anwesenden Ammeonivm-
balogenids auf die Loslichkeit ist unerhehlich. -

Eine nach lh zusdtzlich vorgpoomunene argentomeirische
Chloridbestimmung i der wibrigen Losung der Probe 2/ (B)
ergab bereits den auf die Binwaage berechneten vollen
Chloridwert. Diese Ergebnisse zeigen, daB nach | h nur noch
1 {heterogen) neben freiem Ammoniumehlorid in homogener
Lésung vorliegt. Die berrichtich echohte Anfangsléslichkeit
bestitigt das Vorliegen eines Addukthabitug Der schnell
fortschreitende Ubergany in einén anderen Habitus ist hegleiter
von einer Ubersittigung der wibrigen Phase, dic sich Jangsam
zamn normalen Léslichkeitsgleichgewicht von 1 hin abbauwt
(Tabeile 2, Spalte2). Die IR-Spekiren der Wiftgetrackneten

Adduktriickstinde und vor Iy aus den Angditzen der

Laslichkeitsbestimmoungen  enthalten die charalteristischen
Banden des Einsatzstoffes nicht mebr. Es diegen Mischphasen
ven 1, and 12 H,Q vor.

Das Ladichkeitsvertiatten deoutet auf ejne nur iockere Bindung

des Ammoniumechlorids im Kristallgefige.
22 Additionsverbindung ‘auns Carbamazepin uad
Formamid

Verwendet man zur Beschleunigung der Reskton von 4 (X =Cl)
mit konz. wibsigem Ammoniak als zusidtzliche Ldsungskom-
ponente Formamid, so erhélt mizn fiberraschenderweise ansielle
von 1 -¢in im verwendcten Ldsungsiittelgemisch schwer 16s-
liches Addukt aus 1 usd Formamid. Die Bildung dieses
Adduktes 5 it m Thloroform ebenfalls direkt aus 1 und
Formamid mbglich (Schema 2),

Schema 2

4+ 2MHg

/v ca NHy « HoN-CHD

1 ¢ Formam ld

Die slcmcnmranalyﬁschc Untersuchung ergab fGr § wisderum
eine Zusammensetzung im Molverhdltnis 111 Durch Wasser
und wiBrige alkahsohc Lésungen wird es in seine Komponenten
zerlegt.

Pharmazie 46 (1991}, H. 7

e o
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§ ist aus wasserfreien Alkoholen (Methanol, Ethancl) in
Gegenwart von 1 bis §% Formamid enzeriegt vinkristallisier-
bar. Bei Anwendung von wilirigen Alkobolen erfolgt sine
vollsiéndige Zerisgung des Adduktes, Aus der warmen
Mutterlauge kristallistert reines 1 aus, dag bei Ranmiemperatur
vollig klar in Chloroform i8slich ist. Das Addukt ist im
Unterschied dazu in Chloroform schwar 1dalich.

Formamid verdringt offonbar auf Grund seiner stirkeren
Affinitdt zu 1 Ammoniumchlonid, Bei Aowendung von
Methyl- oder Dimethyiformarnid anstelie von Formemid ist
dies nicht der Fall, vielmehr wird hjerbei 2 isoliert.

3. Experimenteller Teil
Die IR-Spektren wurden mit cinem Spcxuaiphmomcn:: Specard 75 IR (Cast

Zciss JENA) rufgenommen, dis Schunb, werden mit sinern Hegtischgorkt nach
Bofties sowie dem Thermosysiem FPS {Metter) bestanme, wobei Ubersin-

stimmung erziell warde,
31, 5-Carbamoyl-$ H-dibenz{o, fJazepin (I}-NH,Cl-Addukt {2)
3A0. 7.2 g (0.2 mnl) T werden unter Erwdomen in 300 mi 9654

-CH,OH gelfst. Danx wivd cine Glirierts Losung von 16,7 g (0,2 woly NE,Cl s

Sm] HaO zugesetzt, Moo erwinmt die Mischung (5 min 20m Sieden, kit s
anf 13°C ead saugt dén castendenon Micdsrschlag nach 24 1 ab, Dicser wird
mit wenig C.H,OH gewssaben vnd bei 100 °C getrocknet. Mach Umkristaliisa-
fiog ans der 2Gfmhm Mengs CH,OH echilt maa Nedeln Schmb,
185,5- 199 °C.

Cyy H TN, 0 (289 83'

Ber: c, 8217 H 857 0N 148 G 1234
Tels ¢ 6193 H 554 0 N 1440 O 1@
621 563 14,43 217,

312 12,85 (0,05 meol) 3-Chicrearbonyl-5H dibenz(b, Jazepin

werden i dsml Buxyh:antat vecrliart. Man crwirmt auf B0 °C, tropht o die
entsichende Lbsung 135 mi einer 25% wibrigen NH~Lisung und rillirt £ h bal .
80 *C. AnsctdieBend werden UGper sinen Wesserabschedder ca. 10mi H,0
shdestitiiart. Der Ansatz wird dann auf 32 *C gekiblt, dos Keisnllizat Sber sino
Fllternutsche abgaeangt und rweima? mit {e 10 ml Buiylacetat gmuxchm Bs wind

b’)g.t,\.;. jolu A n../ia

TR

b, Dieser wisd mulf Butylacesy gewgschen und bal 160 °C perrocknel Durch
Umiristallisation aus C,H OH erhilt man das {1 1-Addukt als farbloss, verfllzic
Nadoln.

Schiobs, 119201 °C.

sty 6BeNSO {334,2)

Ber.: C 538 H 4m N 1256 Br 1383
Gefi: C 5269 H 48 N 1250 Br 2506
5246 4,86 12,50 B-LA T

33 I-Formumld-addukl (5)

226 g 0,0 mal) 1 werden bei Rouwmtomporatur ia 300 ol CHCl, unter Rilusa
ged8¢ct In dis ilare LSsung werden vnter Rilhwen 5,6g (8,125 mol} NH, ~CHO
zugeg=bea. Dic Lisung brginnt sich elnzutdben und in weigen min srfolgt die
KristaJisation. Mach 23 h Kkl im Miofonden Wesstrhad wivd das Kristallinnl
2bgessugt und miv gelcihltem CHCL, das L% Mi,—c:zio en.hm. FewasCchET.
Dier farbiose Filterkuchen wird i T) bedca 76 kaot. Man
werhil 2 g (1,7%;) 5. Schanb, 18915250 {osi 142-15°C n(fo&;,x cine dewtiiche
Kastalumwandisng)

CieHy a0y (2813}

337 N
53, 0N

14,54
1519

58,3 H
68,55 H

Ber.: <
Gef: <

34, Bestisumung des Lslichkeil von #, 2 und 3

Substanzeinweagen von oa, :!Dmg und 25 md dest. H,Q (A} bzw, 100 mg vnd
25 zzd dest. HyO (B} werdea in Jo cinem 100 mh-Schif-Erlenmeyer gegeben, Die
verschioszenen Kolben werden bei 25 °C 125 roticrenden Sthuzltnnwagmsgm 3
min susgesetzt. Das Klosfiltrat einsr Probanshme wizd 1710 mit dest H,0
vergiinnt nnd die UV.Absorption i einer 10 o Kiiverse bel 286 ram gepen dest.
#,0 gemessen, Fir die analog ausmufthronde werden ca 8 mg
E-.uwuxel is 108 xai dest. HoO durch Ieichies Erwirmen und gal mit Ulcraschall
klar getdat.
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J P@himanm, H.; Guoide, Ch; Jahn, R.; Pleifer, S, Phermazie 30, 708 {1975)
2 Kanesiws, N... Yemagochi, T.; Waxan. N Oesuka. ML Ynkux;ku Znsshi 104
2, 184 (1984)

3 Argselwittewek Dresden; DD 133 053 (B.5. 77, 29, 11.73)

4 Diinnbier, U.; Jugalt, W.: Pharmazie 46, 512 {1991}

s Rock, G.; Thiel, W.: ibid. 46, 509 (299%)
6 Owigy, Ag: DAS | 136 707 (19. 1 58, 20. 9. 62}

7 Arzasimitislwerk Drevden, DD 260 696 {25 5.87,510.88)

bef 100 °C ge und wus $0% whllrgen {-C;H,OH
32 1-NH, Br-addukt (3 - 25,50t 15 Dr. H. Wunderlich
472 g (U2 mol) 1 werden I sisdend 4 in 200 L rgele,  DEepAngER mn 23 Jull 1950 Wilkehe-Pisck-Sit. 35,
Maa tcosft cine LOwung.von 20 (0,226 mol) NH,Br iz 10l H,O 2, erhitzt Radebeut 1,

o8I

0.5 by, kithit die Mischurg an 15 °C und filiriert don susgelalicess Nicderschlag

Analytisches Zentrum Berlin-Adlershof? und Arzneimittelwet Dresden GmbH?
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Kristallstrukturen der Addukte Carbamazepin-Ammoniumchlorid
und Carbamazepin-Ammonitmbromid sowie deren Umwandlung

in Carbamazepin-Dihydrat

/G, RECK’ und W. THIEL?

Die Addnkte Carbamazepin-Ammaoniumchiorid und
Carbar pin-Ammoniumbromid
Kristaltstrukturen. In ihpen gibt es stabilé Schichten, in
degen die Wirkstofimolekiile, Ammonium- und Chiorid-
bzw. Bromidionen lber 6 symmetrieunabhingige Was-
serstoffboriicken mitelnander verkniipft sind, In Wasser
werden dic Addukte durch eine topotaktische Reaktion
vollstindig in Carbamarepin-Dihydrat umgewandelt.

Adu b 'y

Crystal structures of the car
nium chloride and carb i T brmmde and
their transformation in carbamazeyme d).hy;irate

"The a.dducts carbamazepine emmonium chloride =ud .

carbamarcpin ammonium bromide have isomorphous

Pharmazie 46 (1951), H. 7

haben isumorphbe.

crystal structures. Drug molecules, ammonium, and
chloride {(bromide) ions are connected by 6 symmstry
independent hydrogen bonds forming stable layers iy the
crystal. In water the adduects are transformed completely
to carbamazepine dikydrate by 2 topotactic reaction. .

1. Einleitung . ‘ R

Der antiepileptische Witkstoff SH-Dibenz{b, f-azepin-5-car-
boxamid (Carbamazepin, 1) bildet mit Ammoninmehiosd betm
Umkristallisicren in Bthanol ein Addukt (2}, das diber 200 °C
schmilzt und damit cine wesentlich hohere Schimelziemperatur
sls der reine Witkstoff (189193 °C) besitzt, Das IR-Spektrum
zeigt eine deutliche Verinderung einiger Banden [1].
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Crystal Engiueering Using Anilic Acids and Dipyridyl Compounds
through a New Supramelecular Synthon
Md. Badruz Zaman," Masaaki Tomura ** and Yoshiro Yameshita®5
, Myodaift, Olm.zah 44-!»8585 Japcm, and Depurtment of Electrunic
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Received December 14, 2000

The anilic acids, 2,5-dibydrexy-1,4-benzoquinone (1a), 3 5-dibrorme-3,6-dihydroxy-1,4-henzoquinone
(bromanilic acid; ib)}, 25-dichlaro-3,8-Gbydroxy-1,4-benzoquinene (chloranilic acid; 1o}, and £,5-
dicyano-8,8-dihydroxy-1,4- benzuqumone {eyanenilic acid; 1d), were cocrystallized with rigid organic
ligands containing two pyridine rings, 2,4-bipyridine (2a), 4,4"bipyridine (2b), 1,2-bis(2-pyridyl>-
sthylene {8a), 1,2 -bis(4-pyridyDethylene (8h), 2,2" azmdylamtylene {4a), 2,8 ~-dipyridylacetylene
{4b), and 4,4 -dipyridylacatylene (4¢). Fourieen complexes 5—18 were obtained sp single crystals,
and their erystal stractures were snccessfully determined by X-ra:,' analysis, 41 complexes except
those with 2a are 111 and are composed of an infinite Hoear ox :zxgzag tape stractocs, the formation
of which is ascribed to intermolecular O—H-N, N+—H--+(, or N*—H---0" hydrogen bonds or &
combination of these betwesn the anilic acids and the d=pyndyl compounds. In the complexes 5
and 8, no infinite tape structure is observed elthough the molecular units connected by a similar
hydrogen»bond:mg pattern are formed. For the 1:1 complexes, we have found fwo types of stucking
srrangements, segregated stacks (7, 9, 12-185, 18) and alfernated ones (8; 10, 11, 18, 17). Is the
complexes of 1e with the series of dxpyndymce%yienes 4 (14, 18, 17}, the m:utml dxca.hun, and
monocaction states are formed depending on the nitrogen positions, which can be attributed to the
different basicity of tna pyridyl groups.

Introduction

Organic sclid materials based on hydrogen-bonded
donor and acceptor molecules have been the objects of
Tecent intensive studies! aimed at building a new class
of compounds which are interesting from viewpoints of
basic seience as well as of applientions such as biological
sensors snd catalysis.* ® Hydrogen bonding iz expected
to regulate electronic properties of solids and work as
switching units for melecular devices. Rations! design

based on arystal enginearing? ™ including supmmcalec\ﬂ‘at
chomistry? is particularly important for the progress of
this fleld. This = considered to be accomplished by
fimdsments] studies om weak intermolsculay intaractions
which govern orientstion, recognition, and sssembly of
componeots in the sclid state. Specfic noncovalent
interactions between different functionalities seem to
control single and muslticomponent crystallization.

Our work has focused on the development of new
organic donor ptor {IXA) inter as supramo-

* To whom corresponsdence should be addressed. Phone +81-45-
8245871, Fm +81-45-824-5489.
* Inskituts for Molecular Science,

3 Permnanent sddress: Department of. 2 Chemistry and Cheraj..
eal 'l‘nc}mnlagy, Unxvursxb' of Dibaka, D - 1000 Bmzladﬂsh
¥ Tokyo Institute of T .
ﬁl)&cmemvinwsﬁxr‘ i d donor and a J

(&) For an overview of recent orystel engineering, see the following
vabumss: (a) Comprehensive Supramolasuler Chemistry, dvwoos, JT.
L., ann,.)' E. D, Mﬁcﬂi«»LD D., Vogtle, F., Lehn, J.-ML, Bds.;

Oxford, UK., 1938, Vol 6. (L))
Funetional

Cnmtai Exgzw-mg The
Dexigr: an :lAppacatw Solids; Seddon, E R., Zaworet-
kn, M J Eds,; NATO ASI Beries; Kluwer Academie roeht, T"ne

(») Eyugoku, ¥; Lord, R L‘.L,  Rich, A Proc. Nal, Ax:ad 8:;. I7.5,4,

1967, 57( 350 (b) Martin, T. W.; Derewenda, Z, 8. Nz& Struct. Biol.
3, 6, 408, {v) Malandes, K. B.; Carx, A. J.; Linton, B. R.; Hexilton,
AW, ln Molemhr Salf mb!;y

Dord
d: IQBB (e} Design of Oryonic Sofids: Webar, B, Bd; To
mL‘m:— eEsSETY, pmxtharh; B«rﬂn nod 'ﬂnﬂelbergq
many. 19939_\"01 198 i) Crystal

Crysh A,
Sersh D Fioth et 1358,
sprocehes)

and Bapdt
, 2000; p 31, (&) Ztmmevrmm

embly Orgarie Versis

M., Bd,; gmm cnding, Vol
ar]}.n and Hsldeibarg Germaggb 2000' P 83, (e)

VmolIW Ape
Va]xg; Berhn nnd Hn[

Sryut. Lig. Cryst 1988, 171, 343, (b) Gokel,
oc.sz‘ 1992 21 88. e} Izatt, X. M,; Bru::mngiRL
» Broening, M. L, Knrk.uwmk. E B

Appl. Cﬁerp&. 1990, £2, 1115, (&) MeGrady, 4. B
Straz) RJAMGM:ASGB 1997, 128, 8512,{2}0&&»5‘! Fmea.
Vi G?;;nte, B.; Gexcia, Ghm Phys. Lett. 1858, 808, 865, (6
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lecudar synthons for the preparation of ordered solid
phases.® Our strategy is to investigate geometrically and
swiddometrically matehed donor ard acceptor molecules
which can be used to propagate oriented patierns in the
crystal engineering. We are concerned with the use of
organic componernt molecules which can form a variety
of siructures sod mediste slectron—proton trensfer.
Bmploying organic molecules to form erystelline archi-
tectures seemse an stiractive idea for » crystal engineering
approach, Simple- iatios of twe compl &
compounds through nencovalent interactions can be used
to ereats organic materiais with new remarkable physical
properties snd potential applications in optical and
electronic devices, which are not pmsezsed by either of
the components alone 213

Cur attempt is iv develop & new tool for crystal

enginesring that is asseciated with a great variety of
hydrogen-bonded DA-type compounds in which dossr and
acceptor molacules can be combined within robust hy-
es. Develoy it of new su-
pramolecular synthoens with specific bonding features is
imaportant to desigh materials with interesting features,
We have chosen henzoguinone-type molecules with di-
hydroxy groups, anilic acids, which have excellent proton-

‘donating properties and can vndergo multistage depro-

tonation and protonation processes. Thess acids can be
associated with a variety of profon acceptors as counter-
partto give predictable supramolecular arcnhwt;ures In
the couree of this work, we have prepared ic acid
{1d)" as 2 poor electron asceptor moleculs and studied it

as 2 hydrogen-bonded countarion in conducting charge-

transfer complexss with s variety of organic sulfur-
containing donors.®® The monsanion and diargen of 1d
wers led {nto supramalecular structures through
the one- and two-dimensional hydrogen-bonded net-
work.® In our preliminary communiestion, we have used

" dipyridyl-type bases as proton sccepbors and constructed

& new supramolecular synthen (I} motif.™ We have also

‘prepared throe rigid organic ligands containing pyridine

{6}{a) Lehn 3B Buprwncleoulcr Ch

HERE A A 2
W= 57 -:’Cl‘*. %{’E}%fzﬁt ey b&L\J

ﬁ“ﬁ'g’f‘i‘%miﬁmk; JHEELE »,wr—«n
FHRITTER L EL,

Zarnan et al. f

Scheme 1
x .
HO. a o) X o= 4, 2,5 Enyotony- | S-penzoquinone.
T X w B, 2 8-wSihydeonty-1,
o o e K O, ihlors-3, S-dinydrosye 1,4
Tee; X ol N 2,50 At 2
1
(’%\3 E: :%,’ 28 Z4-sipyridine
& g 2b; a4 bipyridine

Za; 1.2-bis(@-pyridethpene
Ib} 1,2-bis(4-pyrityfathyiana

A 2 2-pyridyiacatylans
Ab; 3,8-dpyrih
e 4.8 dpyridylacstylens

Crystaliine Somplexes
5; sarmplecs betwasn 15 and Za 12; complex between 1» s 49
& complax betwaan 15 ol 2n 18; complax betwaan Tb and 4a
7 vorhpli botwewn Ta wnd 2b 14; compiex Davvests T& ang ga
& complex between 10 aN0Z0 T 18; compiex DetWesn Tc and 45
& complex betwesn 1z and Sm 18; cormisiax betwear Th and de
10; conuplax betwean 1h snd 3b  17: complex betwsan 15 and da
11; coraplex batwean 1t and ab 78 eomgtex between 1€ and ap

hng‘s separated by an nacetylene spacer {4a~c) that

formed crystalline complexes with a conmmon organic acid
(Ler® Thesse coxuplexes have infinite one~dimensional

" tapelike structures that lead to supramolseular polymeric
systems, As & conbinuation of these works, we have -

attempted to combine a variety of proton doner and
acceptor molecules to obtain novel supramolecular struc-
tares. In this papar, we will present the preparation of
supramolecular lementary combina-
tian. of proten tl'umrs (D) (anilic 2cids, 1) and proton

.acceptors (A) (bidentate nitragen hgands, 2~4) via hy-

drogen-bonded interactions (Scheme 1)

Results
P tion of Cocrystals. Generally, the formation

- iy, VOH: Vo
985, {b) !

v At

womt.r L.. Davies, 4. B. D., Machical, D. D., Vogtle, 1? Lehn,J 2,
TR Oﬁnrd,TIE. 1995; Vode, 111,

u‘{aﬁr&mx M.L. Bladistock, 5. C. . g C Cher assa,e.! 7895,

(b) Blax C.; Poehling, 1L} Greer, Am. Cham. So.

1995 "17 8817 @ Grrenr, M. Ls, MeGee, E. J Rogers,

C. Angeun. ("h.zm. e B2 'EB!?T 36,1864 \G)

McGae,E J Ehcrwcod Lodg Gﬂaer M. I Blat:kmx:k 5. C. Org.

1180,
(7‘(!) Walem Ky 3 Hofmnena, D Kam,R.
:f.m}wdr:m 1866, 21 2235 195 hmM B, Mm—ﬂn Y. Taymia. -
o Qgﬁﬂgi ; Seiizaki, 8.; Nekesuji, K. Mol Crys‘ Laq Tryst. 1996,
18
LS)szﬂn,M B Mvnr.a., Yo T P X3 Ymmdn H,; Saite, G
Yonerama, N.; Buokd, 5 N, S ; G, 79,
(%) Zaman, rika, Y. Yamad'n . Sabts G
Nakssu, K. Synﬁl. Mc.& !899 ’0.2 9
{10) Yamochi, H.; Nahmu:a., 8; Zaman, M. B.; Toyoda,
of.; Borita, ¥ meuii,}i Yamashxta.‘k’ Synﬂ:.Mef. 15’38 102, 1725,
(12) %ﬁmxn  Toemura, M: Yemoashits, ¥, Cham. Commun.
188D, 3
ilz) Zamsx, M. B.; Tomura, M.; Vamashits, ¥. Org. Lett. 2000, 3,

(]S)(B) MupeGilliveay, L. B.; Spinney, EL Al Reid, J. L.
3. A Chem, Compmn, 2008, 517, (b) Bnb-.hs]a:,E F&mpws!n,
W. o, Muter. Chem, 2000, 10, B39,

of oocryst.a'ls of proton dorors (D) and acceptors {4)
raquires the following conditiong: (1)1 and A moleculss
matched geometrically and stoichiometrieally, (i) facile
acid~base reactions between I¥ and A molecules, (51} good
solubiiity of the D and A melseules in solvents, and Gv)
precipitation of the formed complexes from the solution.
Considering the abuove conditions, ws have saccessfully

obtained single crystals of complexes 518 composed of .

anitic acids and dipyridyl ecmpounds, The following three
gimple procedures were used to cbtain the above single
crystals suitable for X-ray analysis: (i) slow diffusion
using an H-shaped tube, (i) mixing of two components
in hot sclutions, and (i) slow evaporation technigue.
Methanol, ethanol, acetone, acetonitrila, and their mix-
ture in various ratios were used as solvents for the
preparation of these cocrystals. Details of the synthesis
are explained in the Experimental Section,

Structural Analyses. The cocrystaly of anilic neids”

with dipyridy] compounds cbtained here teke various
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structures which wexe clarified by Xoray analysis, T

rationally eontral the structures; we have examined the

effects of the. spacers and nitropen positions in the

dipyridyl compounds and substitaents (H, Br, C1, CN) of
the anilic ecid that influence the solubility, hydrogen-

bonding ability, ionicity, geometry, and stacking arrange-

ments of the molecules. The structures of the 14 com-

plexes are discussed below. The geometry of the intermo-

lscular hydrogen bonds for the complexes for which X-ray

structures ara first determined in this paper is sum-.
marized in Table 1.

Complexes 5 and 8. The complexes are isomerphous
and crystallize in the monoclinic P2,/n space group, and
the molecules 1b in & and 1e¢ in 6 are located on the
inversion center. The complexes have a 1:2 (ID/4) sto-
ichiometric ratio with the transfer of the two acidic
prafons of the donors to the nitrogen atoms of the
acceptors to give & monoprotenated cation. The hydrogen
atom positions in these cocrystals were identified on -
different Fourer maps and further confirmed by careful
ohservation of C—0 bond Jengths and cancerned hydrogen-
bending distances. The nitrogen atoms at the 4-position
of the pyridine zings form a bifureated intexionic N¥—

-0~ (1.71 A for 6 and 1.74 A for 8) end N*—H--0 (2.29
A for 5 and €) hydrogen-bended netwark (sse Table 1).
Thus, the robust synthon T generated at the 4-position
forms molecular A---Ii--A-type pairs. The views of such
crystalline architecture and their synthon I are shown
in Migure 1. Theve is no hydrogen-bonding interaction in
the nitrogen atom at the 2-position of the pyridie ring,
and as & consequence, no infinite (I}:-A), linkage was
observed, in contrast to the structures of 1:1 complexes
deseribed below, Moregver, the pyridine rings arve twisted
at the central £—C bond with a dihedra) angle of 18.4°
for 5 and 15.4° for 8 betwesn the ring planes. Therefors,
the nitrogen atom at the 2-position of the pyriding ring
ig diverted much closer to the adjacent hydrogen-bunded
As-De--A pairs, where the distances between the planes
of Th,e and Za within the DA pair are 3.42 A for 5 and
8.40 A for 6. The distances between the planes of the
2 pyridine rings (3.43 A for § and 2.40 A for ) suggest
closer 44 interactions in the adiacent hydrogen-bonded
AesDess A pairs. Thus, a pair of Aew DA agpregation is
close-packed in sliernated stacking srrangemsnts with
other pairs fromn the DA- or AA-type conmectivity (Figure
2). '
Complex 7. The complex crystallizes in the monockinic
Cgle space group, and both La and 2b are located on the
inversion center, The gepmetry and the O=0, C--OH, and’
CG—C bond distences are consistent with those of the
t:yp:.cal neutral andlic acds. !¢ In this complex, no proton
is tramsferrsd from the acid te the base moleculs. -
However, intermolecular hydrogen-bonded H—-0O+'N and
==()-.-N distances of .83 and 3 08 A are observed (Rigure
3), which ereate the robust suprameleculsr synthon I.
The 1a and Zh wnits are inked by O—H.-N hydrogen
bonda (1.55 A) into e one-dimensianal infinite molecular
tape along the [1 0 2] direction. The angle between the
two pyridioe rings in 2b is 29.2, and two molecules of

{14) (q) Am%ersen.E ¥ Acte Crystallogr. 1967, 22, 188, (‘)‘ Ander-
sen, B. K. 1947, 23, 191. (&) Andersen, B. K. Acta
Orysiallogr. INW S 196, () Benchekmun,fl. Savarisult, J.-M. Asta
Cryviallagr., Sect, £ 1848, 51, 188, {¢) Kentors, J. A.; Schouten, A;
Dumembztg,A.J M. Glowisk, T.; Malareki, Z; Sob csyk L..G'tem:’\x .
E. Acta Cryst r., Geot. C 1001, 47 2148, () Zomax, M. E., Tcmum
M.: Yamashita, Y. Sayaduzzaman, M; Chowdhury, A M 3 L Orys-
tEngCommm. 1988, 8.

SRR TR
HERELIALENLES+HITTEECES
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Table 1. G w aof the Ints lecular Hydrogen
Bouds between the Anilic Acids and the Dipyridyl
Ve ds in the Compl 5—%, 10—-13, 18§, and 18

angle?
distance® (&) (deg)
complex D-He A D-H H-A DA D-H--A
& N2~HRA--ON 08904 1.71(4) 2.685(2) 1BG{2)
N2—H2A-~Oi% 0.96(4) 2.28(4) 2.561(3) 12X
& N2-HR--02¢  046(2) 1743 26212} 16XE)
N2—-H2---Oz# 096(3) 2.29(3) 2.868(3) 12V
k4 O1-H1---Ni 1.15(8) 1.B6(8) 2.B41(6) 1BT(H)
10F NI-HI--01%  0.958) L1718 2.644(4) 187(8)
Ni—-Bi--02* 0.95(8) 2.53(8) 3.0774) 117(6)
1L Ni-Hi--01 LOLE) 1.68(6) 2.841(4) 184(H)
© o N1-Hie-02 LOLG) 246} L.04B) 1144}
12 O1~Hi-NL LO7(8) 1704 2.854(8) 146(4)
13 O2Z-H2A~"N1* L18(10) 1E3(10) 2.642¢3) 145(#)
18 NI-HI--04% 1048 1.58(6) LETR4) 158(5)
HW1—H1--08%  1L04(B} R.34{5) 2.87KE) 118(d)-
] Qz-HaA---NZ#¥ 1. . 184(7)
187 N1-Hl--01=% 0.B8(2) 2.0K8) 2.738(8) 142(8)
Ni-H1--02 0.88(2) 2.2246) LBYHE)  140(6)

= A hydrogen bond for which the H--A distatee is belnw the
sum of the sovalent radius of A and 2.0 A is Bated. 2 A hydrogen
band for which DA angle s above 110° is listed. "Syzmmem
code i :+“lu,—-y+3lz,z—~3yg B o A Yy y ~ Yy, —m o+ By i
24 Yy wy b My 2 Yl 2T 2,0 F My —z b Yy 0t x, ¥+ 1.
g~ Lowh w— Yy ~y+ Vg 2 — o, vilt x4+ o~y + a2~ Vs
vty —z+ 4, ~y + 1, —=2,

ia in the tapes $ilt toward the pyridine rings with the
angles of 19.6° and 48.6°. Each molecule in the tapes
forms a segregated atacking along the [0 1 1] direction
{Figure 4).

Complex 8. The complex crysml'hzes in’the monoclinic
P2y/n space group, and both e and 2b are located on
the inversion center, In this complex, both of the hydroxyl
protong are transforred from 1e to the nitrogen atdms of
the pyridine ringe of 2b, and attractive one.dimeneionsf
infinite rolecular tape structures are formed through the
rebust supramolecular synthon 1. Detzils of the crystal-
line architecture are described in our preliminary com-
munication.* The C—0 bend distances are shorter than

+hose found in vther diznion structures. The ring C-~C

bond distances are also consistent with those of the

dianien with an aromatic nng 4
Complex 2. The vompl

F1 space group, and both 1o sml Sa are located on the

inversion center. In the complex 9, the dianion of lc is

obaerved and the dianion has similar C~0Q and C—C bond

. distences to those in the complex 8.4 The centrsl

Ot bond length [1.318(5) A) of 3a is a typica) value of
& double bond, and the configuration around the double
bond is trans. The crystal architecture, stacking arrange-
ment, and hydrogen-bonded linkage through the su-
pramolecular synthon I are previcusly described and will
not be disenssed again. it

Complexes 10 amd 11, The complexes are isomor-

phous and crystallize in the monoglinic P2,Jc space group,
and 1b,e and 8b are located on the inversion center, Both
of the acxds 1b*% and 18 are fully deprotonated to
produce the dianions. These structures alse involve
bifurcated Nt—H-O Xﬂmge:n honds (2.64 and 2.08 A
for 10, 2.64 and 3.04 A for 11) between the nitrogen
atams of 8b and the two oxygen stams of 1bo, thus

(1& (=) Robl, C. Mater. Res. Bull. 1887, 22, 1684, (b) Robl, C’ Wﬂss
Mater, Res. Bull, 1987,.22, 497, (o) vA‘(‘,Y.andr
A{mrm:yxn,h Q. Karpov, V. V. Bull. Aced. Sci, USSR 1981, 50 339

i:allxzea in the tricdinie
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Tigare
A for B and 1,74 A for 6; (ii) 2.29 A for 5 and 6.

B e = s

e e
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e

p-bonded A--D-—-A pair of § and 6. Dotted Xmes show the m‘uzmuleculax R~H~0 hydrogen bonds: (1) 141

s

wﬁf%*w-@-ﬁ&r@«s

-«%f%«-a’;%-o é;‘ft—-&t:gm

Figuraz. Altarnated sta

ckmé arrangemants of &, which

R

rings and pyridine ringe—pyridine

in pyridine rsm; b il
rings overlaps. Dotted lines show the rxﬁexmo!eculﬁ* N-H---0 hydrogen bonds.

- Q}} X }\ gjgj‘"*’v%

Figmre 8. One-dimensional molecuiar tape of 7,

o

. Dotted lines show the intermoleculay O~H--N hydmgen bauds (1.55 A),

*g"»»"é“a’:ﬁé-fﬁ—% “‘“&‘*““’“s’;’::g&%
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Figure 4. Seg tad stecking srro
hydrogen bonds.

cregting the robust supramolecular synthon L In both
10 and 11, one-dimensional molecular tape struchures 2re
observed toward the two cross diagonal lines within the
ab plane, The erossed tape structures are shown in
Figure 5. Within the tape structores, the dihedral angles
between the planes of 1b,c and the pyridine rings are
24.2° and 23.5° for 10 and Y1, respectively. The molecnlar
tapes in 10 and 11 rup in & mild zigeag fashion because
of the trans configuration of 8b. Moreover, the melecules
1ib,e snd 3b i 10 and 11 compose alternated stacks
slong the [1 1 0] and {~1 1 0] directions (Figurz €). The
. 1A pair in the alternated stacking iovolves close contacts

between the adjacent tapes, where the distances betwsen
the planes of 1b,c and 3b ave 3.55 and 3.53 A for 10 and
11, respectively.

ats elong the [0 1 1] direction of 7. Dotted nes sfhow the intermelecular O—HeN

Complex 12. The eomplex crystallizes in the mono-
clinic F2v/n space group, and both 1a and 4c are tocated

on the inversion cenber. The bond distences and the .

angles of 1a in 12 are similar to those in the complex 7.
Two molecules, 1a and 4c, copnect with en intermoleca~
lar O~H-+N hydrogen banding (2.65 A}, and the dihedral
angle between the planes of the pyridine ring of 40 and
1ais 4.5° No proton transfer from 1a to 4o i cheerved.
An infinits one-dimensicnal tepe structure with an
intertaps distanece of 3.4 A formed along the [2 ¢ 1}
diraction. In addition, each component molerale forms a
segregated stacking along the a axis (Figure 7).
Complexes 13 and 14. The complexes are igomor-
phous and erystallize in the triclinic Pl space growmp, and

. both 4a and Th,c are located on the inversion center. The
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d one-di

Figure 8. Two

1 molecular tapes of 10. Dotted linss show the intsrmolecular N—~H-+0 hydrogen bonds.
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Pigure &. Alternated stacking srrangsments slong the [1 1 0] divection of 10. Dotted Mnes show the intermolecular N—H---0

hydrogen bsnds,

melecular structnre and stacking arrangements of the
complex 18 are similar to those of the complex 14, which
was previcusly reporied.’* No proton transfer from 1b,c

0 43 {5 observed These complexas contain a zigzag pne-

dimensienal tape atrocture with an infinite linkage of
ib,c and 4a through the supramelecular synthon ¥ and
have segregated stackings with DD- and A -type paivs.

Complex 15, The complex crystallizes in the trickinic
P1 gpace proup, and both le and 4b are located on the
invergion center. The corplex 15 contains 8.3 molecules
of water. Both of the protons {ransfer from the hydroxyl
groups of 1¢ o the nilrogen atoms of 4b. Thus, the two
mmolecules, e and 4b, connect with interionic N*—
HeQ {2,656 ) and N*—H--O~ (2,87 A) hydragen bonds
and form the supramolecular synthon I. The molecular
architecture displays a zigzag tape stroctere, which is
viewed a5 a square grid-type network along the ¢ axis
{Figure 8). Within the network, cavities are formed,
which are occupied by the water molecules. Esch com-
ponent molecule forme. & segregated stacking along the
¢ axis. Details of this interesting structure ara daseribed
in our preliminary communication

Complexes 16 and 17. The complexes are isomor-
phous and crystallize in the monodinic P2:/r space group,

and both ko and 4e are locaied ox 2 general position. -

The molecular structure and stacking arrengements of
the complex 16 are similar to those of the complex 17,
which wes previcusly reported.!? In the crystal structure
of 18, oxe pyridine ring of 4c is protonated and combines
with 1b via bifurested N*—H--0~ (2.58 A) and N¥—
H+-Q==(2.87 A) hydregen bonds, while the other pyridine
ring is not protonated and forms H—0O--N (262 4) and
=00 N (.98 A) hydrogen-bonding interactions (see Table

1). Thus, an infinite pne-dimensional molecalsr taps
structure is obsexrved aslong the ¢ axis (Figure 9). Two
pyridine rings of dc in 18 are twisted with dihedral
angles of 78.0° In this work, 16 and 17 are the only
sxamples of complexes containing a dipyridyl compound
with fwo perpendicular pyridine rings. The dikedral

engles between the planes of 1b and the pyridine rings -

of 4o are 73.5° and 4.5° for the nonprotonated and
protonated side, respectively. The ponent moleculs
1b is partially overlapped with the protonated pyridine

ring of 4o and forms an alternated DA-type stacking

along the b axis with 4o. .

Complex 1B. The complex crystallizes in the triclinic
F1 space group, and both Id and 4 axe located on the
inversion center. The geometry of Id has similar C~0

and C~C beond distances to those of our previously

described complexes of 1d.%1¢ The component molacules
1d and 40 connect via the bifarcated N*—H--O" and N+~
H---0 bdrogen bonds (N-+-O distances, 2.74 and 2.93 A)
ang form tha robust supramolecular synthon I, This is
the first example of the supramolecular synthen E with.
1d. Thus, an infinite one-dimensional tape strocture
aleng the [1 1 0] direction is obszerved, The intertape
distances, which are 3.22 and 8.42 A for the distances

between 1d—1d and 4s—4c planes, respectively, are vary-

close, The dihedral sngle belween the plane of 1d and
the pyridine ring of 4¢ is 59.6°. The most remarkable
feature of the molecular tape in 18 is its bent structurs
with the angle of 121° at the hydrogen-bending covpling
part of the tape. This value is unususl compared to the

{16) Andersen, E. K.; Andersen, L G. K. Acta Crystallogh, Sest. B
1875, 81, 372, .
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Figure 7. Packing of 12 viewed alang the ¢ axis.
One-dimensionsl molecolar taps it formed along the {2 ¢ 13
direction, Detted lines show the intermolecular O—H-N
iyamgen bonde (2,68 A), and the Cm=0Q-1¥ interaction is 8.04

pther molecular tape structures deacrvibed in this work

. {the corresponding angles for the tape structures of the

complexes 7, 1014, and 16 ars 13558°~178° with an
average of 170°), Such features of the tape structure in
18 are illustrated in Figure 10. Each component molecule
forms a segregated DD- and Ad-type stacking slong the
¢ nxis {Figure 11).

Piscussion

We discuss bere the factors determining the crystal
stractures described above. The structures of these
complexes are related to the following factors: (1) the
pogitions of the nitrogen atoms of the dipyridyl com-
‘pounds, (i) the proton-donating abilities of the anilie
acids which are determined by the substituents, sand (i3)
the geometry of the one-dimensional ‘melecular tape
structures.

The donor—acceptor ratios of the complexes 5 and 6
are 1:2, while the other complexes 7-18 have L1

. eomposition, The 1:2 complexes are obtained from only

2,4-bipyridine, while the L1 complexes are derived from
the symmetrical dipyridy. compounds. In the L2 com

- plexes, the hydrogen bond is formed at the 4-pyridyl ring

and the nitrogen of the 2-pyridyl ring is not involved in
the hydrogen bonding. This fact can be explained by the
difference in the basicity of the pyridine rings depending

e

Figure 8, Square grid-type network of 15 viewed slong the ¢
axis, The cavities ars occupied by the water molecales, Dotted
fines show the intermolecniar N—H-+ O hydrogen bonds.
on the nitrogen positions. The PM3 caloulations! show
that the net atomie charges of the nitrogen atoms of 4-
and 2-pyridyl rings in 2, bbtpymdme are —0.0719 and
—0.0668, respectively, suggesting that the hasieity is
higher at the 4-position than it is =i the 2-position.

X1 the 111 complezes, linesr and zigzag molecular tape

structures are observed. The linear tipe structures ave

obtained only from the 4,4’-dipyridyl derfvativesd. On the
other hand, the 2,2~ and 8,8-isomers bring the zigzag
tape stractures. The 3,8-isomer particnlerly gives a
unique grid-like structure with a void. In tha case of the
complex 18, the zigzag tape structure is produced derpite
the 4,4 -isomer 4¢ in 18. Compared with other zigzag tape
strictures, the zigzag tape in 18 bends at the coupling
part via intermolecular hydrogen bonds or at the su-
pramalecular synthon 1. Such a conformation of the tape
causes close packing of the tspes end stabilizes the

' crystal structure. It is nobeworthy that the linear taps

strucbures appear in the monoclinic arystal aystem and
the triclinic crystal system affords zigzag tapes.

The positions of nitrogen atoms of the pyridyl groups
also affect the {onicity of the complexes, In the complexes
of 1o with dipyridylacetylene 4 {complexes 14, 15, and
17), the neutral (from the 2,2"-dertvative 4a), dication
(from the 3,3-derivative 4b), and monocaction (from the
4,4’ -derivative 40} states ars observed. Although malec-
ular packing and morphology in the solid state may affect
the proton transfer to the nitrogen atorns of the pyridyl
groups, the major reasons for these phenomena can be,

attributed to the differences in the basicity of the pmdyl
groups depending on the nitregen positions.* This is

(BT (8 Stewsrt, J, J. P. . Compui., Chem. 1288, 10, 209, (by
Stewart, 4. J. P. J. Comput. Chern, 1989, 10, 221,
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Figure 10. Two one.dimensional molecﬂ!ar tapes of 18, Dotied fines show the mtarmmeculnr N+-H-0 hyﬂrugen bonds (2 01

and ?..ZZ Ay
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Figure 11. S
of 1d and 4c, respectively.

supported by the PM3 ealewlations of the net atomie
charge of the nitrogen atoms of 4 (da, ~0.0807; 4b,

~0.0771; 4, —0.0742).

Axmeng the four anilic acids used in this work, La hes
the lowest proton-donating property, and the crystalline
complexes 7 and 12 obtainéd from 1a are peutral, Acids
1b and lc w:th moderate prown—dunamxg ability afford

d or depr ted complexes with dipy-
ridyl compounds containing nitrogen atoms at the 4- or
3-pesition of the pyridine rings. These asida form nevtral
complexes 18 and 14 with the weakest proton-accepting
base 4a containing nitrogen atoms at the 2-position of
the pyridine rings. Only the carystalline complex 18
obtained from the strongest proton donor 1d with 4e is
fully deprotonated and involves relatively short sontacts
between the neighboring donor and aceeptor molecules.
The acid 3d rapidly produces colored powders with other
d:ipyridyl compounds 2—4, even if polar solvents are used
for the preperation of complexes. The rapid complexation
of 1d is atéributed to its sirong pratnn—duna’mng Bhu.hty

#ff s

i: Cz‘Ia 1" =i
o, Org. Chem., Vol, §6, No, 18, 2001 5963

8. One-dimensional molecular tape of 18, Dotbed lnes show Lwo types of the intermoleculir hydrogen bonds, N+—H---0

iz‘w% PTG,
)“(:}” gté: R ;E:"’

st.ackmgmt_.,, ants along thec axis of 18, The interstack ﬂ:sl:ances are 8.22 and 3. 42At'm the stacks

lecular interactions such as hydiogen bopding. The

addition of functional groups or weaker intermolscular

interactions to the tapes can expand the one-dimensional

nebworks into two-dimensionsal layers or sheets. & three-

dimensional supramolecnlar architecture can be achieved
by the same process to connect the two-dimensional
layers. In this study, we have found three types of
stacking arrangements, the patterns of which are il-
iustrated in Schemes 2. In the complexes 5 and 6, the
AovDer A units overlap two-dimensionally to form 2 cross~
linkad layer network (Scheme 2a). For the 1:1 complexes,
the segregrted stacks {Scheme 2h) are obtained in 7, 8,
12—15, and 18 ana the alternated ones (Scheme 2¢} axe
realized in B, 10, 11, 18, ard 17, The molecular tapes in
the complexes which gave the segregated stecks are
roughly planar, and the dihedral angles between the
rings are amall. Thus, the favarable overlapping of the
tape-s canses the segregated stacke. In contrast, the

lar tapes in 8, 10, 11, 16, and 17 bave larger

For the 1 design of supy
tures, stratepgies with structural pradictability can be
uged In the construction of ene-, two-, or three-dimen-
sional patterns. 4 primeary ove-dimensional tape moti
can be designad and sbtained by using strong intermo-

dihedral angles between the rings such a8 a cbain. This
steric effect and the favorable charge-transfer interac-

tions between the anilie acids and the dipyridyl com- -

pounds might bring the alternated stacks.
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Conclusions * at the bottom of the H-ghaped tube, and the tube was fillad

In this study, we havs shown that the simple combina.
tion of anilic acids and dipyridyl compounds can creats
a variety of supramelecular architectures by self-ms-
sembly, The crystalline architectures described here are
composed of an infinite one-dimensional molecular tape
stivetnre via the supramolecular syathen I with three
types of intermolecular hydrogen bondy (N*—H--- 0", N+~
H--0, and O~H-~NJ, Strong resemblunces between the
erystal structures of the segregated stacking type (%, 9,
12—15, and 18} or the alternated stacking typs (8, 19,
11, ¥6, and 17) suggest the rebustuess and repreducing
ability of the supremolecular synthon I Charge-as-
sistance effect’® enhances the robusinees of the synthon,
I in this system. The positions of the nitrogen atoms of
the dipyridyl compounds strongly affect the crystalline
architecture and ionicity of the component molecules
which can bé determined by proton transfer.

Although the anilic acids are wellknown to form
coordination bonds with a variaty of metals,[426eh18 oo
have not bean well exploited for the rational design of
organic solids.®® This is the first example in which the
anilic acidé were used to create the supramolecuniar
synthon I for crystal engineering purposes. The combina-
tion of two-component systems reportad here may be 2

with solvents (10—26 mlL). Affer 530 days, eryetals grew at
rovm bemperabure.

Method IL A sclulion of the anilic adid {£.05—0.10 mmol} -

in & frashly distilled hot solvent (5~15 mL) was mixed with &
solution of the dipyridyl compound (0.05~0.1¢ mmol) in 2
distilled hot selvent (5-10 mL). Within 2 week, the crystale
sfuiti:ble for single-zrystal X-ray diffraction ngpeared in the
flask.

Mathod FIL A zolution of the onilic acid (0.06—0.10 womel)

- in 1020 wL of a dry solvent was addad to a solubion of the

dipyridy! compound (0.65—0.10 mmsd) in 10—15 wul of = dry
golvent. Slow evaporation at reom temperature for 1-8 days
afforded the wlored svlution, The singie ¢rystals suitable for
Emgie-crystal Zerey diffraction were BTUTR from this solliﬁun
by complats or pantial evaporation of the soivent from the
reaction mixture. The wystals were charscterized by IR,
slemental analysis, and X-ray erystallographic anslysis,
Complex 5. Red pnam,atm aystais were prapa.wd from the
mixbure of 1 by hod T in 96% yield; mp

201202 °0; IR (KBx) 28502800, 2178 {broad), 1630 (shsrp) .

1517, 1470 m" Ansl, Caled farcwﬁul%{)ﬁm (1:2): G, 5117
11,.&971?818 Found: C, 61.0%; H, 8.02; N, 8.88. .
Compléx 6. Red prismatic crystals were prepared from

methanol and ecetone by method Iin 98% yield; p 214215 .

°C; IR {KRr) 23850~2800, 2176 (brond), 1650 (sharp), 1518,
1476 e, Axnal. Calod for CosElalTeO:Cla (1:2): €, 59.90; H,
4.48; N, 10.75. Found: - C, 59.8%; H, 3.43; N, 10.70.

C lex 7. Omneplate wrystals were prepared from

findamental example for the design of low-di

stry As sn ext: of sur results, comabination
of other bidentate nitrogen ligands with proton doners
would lead to an intercsting crystalline architecture
through » supramelecular synthon like L Unusual physi-
exl properties such as conductivities meay arise from
charge-transfer interactions between compenent mol-
ecnles.

Experimental Sscetion

Hteorting Matecinls. Compounds 14,™ 4a 5 4b % and 40

were prepared accerding to the literaturs methods Other

compoands, laro, 2, &nd 3, were eommercislly available and

ified Ly usual thods All the sclvents were distilled
before the use fox the reactions.

Procedures for the Preparafion of Stmgle

Crystals. Method 1. An sguivalent molar ameant (0.030.3¢

zanol) of the anilic acid and the dipyridyl compound was placed

%ﬁ. D.; Grapiond, F. Ace. Chem, Bes, 2006, 33, 801,
(19)(&) a]vo,l\i.& Lanfredi, A M, M,; Ore, L. A_Pxnﬂh& M.T.
“Fejel, O.; Tiripicchio, A Ugorzoli, K. Inorg. Chem. 1988, 32, 1127, (b
Kawats, 8.5 Eitaga: wa, S., Fu:uan, L; ankafa. M.
Int. Bil. . 1084, 53, 1768 (o) Rewata, 5.2 .
M. Katada, &,mﬂ; et 19!!5 71, 1917 (d)Devur&ns,S Srhmalle,
HW; zheng. L-M.; Ensling, J namrm Acte 1996, 224, 165. {g)
X3 Ry P; W (‘rnmlmx V., Rye, K.
% Atn Crystallogr,, Sech, czwa,
(20) {6} Tomure, M.; Yamashi 0 rpstingComm 2000, 16, (b
Ishide, H.: Keshing, 8.
Ishida, H.; Kasbing, &Acéc C%staaogr, Sect. C 1898, 56, 1714,
(il)]_‘ﬂmmn T; Cnllm, P. J; Banse, W. 5. F. Aust, J, Chem. 1974,
(22) Teitel, T.; Wells, [3.; Sasse, W, H. F. Aust. J. Chom. 1978, 26,

(231 Taanes, M. Lud, A Ciuvmm 1980, 34, 28,

. Acto Crystu!!mr., Sect. C 1888, &6, 1348, ()

acetone by method IT in 30% yield: myp 164—165 °C; IR (KBr)
2560 {broad), 1887, 1601 cm™ Anal, Caled for CaeHioMNeO4 (12
1% C, B4,86; H,4.08; N, 9,48, Found: €, 64.67; H, 4.17; N,
8.28. .

Complex 8. Brown needls erystals were prepared from
acetane by method T in 88% yield; map 228 *C dec; IR (KBr)
24002800, 2170 (broad), 1832 (sharp), 1504, 1488 an~l
Elemantal analysis was provionsly daseribed 1

Complex 9 Bmwn plate crystals ware prepared - from

hod I in 85% : mp 215-218 *C

dec; IR (KBr) 9,400 2800, 2124 (broad), 1640 (sharp),- 1548,
escribed.i?

1523 em~i. Elemental ana}:ysis was prmnusly ds

Complex 10. Brown rod ccystals were prepared from
acetone—methane] (2:1) by msthod X, yield 92%; myp 2522064
*C dec; IR (KB} 2250 2700 2330 (bmad) 1625 {sharp), 1508

cn~!, Anal. Caled for CHyaNOBn (l 1) C, 45.03; H, 2.5
N 5.83. Found: C, 44.99; H, 2.54 N, &

Complex 11, Reddish brown pnsmahc cryzshahs wers pre-
pared from sestone—methanol (1:1) by method I in 80% yield;
mp 280282 °C dec; IR (KBr) 22502700, 2152 (broad), 1624

(sharp}, 1494 cza™. Anal. Coled for CuHeeNo0.Ck (1:1): G,

565.96; H, 3.0%; N, 7.18. Found: C; 55.18; H, 8.08; N, 7.05.

Complex 12 Orsnge rod erystsls were prepared from
acetonitrile—sthanol by methed T in 84% vield; mp 185~186
°C; IR (KBr) 2354 (broad), 1648, 1618, 1607 cw™). Anal Caled
for CasHLalNa0x (,1:1): c, 67.50; H, 3.78; N, 8.75. Found: C,
67.04; F, 3.84; K, &

Complex 18, Bmwn needle crystals were prepared from.

acetome by method I in 92% vield; mp 180—162 *C; IR (KBx)
2473 (broad), 1660, 1601 em™t. Anal Caled for CyaH i Nold Bry
1‘ C, 42.22; i, 2.11; N, £.86. Found: C, 44, 5‘6, H LE%N,

Camplex; 14. Brown needle erystals were pmd from.
meth (1:1) by methed I in 83% yield; mp 194~
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Crystel Enginesring through Supramuﬁecu’iar Synthan

198 °C; IR (KBr) 2484 {broad), 1660, 1607 cm™!. Elemental
pnulysiz was previously described. ™
Complex 18. Brown plate crystals were prepared from
acstene by methed I in 93% yield; mp 176178 *C; IR (MBr)
2484 {broad}, 1660, 1607 em ™, Elemental analysis was provi-
pusly described. ¥
Complex 16 Brown plat crystala were prepared from
(1:4} thod Iin BE% yield; mp 218
220 *C; IR CI'CE") 2280*2850 2164, 2081, 1830, 1601, 1520
cm Anal. Caled for CuaBaN-OaBrs (L21) O, 46.22; H, 2.11:
N, £.88, Found: G, 46.11; H, 2.11; N, 5.42
Complex 17. Brown nsedle erystals were prepared from
acstonitrile—acetone (1:1) by method L iv 20% yield; mp 230~
231 ¢ IR (EB'} 2EBO—2650, 2158, 2062, 16.:.5 1500 am~t.
B Jysis was p i ¥ deseribed it
Comp!zx 18. Yellow needke erystats ware prepared from
acetonitrile by method I in 82% yield; mp > 3380 *C; IR (KBr}
28B0—2880, 2203 (strong), 1632, 1543 cm~. Anal, Caled for
CaoElolNeQy (1:1): C, 88.88; H, 2.8 N, 15.84 Found: C, 64.01;
H, 285 N, 15.42
X-ray Crystallography. Reflection data were callected on
s Rigalm AFC-TR diffractometar using Me Ea radiation ( =
0.710 69 A) and Enxat-Nenius CADY diffraciometer using Ca
Ko radiation (1 = 154178 &) at 2606 K. No eboorption
eorrection was applied for all crystals except the romplexes
13 =nd 16 ion correcton was applied to 13 and 16
uging empivical procedures based on azimuthel ¢ scans of
seven reflections having an Euleriac angle, x, nesr 80°, All
structures were solved by diract methods and refined by full-
inatriz least-nquares on f? with SHELX-97.% All non-hydrogen
atorms were refined anisotropically. All hydrogen atoms wers
Jocalized in the Fourisr maps and refined wnt.mmr:a]l
Crystal data for 5: CosHuwBroNDy, fw = §10.26, mone-
chinic, space group P2y/n, o = EBZ7(1) b 11 ESSC])A, o=
1L191(1)A B = 92.6%8), V= 1168.1(2) A%, Z= 2, D, = L.735
g <m™, F(O00) = 608, AC\: Be) = 4770 mm-t, erystal
. dimensiong = 0.26 x 0. 20 x 080 mmd, 2545 veflackions
collected, 2891 independent (R, = 0.0356), K1 = 0.0349, wR2
= 0,0956 for I > 20(I}, B1 = 0.0389, wR2 = (.0890, § = 1.060
for all data.
Crystal data for & CnsHmGlzNA};, fiw = §21.34, mono-
clinic, space grovp P2y, o = 8 3979(E> L, b=1153THE) A ¢
Toe=i1 29911(5")1\,[5 B1BTA4), Ve 11SR6(D AL, Z =2, 1, =
L1527 g cm™?, F{000) = 556, #{Cu Ka) = 2.
dimensions = D26 x 0,10 x 0,10 mmd, 2456 reflections
liected, 28082 ind dent (Al = 0.0222), R1 = 0.0858, wR2
= 0.0869 for I > 2a(f}, R1 = (L0701, wR2 = (,1004, § = 0.298
for a1l date. : :
Crvstal dats for 71 ChelalNgDy, fwr = 208 28, menoclinic,
&pace group C2c, = 20.778(3) b, b = 7.1001(N A, ¢ = 5.157.
(1) A, B = DA.BEEITY, V = 1348.5(3) A%, Z = 4, D, = 1480 g
em™¥, FO0D) = 616, £(Cu Ked = 0,882 mm™%, eryetal dimen-
sione = 0.28 x 0. 10 x 0.02 mm?, 1184 reflactions collected,
1150 independent (B =~ 0.1124),'R1 = 0.0613, wi2 = 0.1267
3:17 2all), R1==02132 wR2 = 01859, & = 0.982 foxr all
te.
Cryetsl dsta for 10 CuHuBrall0,, fw = 480.12, meno-
clinie, space proup P2y, o = B.ABL6(5) &, b =B DDOl(G)A c=

(24} Sheldrick, @. M., SHEL XﬂB? ?-ogm.m ﬁ:r thr Saiu.!wn and the
Reﬁmmm af Crys Structures; U
. Germany, 18

g oo,

f. Org. Chem., Vol. ES Nao. 18, 2001 BASE

132611 A, = 104.405(6)°, V= B58.1(1) &5, Z w 2, D, = 1858
F(O00) = 472, wCu Ko} = LE5B mu-l, crystal
dimensions = 0.10 x .10 x 010 mm? 1888 reflectione
collacted, 1760 independent (Fi: = 0.0202), R1=0.0341, wR2

= 0.0808 for I > 2a(l), R1~ {.0528, wh2 = 0.1684, § = 0.870

for all data.

Crystal data for 11 CipElpClaN Oy, fw = 391.20, mons-
clinic, space group P2/, o = 8.9843(6) A, b = 1. 8.‘)04(5) A=
12, gzu(sm, £ = 105.083:7)", V¥ = 8R5.8(2) A%, Z = 2, D, = 1573
g om™, PO = 400, ,u(Cu Koy = 37784 mm™, aystal
dimensions = 0.10 x 0.10 x 0.02 mm’, 1762 reflections
eollected, 1688 independent (Fiy = 0.0492), R1 = (.0468, wRZ
—-01_23an\"1> 2o(l), R1 = 0. 12041 wR2 = 0.1589, § == 0,818
for all data.

Crystal data for 12 CuH\sNzO fwr == 320,80, monuc!!.’mc,
space group PRun, a = 3.815(2) A, b = 10,554(2) 4, ¢ = 18.393-
(VA f=98.4%2)", V=T40.0(0) A%, Z 2= 2, D = 1438 gom™,
F(ODO) = 333, ﬂ(MoKu) £.104 mm" crystal dimensions =
820 x 0.10 x 0083 mm?® 1529 reﬁecﬁma collested, 1352
independent (Rie = 0,0258), Rl = 0.0472, wR2 == 0.1088 for I
> 2D}, Bl = 0.1288, wR2 = 0.1280, & = (.924 for all data.

Crystal date for 18: CygH thzO‘, far = 478,30, frickinic,

space proup P1, a = 3.9452(2)
(8 A, 0= 60.946(2)°, § = 55 AH2Y, y = B4.022(8)F, V= 418.0d-
(3) A%, Z = 1, D, = 1885 g am™3, FO00) = 284, s(Cu Ka) =
1.885 mm", arynml dimenzions = 0.35 x 0.10 x 0.02 mms,
1781 reflections collected, 1691 independent (Rin = 9.0141),
R = 0.0320, wRE = 0.086% for I > 2a(l}, Bl = 0.0850, wRZ =
{$.0892, 8 = 1015 for all data.

Cryml data for 16 CweHuBriNeG,, fw = 478.10, monos
clinic, space group Flyn, @ = 132110 A, & = 6.8089(8) 4, ¢
= ]18.808(2) A, B = 05.49(2)°, V = 16986, 5(3) AL Z =4 D =
1.872 g em™?, F(OO0) = 938, p(Cu Ka) = 5 316 m.m"‘
dimengions = 0.20 x 0.15 x 0.0 mm?®, 35666 reflections
callecied, 3459 independent (R = 0.0185) Rt =0 0368, wk2
= {, DGBGfar!> 2otl), R = 0.0687, wR2 = 0.1113, § = 0931
for atl data.

Crystal data for 18 CalliolN4Os fw = 370.30, tuchmc,

ace group PL, @ = 8.810(7) A, b= 9,827(14) A, ¢ = 5.323(6)
5, o 102.T1010°, £ = 10485}, ¢ = 104 66(12)", V = 415.0-
(8} A3, Z =1, 1) = 1482 g em™?, F{mo) = 160, Mo Ko} =
0.207 mm™, crystal dimensions = 0.30 x 0.20 x 0.02 mm?,
1620 reflecti flected, 1516 independent (Rue = 0.1186),
RI = 0.0584, wR2 = 0.1150 for I > 20{l), Rl = 05.3808, WRR"
0.1880, § = 0,890 for a1l data.
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lographic data {ORTEP drewings and tables of the erystal
date, bend lengths and mngles, nlowmis coordinates, and aniso-
tropic thermel perameters) for 57, 10-18; 18, and 18. This
maierial is available vie the Internet at ht.tp:lfpubs.acs,org.
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Steric Control of Secondary, Solid-State Architecture in 1:1
Complexes of Melamines and Barbiturates That Crystallize as

Crinkled Tapes
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Contribution fram the Department of Chemistry, Harvard University,
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Abstract: This paper describes the single-crystal Xoray structures of four 101 complexes between NV i{tert-butyd)-
melamine and 5,5-disubstitated barbituric acids (substituents = CHLCHy, CHLCE, CHyL and CHg). These complexes
erystallize as infinite “crinkled” tupes having components jolned by a triad of hydrogen bonds. The tapes are prevented
from adopting 1 Hnear motif due to steric repulsion between terf-buty! groups on adjacent melamines: the crinkled motif
avoids such repulsion. The tape backbones deviate {rom planarity to permit close packing of the crinkled tapes.
Crystals of these complexes of u size and shape suitabie for single-crysial Xeray diffeaction analysis are readily grown;
this system therefore seems well-suited for systemuatic study of the relationships between molecular and orystalline

structure.

Introduction

We are studying the solid-state structures of 1:1 coerystals of
derivatives of melamineand of barbituric acid. - These coerystals
consist of crystaliographically infinite hydrogen-bonded tapes
that pack with their long axes parallel. By varying the steric
properties of the substituents on the melamine component, we
have prepared examples of linear tapes® and crinkled tapes,®*
We have also obtained one cyelic pseudo-Cy structure {4
“rosette™) 4 These three stractural motifs are the simplest ones
that can be derived from the complex between cyanusic ncid and
melamine (CAM).

Qur previous work has kept the barbiturate component constant
{as barbital, BarlEOy), and varied the structure of the melamine.
In the research reporied in this paper, by contrast, we held the
melamine component constant (as ¥ NV di(rert-butylimetaming,
Mel(*Buly) and varied the barbiturate. One goal of this work
was 1o test the hypothesis that sterically hindered substituents on
the melamine would yield erinkled tapes, We chose Mel{'Bu),
because i1 a truncated version of the melamine—AN N bis{4-
fere-butylphenylimelamine-—that produced a rosetie; we have
rationalized the formation of the cyelic structure on the basis of
the steric demunds of the terr<butyl group? We also wished

H M 0
N7 ?é “
H NS )\ H o) 8]
“‘N/L‘ NT N a” R
: ! R a
/= /3 CHy THy
H H CHCHy  CHLCH,
gnﬁcm CHLCF,
Mal(Bu, s Gt
Bar(FYRY)

@ Absiract published in Advamee ACY dbseracts, Apeil 1, 1994,

{1y Zerkewski, JA G Sete, O 1 Wierda, D, AL Whitesides, G MU, oo,
Chenr, See. 1990, 112, 9028,

(23 Zerkowski, AL Sote, QT Whitesides, G M. . . Chem, Soc,
1992, 114, 8473,

{33 Zerkowski, 3 Ao MacDonadd, 1. Co Sato, € 1o Wierda, 1 AL
Wihitesides, G. M, 1. Am. Chenn, Soe. 1994, 114, 2382,

{4y Zerkewski, LA Mathias, 5 Py Whitesides, G ML 4L 4 Chem Sae.,
following paper in (hig igsue,

Figure 1. Top: Hypothetical finear tape of the Mel(¥Bu) Bar{CHy)y
vomplex, with regions of steric repulsion indicated by arrows, Bottom:
The observed orinkled format of this complex, which relieves the sterie
hindrance.

simply (o explore the influence of the substituents on the
barbiturate on the solid-state structure: we are still surveying
the range of solid-state structures accessible through manipulation
of variants of CAM, and we expeet these daw to complement
those obtained in other studies.

Results

Formation and Features of Crinkled Tapes, The bulky rers-
butyl substituent makes formation of lincar tapes impossible for
steric reasons. Figure 1 (top) shows regions of steric repulsion
berween the fert-butyl groups of adjacent melamines in a
hypothetical Hnear tape incorporating Mel(*Bu)y. The bottom
of the figure shows that the crinkled format avoids such steric
repulsion: the rere-butyl groups are separated and are disposed
an opposite sides of the tape’ One crystallographic axs
{underlingd in Table 1) is the repeat distance in a crinkled 1pe.

0002-TRE3/94/1518-4208504.50/0  © 1994 American Chemical SBocisty
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Steric Control of Cocrystalline Architecture

Table 1. Crystallographic Data for Mel{‘Bu)yBar(R)(R’) Complexes

J. Am. Chem. Soc., Vol. 116, No. 10, 1994 4299

solvent* of deviation from

R,R’ space group  a (A) b(A) c(A) 8¢ (deg) Rb Gt pf(g/em®)  crystallization  planarity (A)
Et, Et Pna?, 13.634 11.708 15.739¢ 0.037 0.62 1.149 MeOH 0.54
Et, CH,CF; P2;2:12; 12,975 15.709 12.796 0.089 0.61 1.214 EtOH 0.78
Me, Me P2 /e 11,451 16.285 11.665 98.23 0.052 0.66 1.217 MeOH 0.29
Ph, Ph P2 /c 15.103 15.829 12.642 114.65 0.060 0.68 1.254 MeOH 0.58

a A blank indicates that the angle is constrained to be 90°, 5 R = L|F, ~ F|/LF.. ¢ This value is the packing coefficient based on molecular volumes
calculated with MacroModel (see the Results section for the definition of Cy and ref 3 for a discussion of the relationship between Cy and Cy®). 4 This
value is the calculated density. ¢ No solvent is included in the crystal lattice in any of these complexes. / This value is the average deviation of the atoms
in the tape backbone from the mean plane of the backbone. # The underlined cell dimensions represent the repeat distance in a tape (see the Results

section).

Flgure 2, Side views of crinkled tapes of Mel(*Bu); complexes showing their deviation from planarity: (A) Bar(Et)(CH2CF,) complex; (B) Bar(Ph),
complex; (C) Bar(Et); complex; (D) Bar(CHj); complex. The deviation decreases from A to D (see Table 1), The arrow indicates the direction of
a view down the long tape axes. The filled-in tere-butyl groups are on the edges of the tapes that are nearer to the viewer.

This distance is the length of a screw-related pair of Mel:Bar
dimers along the tape axis, illustrated, for example, by the distance
between symmetry-equivalent filled-in tert-butyl groups in Figure
2. Figure 2 also shows that the crinkled tapes deviate from
planarity in a direction perpendicular to the infinite hydrogen-
bonded axis. This deformation, or “waviness”, turns the crinkled
tapes into quasi-three-dimensional structures, To a first ap-
proximation, thereis a rough trend between the degree of waviness
and the size of the axis underlined in Table 1. The tape with the
greatest deviation from planarity (the complex with Bar(Et)-
(CH,CF;)) has the shortest unit projection (15.709 A) along the
tape axis.

At the macroscopic level, crystals of these crinkled tapes are
blocky chunks or plates. Crystals of linear tapes, by contrast,
were most frequently obtained as fine needles, 2 morphology that
reflected the parallel packing of the linear tapes.? In addition,
crystals of crinkled tapes were on average larger than crystals of
linear tapes. A fixed-tube X-ray source, rather than a rotating
anode generator, could therefore have been used for single-crystal
X-ray analysis, Equally importantly, the crystals of these Mel-

(5) Stericrepulsion was also responsible for crinkling in the complex between
N N%bis(4-methoxycarbonylphenyl)melamine and barbital that we reported
previously.?

(!Bu); complexes were easier to grow than crystals of complexes
of para-substituted diphenylmelamines and barbital 36
Selid-State Structures of Complexes of Mel(*Bu)yBar(R)(R’).
Toconvey the important points of intermolecular orientation, we
have constructed conglomerate pictures (Figures 3-6) showing
several views of tape packingat once. Thedeviation from planarity
of these crinkled tapes makes them appear “thicker” than linear
tapes in anend-on view. Nonetheless, such a view (looking down
the crystallographically infinite hydrogen-bonded axis) is still
useful in showing the relative orientation, or the tertiary
architecture, of tapes. Table 1 lists crystallographic data and
some geometric parameters of tape packing.
N,N"-Di(ter¢-butylymelamine /Barbital, Mel('Bu),-Bar(Et), (Fig-
ure 3). This complex was investigated to provide a compatison
to our previous work on systems that contained Bar(Et); and
substituted diphenylmelamines. Theonly variable structural unit
in these cocrystals is thus the melamine, and crinkling can be
attributed to its characteristics. The backbone of this tape is
wavy (Table 1 and Figures 2 and 3): the average displacement
of the atoms in the tape backbone from their own mean plane is

(6) Thisreadycrystallizationis attested toby thefact that the single crystals
of Mel('Bu)yBar(Et); and Mel(*Bu)yBar(Et){CH,CF3) used for diffraction
were obtained from the very first crystallization attempts made on these
complexes.
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Figure 3, Views of the Met{Bu)yBar{Et); complex. Alkyl hydrogens
have been omitted from the contral and bottom views, In this and the
fotlowing figures, tapes that appear in more than one view are drawn with
thermal ellipsolds in the central, end-on view and are connected with
vertical dotted Hues. [n the bottom view, the highlighted tapes are nearer
to the viewss.

0.54 A7 By vontrast, the seven linear tapes of complexes of
parg-substituted diphenylmelamines with barbital that we re

Zerkowski and Whitesides
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Figure 4. Views of the Mel(BuyBar(EQy{(CHCFy) complex, Alkyl
Biydrogens have been omitted from the central and bottom views,
ported previously are less wavy, with an average deviaton from
planarity of 0.13 A3

{73 We define the mean plane of & Jape as the six ring atoms of each
heterceycle plus the theee hydrogen-bonding exotyelic heterontoms, three
nitrogens for the melamine and three oxygens for the barbiturate,
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Figure §. Views of the Mel(*BuyrBae{UHs)y complex. Alky!l bydrogens have been omitted from the central view,

ANDi{fere-butyD melamine /8- Ethyl-8-(2,2,2-triflucroethyl)-
barbituric Acid, Mel{'Bu)y/Bar{(EG(CH,CFy) (Figure 4). This
complex represents a minimal sterie perturbation on the Bar
{Et); complex. We are also interested in studying the packing
of compounds comtaining fluorocarbon units, tosee if the fluorines
segregate away from hydrocarbon regions or exbibitother patterns
of behavior that might be used 1o contrel solid-state structure.
The stacking of the Mel('Buy Bar (EO{CHCF,) erinkled wapes
is similar to that of the Mel{(*Ba)yBar(Et); tapes, To this solid-
state structure, there are also no fluorine-rich regions and no
contacts under the sums of van der Waals radii involving
fluorines.

N N-Di{tert-butylimelamine /5,8 Dimethyibarbiturie Adid, Mel-
{"Buyp Bar{CHa)y (Figure 8). We investigated this complex

beeause it s an abbreviated anadogue of the Bar(El), complex
that is, the size of the barbiturate substituent has been decreased,
The tape backbones are less wavy than in the steuctures
incorporating Bar(Et)y and Bar(EO(CHLOF,) (Table 1),

NNVD tere-butyDmelamine/ 5.5 Diphenylbarbituric Ackd, Mel-
(*BudyBar(Ph)y (Figure 6} In this complex, the sterie perturba-
tion of the barbiturate substituent is in the opposite direction
from Bar(CHy)y the phenyl groups are larger and more rigid
than the ethyl groups. The phenyl rings are not packed in either
edge-to-face or face-to-face orientations. There is, however, a
CHO contact (2.5 A, Lo ~ 2.7 A) between a barbiturate
oxygen on one tape and an o-phenyl proton in an overlapping
tape {¢.g. tapes A and D in Figuee 6).8

Packing Fractions {(Tuble 1}, The packing fraction € s a
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Frgure 6. Views of the Met{'Bulyp Bar{Phd; complex. Alkyl and aeyl hydrogons bave been omitied {rom the central view,

measure of the completencss with which the molecules of a crystal
fill space;® our modified value G is baged on molecular volumes
caloulated using MucroModel ™ The €% values for the two

{83 Wedagothnow if this comtact bs stiractiveor repulsive, Pora discussion
of CHeO contasts, sews Desiraju, G, R Ave, Chem, Res. 1991, 24, 290

herringbone complexes, Mel{'Bu)y Bar (Et); and Mel{'Bu)y Bar-
(EO(CHLCE,), are at the Jower end of the normal range.'!
Nonetheless, there are no discrete cavities large enough t allow
inclusion of solvent molecules. The mean value for these four
erinkled tape complexes, 0.64, is lower than that (0.69) for the
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Steric Control of Cocrystalline Architecture

linear tape complexes of para-substituted diphenylmelamines with
barbital.3

Discussion

The results presented here confirm our hypothesis that steric
hindrance involving the tert-butyl substituents of the melamine
would force hydrogen-bonded tapes to pack in a crinkled motif
rather than in a linear motif. The most important result of this
work, therefore, is that the secondary crystalline architecture
(the tape motif: linear, crinkled, or cyclic) of complexes of
melamines and barbiturates can be predicted and controlled using
steric effects. We have not yet searched for polymorphism in
these complexes, but we do believe that Mel(*Bu); will reliably
yield crinkled tapes.

At the level of tertiary architecture (the stacking of tapes in
the crystal), we propose that the deviation of crinkled tapes from
planarity to produce a wavy shape (Figure 2) occurs to maximize
packing efficiency. This observation is consistent with the broad
guideline that, in crystals in general, intermolecular contact of
van der Waals surfaces tends toward a maximum.%!! In these
crystals of crinkled tapes, regions of space that would otherwise
be voids are filled by the deformation of the hydrogen-bonded
backbone of tapes from planarity. The views at the bottoms of
Figures 3 and 4 illustrate this increased packing efficiency for the
two complexes (those with Bar(Et); and Bar(Et)(CH,CF,)) that
adopt the herringbone pattern. Two adjacent, perpendicular
tapes fit together compactly, by matching the crinkling of one
and the waviness of the other. Figure 7 presents a closeup view
of these relationships.

In wavy tapes, the hydrogen bonds are bent from linearity.
For the N—-H-O bonds, the angles at hydrogen are 167°, 145°,
175°, and 157°, and for the N~H-N bonds, the angles are 174°
and 173°. The hydrogenatoms involved in these hydrogen bonds
were located crystallographically from electron density maps.
Bent hydrogen bonds are frequently observed in crystal structures
and do not appear to be energetically unfavorable (although there
must be a level of deformation beyond which the tapes would not
hold together).12.13

Conclusions

The four crystal structures of complexes of Mel('Bu); with
barbiturates show that the triad of hydrogen bonds that holds
together crystallographically infinite tapes is robust to substitu-
tions that cause unfavorable intratape steric interactions, The
formation of crinkled tapes can be rationalized using steric argu-
ments: bulky substituents on the melamines (here, tert-butyl
groups) prevent adoption of a linear format and force tapes to
crinkle. Interms of designing organic solids, we expect to be able
to use this effect to obtain crystals built from the crinkled structural
motif. In fact, the ease of crystallization of these crinkled tapes
recommends their use in systematic physical-organic studies of
the solid state. Another result instructive for future work is that
tapes are tolerant of different classes of substituents (alkyl and
aryl groups) on both melamine and barbiturate components,
Systematic variation on either component is a valid approach to
crystal engineering.

(9) Cy = NoVoi/ Vien, where N is the number of molecules in a unit cell,
Vol is the molecular volume, and Vy is the volume of the unit cell.
Kitaigorodsky, A. 1. Organic Chemical Crysiallography; Consultants Bu-
reau: New York, 1961.

(10) See ref 3 for a discussion of the relationship of (,* to Cy.

(11) Values of Cy usually range from roughly 0.65 to 0.77. Desiraju, G,
Rg' Crystal Engineering: The Design of Organic Solids; Elsevier: New York,
1989,

(12) Taylor, R.; Kennard, O. dcc. Chem. Res. 1984, 17, 320,

(13) Gas-phase studies have shown that linear hydrogen bonds are the
moststable (Legon, A, C.; Miller, D.J. Ace, Chem. Res. 1987, 20, 39), Crystals,
however, need to bal a8 ber of inter lar forces, and hydrogen
bonds seem to be ableto deform to someextent to permit close packing betweon
other parts of molecules, )13
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Figure 7. View of two adjacent, roughly perpendicular tapes of Mel-
(‘Bu)z-Bar(Et); showing the steric complementarity of their fit. The
tape on the right is viewed from the side; the tape on the left is tilted
approximately 25° out of the plane of the page (see Figure 3). The
deviations from planarity of the tape viewed perpendicularly to the mean
plane of its hydrogen bond network (right) clearly are complementary
to the protuberances and indentations of the quasiperpendicular tape
(left). -

While we still have no clear rationalization of intertape packing,
we note that it is possible to relate the waviness of a tape—that
is, the deviation of its hydrogen-bonded backbone from
planarity—to the minimization of voids (and the maximization
of the packing fraction, Ci) in the crystal. Crinkled tapes appear
to deviate from planarity in order to pack as closely as possible
to neighboring tapes. Since our system of tapes appears to be
robust enough to tolerate a range of substitutional modifications,
we believe that experiments designed to examine the consequences
of steric perturbations on packing can be performed in a controlled
and consistent fashion.

This system provides another model with which to study the
physical-organic chemistry of the solid state. It should provide
a consistent molecular framework—parallel, crinkled tapes—with
which to probe relations between molecular and crystalline
structure,

Experimental Section

General. rert-Butylamine was obtained from Aldrich Chemicals, Both
5,5-dimethylbarbituric acid'4 and $5,5-diphenylbarbituric acid!¥ were
prepared by literature procedures. General techniques wereas previously
published.?

(14) (=) Organic Synthases; Blatt, A, H,, Bd.; Wiley and Sons: New York,
1943; Collect. Vol. II, p 60, (b) Thorns, J. T. J. Chem. Soc. 1881, 39, §43,
(13) McElvain, 8, M, J. Am, Chem, Soc, 1938, 57, 1303,
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2-Amino-4,6-bis(tert-butylamine)-1,3,5-triazine (Mel(‘Bu)z). A solu-
tion of cyanuric chloride (2.0 g, 10.8 mmol) was prepared in 100 mL of
freshly distilled THF in a round-bottomed flask and cooled in an ice-
water bath, A solution of tert-butylamine (1.14 mL, 10.8 mmol) and
diisopropylethylamine (1.88 mL, 10.8 mmol) in 20 mL of THF was added
from a dropping funnel over the course of 15 min with magnetic stirring.
When addition was complete, the ice-water bath was removed and stirring
was continued for another hour. The mixture was heated to refluxinan
oil bath and another equivalent each of tert-butylamine and diiso-
propylethylamine (in 20 mL of THF) was added. Since the boiling point
of tert-butylamine is 46 °C, some of this compound was lost to the
atmosphere, even with a water-cooled condenser affixed to the reaction
flask, Over the course of another 3 h, additional portions of a rert-
butylamine solution in THF were added to the reaction, amounting to
anadditional 0.4 equiv. This amount was sufficient to produce primarily
one product (2-chloro-4,6-bis(tert-butylamino)-1,3,5:triazine) as deter-
mined by TLC. Thereaction was cooled to room temperature, and solvent
was removed by rotary evaporation at aspirator pressure. The residue
was slurried in 100 mL of diethyl ether and solids were removed by
filtration at aspirator pressure through a short plug of silica gel, which
was then washed with more diethyl ether (3 X 30mL). Theethersolutions
were combined, and solvent was removed by rotary evaporation at aspirator
pressure.

The 2-chlore-4,6-bis{fers-butylamino)-1,3,5-triazine was placed in a
15-mL pressure bottle along with a magnetic stirring bar, approximately
8 mL of 21 1,4-dioxane/H30, and 3 mL of 30% NH4OH. The pressure
bottle was capped and heated in an oil bath to 100~105 °C (CAUTION:
behind a safety shield). Heating was continued for 5 h, after which the
pressure bottle was cocled to room temperature and opened. TLC
indicated that some starting material remained, but the most intense spot
was the product di(ters-butylymelamine. The reaction mixturewas poured
into 150 mL of H;O and stirred well. The precipitated product was
collected by vacuum filtration, washed with H,0 (2 X 25 mL), and dried
on a vacuum line at 0.1 Torr for several hours. It was then purified by
chromatography on silica gel with ethyl acetate as eluant (Ry = 0.3). The
product, after rotary evaporation of solvent, was a white solid (1.57 g,
61%): melting point 166-7 °C; '"H NMR (300 MHz, CDCl;) 6 4.85 (br
s,2H),4.5 (brs, 2 H), 1.4 (s, 18 H); HRMS-EI (M*) caled for C;;HaaNg
238.1906, found 238.1913.

5.Ethyl-5-(2,2,2-trifluoroethyl)barbituric acid. The precursor 2,2,2-
trifluoroethyl trifluoromethanesulfonate was prepared by a literature
procedure from 2,2,2-trifluoroethanol, (CF3803),;0, and pyridine in
CFCl3.16 A solution of thistriflucromethanesulfonate (2.46 g, 10.6 mmol)
in 10 mL of freshly distilled diethy] ether was added over the course of
30 min from a dropping funnel to a refluxing solution of diethyl malonate
(1.52 mL, 10 mmol) and NaH (80% by weight, 0.30 g, 10 mmol) in 100
mL of EtOH. Reflux was continued for 3 h, at which point an aliquot
was removed, concentrated by rotary evaporation at aspirator pressure,
and dried on a vacuum line at 0.1 Torr. The desired diethyl 2,2,2-
trifluoroethyimalonate had been formed, as determined by 'H NMR
spectroscopy and comparison to literature chemical shifts.'” Refluxing
was continued for another 2 h, after which ethyl iodide (1.2 mL, 15
mmol) and powdered anhydrous K,COj (1.66 g, 12 mmol) were added
to the mixture. Reflux was continued for 3 days. The reaction mixture
was cooled to room temperature and solids were removed by filtration
ataspirator pressure. Solventand excess ethyliodide were removed from

(16) Gassman, P, G.; Harrington, C. K. J. Org. Chem. 1984, 49, 2765.
{17) Muller, N. J. Org. Chem. 1986, 51, 263.
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the filtrate by rotary evaporation at aspirator pressure. The resulting
colorless oil was judged by 'H NMR spectroscopy to be sufficiently pure
diethyl ethyl(2,2,2-trifluoroethyl)malonate to proceed to the next step.

A solution of the malonate (1.5 g, 5.6 mmol) in 20 mL of dry EtOH
was added in one portion to a gently refluxing homogeneous solution of
urea (0.53 g, 8.8 mmol) and sodium (0.37 g, 16 mmol) in 100 mL of dry
EtOH in a round-bottomed flask in an oil bath, The temperature of the
bath was increased to 105 °C, and reflux was continued overnight. The
reaction was then cooled to room temperature and solvent was removed
by rotary evaporation at aspirator pressure. The yellow residue thus
obtained was dissolved in 50 mL of H;O and washed with Et,0 (3 X 50
mL). The aqueous layer was neutralized by dropwise addition of
concentrated HCL. The resulting white precipitate was collected by
vacuum filtration at aspirator pressure and was recrystallized from hot
water, giving 0.73 g (55%) of the barbituric acid. Chemical shifis of the
"H NMR spectrum (300 MHz, acetone-ds) agreed with literature values.!?

Preparation of Complexes. Equimolar amounts of Mel(*Bu)z and the
barbiturate were dissolved together (in one flask) in THF, The solvent
was removed by rotary evaporation at aspirator pressure, and the
composition of the complex was checked by 'H NMR spectroscopy. If
integration of peaks indicated that one component was present in excess,
the other component was added to bring their ratio to 1:1. The melting
points of the complexes were the following: Mel(*Bu)y-Bar(Et),, 236-8
°C; Mel(*Bu);-Bar(Et)(CH CFs3), 245-7 °C; Mel(*Bu);-Bar{CH;)s,
248-50 °C; Mel(*Bu)sBar(Ph);, 2646 °C dec.

Crystallization of Complexes. Mel(*Bu)yBar(Et); and Mel(*Bu)z-
Bar(Ph);: Cryatals were grown by room-temperature evaporation of a
solution of the complex in MeOH in a 5-mL screw-top vial with the lid
resting loosely on top of the vial.

Mel(*Bu)z-Bar(Et)(CH;CF3) and Mel(*Bu)z-Bar(CHj)a: Crystals were
grown by allowing a solution of the complex in boiling EtOH or MeOH,
respectively, to cool to room temperature by enclosing a round-bottomed
flask containing the solution in a corked Dewar flask. The Dewar flask
was allowed to rest undisturbed for 24 h before opening it to check on
the progress of crystal growth.

X-ray Crystallography. For details of X-ray data collection, structure
solution, and refinement, see the supplementary material. Data were
collected on Mel(*Bu)y Bar(CHz)s, Mel(*Bu)zBar(Et)(CH;CF,), and
Mel(*Bu);-Bar(Ph); by Molecular Structure Corp., The Woodlands, TX,
on a Rigaku AFCSR diffractometer equipped with a rotating anode
generator. These structures were solved and refined at Harvard using
the Siemens SHELXTL-PLUS package of programs. Data collection,
structure solution, and refinement for Mel(*Bu)Bar{Et); were performed
by Crystalytics Co., Lincoln, NE.
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The concept of a C-He0 hydrogen bond, which is
becoming increasingly important for our understanding
of how molecules align themselves in crystals, dates
back to Pauling’s cbservation that the boiling point of
acetyl chloride (51 °C) is substantially higher than that
of trifluoroacetyl chloride (<0 °C). He ascribed this
discrepancy to hydrogen-bond formation even though
the expected hydrogen-bonding groups are not present.!
In other early studies, Glasstone suggested that com-
plexes of haloforms with ketones (X,C—H-.0=C<)
have a definite existence,? while Jeffrey correlated the
relatively high melting point of dimethyl oxalate (54 °C)
with methyl--carbonyl interactions in the crystal? The
ever-growing literature on C-H~0 bonds, the increasing
interest in molecular and crystal engineering,! and the
work carried out in our laboratories during the last three
years has prompted the writing of the present Account.

Posing the question in the title of this Account in a
provocative article,® Donohue gave a derisive answer:
“It isn’t”. His remark proved to be the nemesis of
structural chemists, who for more than a decade
thereafter shunned the idea of a C~H group forming a
hydrogen bond with electronegative atoms. Donohue’s

comment was a rebuttal to Sutor, who assumed a van

der Waals distance of 2.6 A for the H--O contact and
claimed that C-H--0 hydrogen bonds exist in caffeine
(H.+0, 2.07 &), theophylline (2.25 A}, and other com-
pounds.®’ Donochue, however, argued that the 2.6-A
value was inappropriate. Quoting Ramachandran’s
values for “normally allowed” (2.4 A) and “outer limit”
(2.2 A) O-H distances,® he claimed that no special
bonding effects are needed to explain Sutor's C~-H.-0O
geometries. In retrospect, it is interesting to note that
Ramachandran always believed that C-H--0 hydrogen
bonds exist and that they contribute significantly to the
stability of biomolecules!® The distance ranges were
apparently mentioned by him merely to alert crystal-
lographers about different types of O-H contacts. In
the hiatus that followed, a solitary article by Cohen on
the structural chemistry of quinones is noteworthy'°
because it hints that C-H--0 bond strengths need not
be well-correlated with O--H distances and because it
identifies C-H--Q interactions as “lateral” in crystal
structures of planar molecules.

A landmark study by Taylor and Kennard in 1982
provided conclusive evidence of the existence of C-H--QO
hydrogen bonds in crystals.!! These authors showed
that C~H+0 contacts are slectrostatic and that they
occur within certain distance (C--O, 3.0-4.0 A) and
angle (C-H--0, 90-180°) ranges. We identified these
directional preferences in several crystal structures of
planar oxygenated compounds,’? and an Account pub-

Gautam R, Desiraju was born in Madras in 1952, obtained his Ph.D. in
1576 at the University of Ilincis at Urbana-Champaign, and is now a Profes-
sor of Chemistry at the Central University of Hyderabad. His research inter-
ests are in the arsa of crystal enginsaring, molacular recegnition, and mate-
rigls chemistry,

lished in 1986 delineates the role of these C~H-0 in-
teractions in crystal engineering.!®* The choice between
several competing packing arrangements of these planar
compounds may be understood only by a consideration
of the directional properties of weak C-H--O bonds
present in these structures.

Today, there is a consensus that C-H«Q bonds have
significant implications in many diverse areas of
structural chemistry. These interactions are no longer
considered an esoteric phenomenon with little practical
importance or as a mere hunting ground for crystallo-
graphic disputes. Owing to the frequent ocecurrence of
oxygen in organic compounds (68% of 1991 Cambridge
Database!® entries), thousands of crystal structures
must contain short C--0 distances, many of which could
arise from C-H-+O bonds. The significance of these
C-H...Q interactions in a particular structure increases
with their number relative to the stronger O~H-( and
N-H-0 interactions. Further, the energy of the C-
H-0 bond (1~2 keal/mol) is just in the range where it
can compete with conformational forces in small mol-
ecules and with forces responsible for the tertiary
structure of macromolecules. Accordingly, a preferred
molecular conformation in an organic solvent may vield
to an “unfavorable” conformation in aqueous media
because of additional C-H-0 stabilization, while an
appropriate C~H--O bond may clinch the site of protein
folding. C-H--0 interactions seem to determine the
ordering of CO and alkylidyne molecules in 2 mixed
adsorbate on a clean Pt(111) surface,’ and to specify
the stereochemistry of CH;OH inclusion within ZSM-5
zeolite channels.1®

In this Account, an attempt has been made to un-
derstand the significance of C~H«(Q hydrogen bonds
in organic crystals and to evaluate them more rigorously

(1} Pauling, L. The Nature of the Chemical Bond; 3rd ed.; Cornell
University Prees: Ithaca, 1860; p 459,

(2) Glasstone, 8. Trans. Faraday Soc. 1987, 33, 200.

(3) Dougill, M. W,; Jeffrey, G. A. Acta Crystallogr. 1958, 6, 831,

(4) Desiraju, G. R. Crystal Engineering: The Design of Organic
Solids; Flsevier: Amsterdam, 1989,

(5) Donohue, J. In Structural Chemistry and Molecular Biology; Rich,
A, Davidson, N, Eds.; W, H. Freeman: San Francisco, 1968; pp 459-463.

(8) Sutor, D. J. Nature 1982, 68, 195.

(7) Butor, D. J. J. Chem. Soc. 1963, 1105,

{8} Ramachandran, G. N.; Ramakrishnan, C.; Sasisekharan, V. J. Mol.
Biol. 1383, 7, 95,

(9} Ramakrishnan, C., personal communication, 1988,

(10) Bernstein, J.; Cohen, M. D,; Leiserowitz, L. In The Chemistry of
éQrfdnonoid Compounds; Patai, S., Ed,; Interscience: New York, 1974; p

(N

(11) Taylor, R.; Kennard, O. J, Am. Chem. Soc. 1982, 104, 5063.

{12) Sarma, J. A, R. P,; Desiraju, G. R, J. Chem. Soc., Perkin Trans,
2 1887, 1195.

(13) Sarma, J. A. R. P.; Desiraju, G. R. Acc. Chem. Res. 1986, 19, 222.

(14) Allen, F. H.; Bellard, 8,; Price, M. D.; Cartwright, B. A.; Dou-
bleday, A.: Higgs, H.; Hurnmelink, T.; Hummelink-Peters, B, G.; Ken-
nard, O.; Motherwell, W. D. 8.; Rodgers, J. R.; Watson, D. G, Acta
Crystallogr, 1979, B35, 2331.

15} Blackman, G. S.; Kao, C. T.; Bent, B. E.; Mate, C. M.; van Howe,
M. A; Somorjai, G, A, Surf. Sei. 1988, 66, 207,

(16) Catlow, C. R. A., personal communication, 1980.
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C-He} Hydrogen Bond in Crystals
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«(r interaction in the compounds (U1, R, JCH showing chosen limits for distances (D) and angles
rniees for the four eonapound categories In = 0, 1, 2, 3). Note that the histograms are offset according

to CoH aeidity. €, Gy, and Oy rafer to any alkyl or aryl groups B owhich are not electron-withdrawing.

using criteria which are customary for the stronger
N-H and O-He{) hydrogen honds: lengths, angles,
and effecte on physical, spectroscopic, and crvstallo-
graphic properties. Cne may ask: (a) Are certain in-
termolecular C-He( lengthe and angles characteristic
of certain dopor and acceptor groups? (b) Do C-HewO
intersctions resemble van der Waals forees or O-He()
and N-H-0 hydrogen bonds? (¢} Are some organic
crvetal structures defined and controlied by C-He{)
interactions, or do structures merely accornmodate the
C~He 0 geametey within the overall framework of van
der Waals forces and strong hydrogen bonds?

C~Heeo e Lengihs

The length, I, of a hydrogen bond is one of its most
characteristic attributes. For strong bonds, G0 and
N--0 distances are contered around 2,75 and 2.55 A,
respectively, and cluster within a nerrow range (0.2 A),

These nonbonded distances are significantly shorter
than the comventional van der Waals separations.”
The value of I is more sensitive to the nature of the
H atorn than fo the nature of the hasic acceptor: the
more acidic the hydrogen, the shorter the bond. For
C-He(3 bonds, the situation is far less clear-cut. Be-
cause of the very weakness of the interaction, C-H-G

{171 For inslance, seec {ad Bamschandran, G, B Venkatachelam, O
MLy Hrinom, 8. Biophys. JJ. 1986, 6, 848, (b} Rareakriehnsn, C. Prasad,
B fnt. . Proteine Res. 1971, 111 208, {o) Mitrs, 4o Bemabrishoan, O
int. . Pept. Protein Bes. 1977, 5. 27 {d) Tavlor, R Kennard, O
Versichel, W, J. Am. Chem. Soc. 1983, 108, 5781

bonds can be distorted by other crystal {orees and Co(}
distances with 3.0 < D < 4.0 A are common. Here, van
der Waals radii are not so helpful,

At this point, it should be emphagized that such radii
are empirical quantities that permit only an approxi-
mate rationalization of nonbonded distances in crystals,
Deviations are marked for weaker interactions, The
Sutor-Donchue-Ramachandran controversy arose
largely because of the srroneous assumption that a
particular set of van der Waals radii are constants of
fundamental importance and that interactions may be
termed “short” or “long” on this bagis. Even aniso-
tropic radii, advocated in recent times,'® appear to be
overparametrized quantities, sllowing for good agree-
ment with experiment but offering little by way of
chemical insight. In general, the use of any one con-
sistent set of isotropic radil is probably adequate. What
is of chemical Importance is a statistically significant
hift toward shorter or longer intermolecular distances
within a group of compounds.

The basic problem in svaluating the geometrical at-
tributes of 8 weak interaction such as the C-H-( hy-
drogen bond is & high nolse-to-information ratio. Since
the interaction is so easily deformed, the variation in
bond geometry is considerable and even careful crys-
tallographic studies may not lead to sensible conclusions
if the nuwmber of structures sampled is smaill. X a large
numnber of structures are exarnined, however, systematic
trends in the data may lead to & meaningful chemical
result, Chemisiry emerges from crystallography. A
statistical approach, greatly facilitated by the availa-

(18}
(19} labikawa, M. Tkuta, B.; Katade, M.; Sano, H. dcta Crystallogr,
1996, B4p, 592,

Nyburg, B C.; Faerman, C.; Prasad, L. Acte Crystailogr. 1983,
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bility of crystallographic databases, is therefore inva-
luable in the study of weak intermolecular interactions.

Accordingly, let us consider Figure 1, which is a his-
togram of C.-O distances in chloroalkanes (Cl;.,R,)-
C-H-0O with 0 £ n £ 3. The Cambridge Database was
used to retrieve all ordered structures of chloroform
solvates which have nonbonded contacts from the C~-H
group of CHCJ, to an O atom.® The mean C~Q length
for the 100 retrieved contacts with D < 3.90 A is 3.32
(2) A. When contacts from C~H groups in compounds
of the types RCHCI,, R,CHC], and RyCH to intermo-
lecular O were also retrieved (excluding cases with
strongly electron withdrawing substituents, R), the
mean -0 lengths obtained for 23, 87, and 868 contacts
respectively are 3.40 (3), 3.46 (2), and 3.59 (1) A, The
histograms for these four groups of compounds are
offset regularly, showing that, in general, shorter C—
HO contacts are obtained for more acidic C-H
groups. One must appreciate that this kind of infor-
mation could not have been obtained from a few
structures, since the histograms overlap in almost the
entire range 3.00~4.00 A and, in particular, in the region
3.30-3.80 A

A similar ansalysis was performed for C-H-~O bonds
involving alkyne (—C==(C-—H.0) and alkene (>C=C-
(R)—H-0) groups.?! The mean C-O distance for 105
alkyne geometries is 3.46 (2) A while that for 622 alkene
geometries is 3.64 (1) A. This large difference cannot
be rationalized on the basis of C-H bond length dif-
ferences but must result from carbon acidity differences
between alkyne and alkene C-H groups.

Are C~-H-0 distances greater than the van der Waals
limit significant? The above results show that system-
atic gradations in C-O distances for different types of
very weakly acidic C-H groups extend well beyond the
“conventional” van der Waals limit. This means that
the C~H--O contact is not really a van der Waals in-
teraction but is primarily electrostatic, falling off much
more slowly with distance. Now, electrostatic forces
between approaching molecules prior to crystallization
(r! dependence) are effective at distances longer than
those at which dispersion forces (%) are important. So,
even long C--0 separationsa (3.50-4.00 A) may have to
be considered seriously, and C~H~Q bonds may have
an orienting effect on molecules before the influence is
felt of van der Waals forces which will eventually de-
termine the packing of hydrocarbon residues in the
crystal. If this is the case, the surprising constancy of
the C-H-O angular geometry is readily explained.

C-He2e0 Angles

The relatively fixed angular geometries of C-H--O
bonds are striking because intermolecular angles are
usually deformed more easily than lengths. The im-
portant angular attributes of the C~H«Q bond are the
C-H-0 bending angle (8) and the H..0~C angle (¢).
While observed 6 values cluster in the range 150-160°,
Ramachandran and others have shown that, purely
from geometrical considerations and excluding energy
factors, the number of A~H-B bonds whose bending
angle lies in the range 6 to § + dd is proportional to 2»
sin 6 d8.112228  This geometrical correction leads to a

(20} Desiraju, G. R. J. Chem. Soc¢., Chem. Commun. 1989, 179.

(21) Desiraju, G. R. J. Chem. Soc., Chem. Commun. 1999, 454.

(22) Balasuk nian, R.; Chidamb R.; Ramachandran, G, N.
Biochim. Biophys. Acta 1970, 221, 186.

Desiraju

distribution that is clearly indicative of a linear inter-
action.

Curiously, this tendency toward linearity is shared
by both strong and weak C~H-0 bonds. In the study
of 622 alkene and 105 alkyne C—H-O bonds discussed
above, there is a 50% (alkyne) and 60% (alkene)
probability that 4 lies in the range 165~180°. It is in-
teresting that the longer alkene contacts are as linear
as (or even more linear than?) the shorter alkvne con-
tacts. In contrast, it appears that, for O-H--O and
N-H-0 hydrogen bonds, OO and N0 nonbonded
repulsions tend to straighten out the shorter bonds; in
other words, the stronger the bond, the more linear it
is likely to be.* That both strong and weak C-H--0O
bonds are linear would suggest that analogous C~0O
repulsion is not a major factor in determining bond
linearity. Perhaps the C--O distances are too long for
such repulsions to exert a significant effect on angle
geometry. Alternatively, alkyl-oxygen repulsion (R-0),
which is a possibility in alkenes (>C=C(R)—H~0) but
not in alkynes (—C==C—H.--0), may result in the al-
kene contacts being more linear.

That the C-H.+0 bond is electrostatic in character
is evidenced by the fact that the H atom tends to point
toward the lone pairs of the O atom rather than be
repelled by them, an illustration of the so-called Le-
gon-Millen rules.”® There is general agreement that,
for carbonyl acceptors, the He«O==C angle ¢ is distrib-
uted around 120° and that the C-H group lies in the
plane defined by the O lone pairs. For ethereal ac-
ceptors, the C—H bond tends to be in the plane of the
O lone pairs, but the directional preferences within this
plane, say toward the conventional lone pair directions,
are far less apparent. These preferences or lack thereof
have been justified theoretically.?

Spectroscopic Studies

If the C~H--O interaction is to be termed a hydrogen
bond, appropriate spectroscopic measurements should
reveal the effects of such bonding.”” The C~H stretch
in 1,3,5-trichlorobenzene is depressed by 35 cm™ in the
presence of pyridine, the result of a C~H--N bond.?®
Sim attempted to correlate IR spectral shifts of the
C(sp)~H bond between dilute solution and the solid
state with the corresponding C-O length in the crys-
tal.® However, this work was inconclusive because
C-H---0 bonds with more or less identical geometrical
properties (D, 8, ¢) were found to have significantly
different spectral shifts.® For example, in propargyl
2-bromo-3-nitrobenzoate (C~0Q, 3.39 A), the spectral
shift between the solid state and dilute CCl, solution
is 47 cm™, but in triethylprop-2-ynylammonium p-
bromobenzenesulfonate (C-O, 3.36 A), the corre-
sponding shift is 69 cm™. However, an increase from
two to nine in the number of compounds studied
sufficed to reveal clear chemical information. When we

(23) Kroon, J.; Kanters, J. A,; van Duijieveldt-van de Rijdt, J. G. C.
M.; Vliegenhardt, J. J. Mol. Struct. 1978, 24, 108,

(24) Taylor, R.; Kennard, O. Acc. Chem. Res. 1984, 17, 320,

{25) Legon, A, C.; Millen, D. J. Ace. Chem. Res. 1987, 20, 39.

(26) Legon, A, C.; Millen, D, 4. Chem. Soc, Rev. 1987, 16, 467.

(27) Green, R. D. Hydrogen Bonding by C~H Groups; Wiley: New
York, 1974.

(28) Allerhand, A; Schleyer, P. v. R. J. Am. Chem. Soc. 1963, 85, 1715.

(29) Calabrese, . C.; McPhail, A. T.; 8im, G. A. J. Chem. Soc. B 1966,
1235.

(30} Calabrese, J. C.; McPhail, A, T,; 8im, G. A. J. Chem. Soc. B 1979,
282,
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Figure 2. A correlation between crystallographic and spectro-
scopic (IR) properties of some C-H-~O bonded terminal acetylenes.
Structural formulas and Cambridge Database refcodes are given.
In the compound BEVNIZ, the acetylenic H atom does not make
& close approach to an intermolecular O atom and the C-H
stretching frequency in the solid state and solution are identical.

redid Sim’s work with nine terminal acetylenes, we
noted a good correlation between the solid-state C-
(sp)-H stretching frequencies and intermolecular C+Q
distances (Figure 2).3! The bromobenzenesulfonate
studied by Sim now appears to be an outlier. We found
that a closer approach of the oxygen atom progressively
weakens the acetylenic C-H bond, suggesting that the
C-H-0 contact is a bonding interaction. Figure 2 also
shows that the formation of a typical C-H«-Q bond with
D ~ 3.2 A releases an amount of energy equivalent to
100 em™, that'is, ca. 0.3 kcal/mol. Undoubtedly there
is considerable scatter in C-H-0O distances, and in
retrospect, the early literature on C-H~Q interactions
appears confusing because a statistically significant
number of compounds were not studied.

In general, a sufficiently activated C~H group seems
to be required to observe consistent spectral shifts, and
there exist a number of related studies involving ace-
tylenes. The forbidden C==C stretch in unsubstituted
acetylene appears in the IR spectrum in the presence
of donor solvents like acetone, indicating the removal
of symmetry by intermolecular association.?” Com-
plexes of acetylene with water and other oxygen-con-
taining bases have been isolated in inert matrices at low
temperatures, and IR evidence of C-H«O bonding has

(31} Desiraju, G. R.; Murty, B. N. Chem. Phys. Lett. 1987, 139, 360.
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been obtained.’>® The two activated methylene H
atoms in the §>CH, group in 3,4-(methylenedioxy)-§-
nitrostyrene form two C-H-0 bonds (C-0, 3.15, 3.21
&), and an IR spectral shift of 55 cm™ between the solid
state and CgH;NO, solution is obtained.3* Activated
C-H groups in quinones have been studied by solid-
state *C NMR spectroscopy, and the chemical shifts
of carbonyl C atoms that participate in >C==0..H~—C
hydrogen bonding are shifted downfield by 1-3 ppm
from the corresponding solution values.® In compar-
ison, the solid-state solution shift in a conventional
>(C=0--H-—0 hydrogen-bond situation is 8 ppm. The
lack of proper spectroscopic evidence for C-HeO bonds
formed by less activated C-H groups could stem from
the fact that the spectral shifts are just not large
enough. Alternatively, C~H-Q interactions of weakly
and strongly acidic C-H groups may be fundamentally
different. However, not enough definitive work has
been done to distinguish between these possibilities.

C-Hee 0 Bonds and Crystal Engineering

The long-range, electrostatic and “orienting” nature
of the C-H--0 interaction determines its important role
in crystal engineering. Common patterns such as I-V
among others illustrate that the more acidic hydrogen
atoms in organic molecules (alkyne > quinone > alkene
> aromatic > aliphatic) tend to form C-H--0 bonds
more consistently and that, as far as possible, these
bonds are adjusted within the framework of stronger
interactions such ag O~H:+0 and N~H--0O hydrogen
bonds.
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A number of quinones and quinone complezes form
C-H-0 mediated layered crystal structures;!? acetic
acid forms a C~H«Q stabilized catemer rather than a
dimer; and the syn—anti conformational preference of
crystalline «,f-unsaturated acids is strongly dependent
on C-H--0 bonding.® In general, a full understanding
of the packing arrangement in an oxygen-containing
organic crystal structure is possible only when the C~
He0 bonds are considered. However, it is not easy to
predict any arbitrary oxygenated crystal structure just

{32) Peterson, K. J.; Klemperer, W. J. Chem. Phys. 1984, 81, 3842,

{33) De Laat, A. M,; Ault, B. 8. J. Am. Chem. Soc. 1987, 108, 4232,

(34) Pedireddi, V. R.; Sarms, J. A. R. P.; Desiraju, G. R. J. Chem. Soc.,
Perkin Trans. 2, in press.

(35) Scheffer, J. R.; Wong, Y. F.; Patil, A, O.; Curtin, D. ¥.; Paul, L
C. J. Am. Chem, Soc. 1985, 107, 4898,

{36) Berkovitch-Vellin, Z.; Leiserowitz, L. Acta Crystallogr, 1984, B40,
158.
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on the basis of C~H--0 interactions.

Progress has been made in designing crystal struc-
tures of planar oxygenated aromatics that are deter-
mined by an interplay of herringbone-steering C-+H
interactions®’® and lateral C-H-O bonds which steer
to stacked (or 8} structures with short axes of 3.8-4.2
A 1213 The inclined herringbone pattern may be sta-
bilized by C(8-)--H(+) interactions whereas the C--.C
stabilized stack structures are characterized by parallel,
overlapped molecules. Planar aromatic hydrocarbons
genersally adopt the herringbone structure (or its vari-
ants) because C«H interactions predominate. Their
oxygenated derivatives show a pronounced tendency to
adopt the stack structure because the lateral nature of
the C-H-0 contacts, which arise from the O atoms,
assists in the formation of two-dimensional motifs such
as sheets or ribbons. The numbers of O and H atoms
seem to determine if a herringbone or stack structure
will be formed for a particular molecule. To summarize,
the stack structure is favored by higher C:H ratios, and
these ratios are effectively raised by an increasing
number of O atoms.

These ideas have been applied in the design of crystal
structures that permit an intermolecular solid-state
Diels—Alder reaction.?® The strategy involved identi-
fication of substances that may act as either diene or
dienophile and will crystallize in a structure that per-
mits a topochemical 4 + 2 conversion. Accordingly,
substituted phenylpropiolic acids were considered; not
only are they used in self-Diels~Alder reactions in lignan
synthesis but the crystallographically related trans-
cinnamic acids have been extensively investigated. The
starting point in this crystal engineering exercise, the
4-A stack structure of 3,4-(methylenedioxy)cinnamic
acid (VI), was therefore chosen deliberately. The

CO.H
2 Py
s
¢ 7
[o] el S
VI VIT

crystal structure is layered, the layers being constructed
by linking O-H-+O bonded centrosymmetric dimers
with C-H+-O bonds. As described above, other factors
being constant, a planar aromatic having a higher C:H
ratio prefers the stack structure. Accordingly, one may
extrapolate from the stack structure of VI, C(Hg0,,
that of [3,4-(methylenedioxy)phenyl]propiolic acid
{VID), CpHgO, Both VI and VII are planar molecules
with similar volumes, shapes, and functionalities. The
smaller number of H atoms in VII was expected
therefore to enhance the tendency for stack structure
adoption.

This prediction was confirmed; acids VI and VII are
isomorphous, and Figure 3 shows that VII molecules
form a compact sheet characterized by 0-H--0 (00,
2.63 A) and C-H+0 (C0, 3.36, 3.39 A) bonds. These
bonds stabilize the sheet motif and with it the stacked
B-structure. Analogously, (3,4-dimethoxyphenyl)- and
(3,4,5-trimethoxyphenyl)propiolic acids, both of which
are efficiently C—~H--O bonded, also form lavered 4-A
structures.® Almost predictably, phenylpropiolic acid

(37) Desiraju, G. R.; Gaveazotti, A. J. Chem. Soc., Chem. Commun.
1589, 621,

(38) Desiraju, G. R.; Gavezzotti, A. Acta Crystallogr. 1989, B45, 473,

(39) Kishan, K. V. R.; Desiraju, G. R. J. Org. Chem. 1987, 52, 4640.

Desiraju

Figure 3. View of the crystal structure of [3,4-(methylenedi-
oxy)phenyl]propiolic acid (VII) down the 4-A short axis. Oxygen
atoms are shaded. C~H--O and 0-H--O bonds are shown.
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Figure 4. Schematic view of a topochemical Diels~Alder reaction
for acid VIL

(CeH;C=CCO,H) forms O-H--O hydrogen-bonded
dimers which pack in a herringbone fashion since a
paucity of O atoms results in a dovetailing of terminal
phenyl groups so as to optimize C--H interactions. The
theme conveyed is that a critical number of oxygen
atoms will permit a planar aromatic molecule to cross
the structural threshold from a C-H stabilized her-
ringbone structure to o C-H.-Q stabilized layer
structure.

Our model for a solid-state intermolecular Diels—
Alder reaction draws from the early work of Haworth,*
who found that when phenylpropiolic acids (such as
VII) are refluxed with acetic anhydride, the symmetrical
anhydrides (ArC=CC0),0 so formed are converted
quantitatively into anhydrides of the corresponding
1-phenylnaphthalene-2,3-dicarboxylic acids. The
chemical expedient of forming the symmetrical anhy-
dride in situ brings diene and dienophile components
together for a Diels—Alder reaction. By construction
of a 4-A short axis, the identical 4 + 2 cycloaddition is
achieved in the solid at temperatures below 80 °C and
the molecular arrangement in the crystal parallels Ha-
worth's original lignan synthesis very closely (Figure 4).
In contrast, the unsubstituted acid which does not have
a 4-A stack structure is heat stable below its melting
point.

C-He » e Bonds as Crystal Structure
Directors

Typically, the directional preferences of C-H«.Q
bonds are satisfied within the geometrical constraints
of stronger forces such as O~H«-0 and N-H.O hy-
drogen bonding, == stacking, and donor-acceptor in-
teractions. However, C-H-0O bonds need not be passive

{40} Desiraju, G. R.; Kighan, K. V. R. J. Am. Chem. Soc. 1988, 111,
838,

4838,
(41) Haworth, R. D.; Kelly, W. J. Chem. Soc. 1936, 745.
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C-H«(O Hydrogen Bond in Crystals

Figure 5. Crystal structure of 3,5-dinitrocinnamic acid (VIII)
to show O-H0 and C-H--O hydrogen bonds. The reference
molecule is shaded and linked to one of its 2-fold related neighbors
by O-H0 bonds.

bystanders in a crystal; in fact they may be able to
discriminate between alternative O-H-~0 (or other)
networks which, though geometrically reasonable, are
structurally quite distinct. In such cases, C-H-Q bonds
may be termed “steering” or “tugboat” interactions
which, though small in energy, are sufficient to select
a particular crystallization pathway from among several
possibilities. The energy of an individual C-H-0 in-
teraction may be small, but if their number crosses a
critical threshold, the structure may focus into an un-
conventional packing.

An arresting example is provided by 3,5-dinitro-
cinnamic acid (VIII), a molecule that contains several
activated H and acceptor O atoms. Acid VIII crystal-
lizes as an O-H«(Q dimer wherein the hydrogen-bonded
molecules are related, not by an inversion center, as is
usual, but by a 2-fold rotation axis.** Both inversion
and 2-fold dimers are equienergetic, and in principle,
both are reasonable possibilities. However, Figure 5
shows an extensive C-H--~0 bond network (seven con-
tacts with G0 < 8.75 A) in the crystal. These C-H..O
bonds dominate the structure, and their combined di-
rectional requirements appear to be incompatible with
an O-H--0 inversion dimer.

In other carboxylic acids such as trans-cinnamic acid
(I}, a smaller number of C-H--O bonds stabilize the
inversion dimer. In the extreme, there are cases such
as (4-chlorophenyl)propiolic acid (IX) where the com-
plete absence of C-H--0O interactions leads to an
unexpected hydrogen-bonded catemer motif rather than
the dimer (Figure 6).#* The O-H--O catemer is in-
trinsically more stable than the dimer. Therefore, if the
dimer is to be formed, it must be stabilized additionally
by C~H«0 bonds or in some other manner. Conversely,
if the C~-H--0 bond forming ability is reduced, the ca-
temer is favored. Failure of IX, CiHClO,, to form
C-H-0 bonds could arise from adverse C:H:0 ratios
because the crystal structures of 4-chlorobenzoic and
4-chlorocinnamic acids, with higher relative O stoi-
chiometries, contain C—H.O bonds and the molecules
crystallize as dimers.

Such studies show that C~-H+:0O bonds, which are
probably far more ubiquitous than has been generally
recognized, need to be considered as important con-
tributors in the formation of hydrogen-bond patterns

(42) Desiraju, G. R.; Sharma, C. V. K. M. J, Chem. So¢., Chem. Com-
mun., in press,

(43) Desiraju, G. R.; Murty, B. N.; Kishan, K. V. R. Chem. Mater.
1996, 2, 447,
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Figure 6. Crystal structure of (4-chlorophenyl)propiolic acid (IX)
down the short axis to show 0-He«0 and ClwC] interactions.
Oxygen atoms are shaded. Molecular layers such as shown here
are stacked along the short axis. Notice the catemer O-He0
network and the absence of C-H--0 interactions.

in organic crystals and that their presence or absence
could well determine the manner of networking of
stronger O-H---0O hydrogen bonds. Consequently, an
ability to predict hydrogen-bond patterns could be im-
proved by a better understanding of C-H-0O interac-
tions,

The C-He » ¢ O Hydrogen Bond in Crystals:
What Is It?

The evidence in hand suggests that the C~-H--0 bond
is, like the O-H«-O and N-H«.0 hydrogen bonds, a
largely electrostatic, attractive interaction with a long-
range distance character. The length of the bond is
variable but depends on C-H acidity. The angular
approaches of the C-H and O-C groups which form the
bond are largely predictable. Considering also the
spectroscopic data on C~H-+0 bonds, especially of the
more acidic C-H groups, it seems that the terminology
C-H+0 hydrogen bond is fully justified.

The attractive and non van der Waals character of
the C-H---O interaction is also indicated since the ad-
dition of specific hydrogen-bonding terms of the -D
exp{-Fr) or the Morse type** improves the optimiza-
tion of oxohydrocarbon crystals with (exp-6-1) or
12~6-1) potentials. A heavier theoretical treatment is
difficult, among other reasons, because of basis set su-
perposition errors. However, ab initio calculations show
that while Hy0--CH;NO, does not form a hydrogen
bond, HyO-CHy(CN), forms a hydrogen bond of ca. 5
keal/mol energy.®® Other calculations indicate that an
activated C-H group is polarized C(5~)--H(3+) and can
hence form an electrostatic interaction with an O atom.
A less activated C-H bond dipole, however, has the
sense C(8+)- -H(5~) that is reversed by O atom polari-
zation in a C-H-0 bond.*’ These results corroborate
our own findings that strongly acidic groups form better
C-H--0 bonds, but more needs to be done before we
can determine if C-H--0 interactions of weakly and
strongly acidic C-H groups are similar or fundamentally
different. All these studies show that the C-H--O bond
is an attractive interaction, but it must be emphasized
that neither a geometrical-statistical nor a theoretical
approach reveals the degree of covalent bonding be-
tween the C-H and O moieties. Spectroscopy is prob-
ably a better tool to resolve this question.

(44) Cox, 8. R.; Heu, L. Y,; Williams, D. E. Acta Crystallogr. 1881,
1, 283,

(45) Gavezzotti, A. J. Phys, Chem., in press.

{46) Kumpf, R. A.; Damewood, J. R. J. Chem. Soc., Chem. Commun.
1988, 621.

(47) Wiberg, K. B.; Waldron, R. F.; Schulte, G.; Saunders, M. J. Am.
Chem. Sovc. 1991, 113, 971.
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“What is a C-H«-0O hydrogen bond?” In the same
vein one might well ask, “What is an O-H-O or an
N-H--0 hydrogen bond?” At a practical level, struc-
tural chemists have not been used to thinking in terms
of C~H«0 bonds, and it is in order to reexamine older
ideas about crystal packing in this new light. For ex-
ample, there is every indication that phenomena such
as three-center bonding (bifurcation) and cooperative
and resonance-assisted hydrogen bonding exist for C~
H.+O networks, and hence chemists will find it worth-
while to consider all interactions, weak (C-H-.Q, O-
H.C) and strong (O-H0, N-H-0), while attempting
to understand hydrogen-bond arrangements and indeed
crystal packing, in general. References to C-H--0
bonds in the physical organic literature are even more
sparse, but here again, these forces have been invoked
to explain some surprising observations.#™# In con-

clusion, it seems appropriate to state (with due apolo-
gies to Donohue) that a better answer to the question
in the title of this Account and this section is: “It
certainly is.”

Warm thanks are due to the following students, past and
present, who have worked with me on the topic of C~H0 hy-
drogen bonding in orgenic crystals: J. A. R, P. Sarma, K. V.
Radha Kishan, V. R. Pedireddi, C. V. K. M. Sharma, and B. N,
Murty. I thank J. P. Glusker and A. Gavezzotti for their valuable
comments on this manuscript. It is impossible to list all the
colleagues with whom I have had spirited discussions on this
controversial subject, but I must mention C. Rarnakrishnan and
R. Parthasarathy, who filled me in on the early days of C~-HwQ
bonds, especially in the G. N. Ramachandran group in Madras.
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Since Gomberg’s discovery of the persistent tri-
phenylmethyl radical over 90 years ago,! there has been
a steady increase in interest in free radicals. Recent
years have seen the emergence of new free-radical
synthetic methods that are efficient and convenient,2®
and new chain-propagation schemes have been reported
that are based on tin hydride-alkyl halide or horo-
hydride-mercurial reductions, halogen atom transfer
reactions,? thiohydroxamate® or allylstannane addi-
tion-fragmentation processes, 58 and manganese(III)
oxidations.’

Ring construction by free-radical cyclization has
proved to be particularly useful, and five-membered
rings are readily produced by this approach. The fun-
damental work of Walling, Beckwith, and Ingold® pro-
vided information about the regiochemistry, absolute
rate, and stereochemistry of cyclizations. Synthetic
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efforts have benefited tremendously from this body of
mechanistic work, and the cyclization reaction has been
put to good synthetic use.®® Intermolecular free-
radical addition reactions have also received renewed
interest. Systematic studies have shown that polar and
steric effects are most important in controlling the rate
of addition of radicals to carbon—carbon double bonds,
and there are many examples of the useful incorpora-
tion of intermolecular radical additions into synthetic
sequences.2®

Despite major advances in the past 10 vears, a sig-
nificant barrier for the application of free-radical
methodology in organic synthesis remains: there is no
general approach to the control of acyclic stereochem-
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Purpose, The purpose of this study was to evaluate a novel in sifie
miicronization method avoiding any milling techniques (o produce
nano- or microsized drug particles by controlled crystallization to
enhance the dissolution rate of poorly water-soluble drugs,
Methods. Ibuprofen, itraconazole, and ketoconazole microcrystals
were prepared by the association of the previously molecularly dis-
persed drug using a rapid solvent change process. The drug was pre-
cipitated in the presence of stabilizing agents, such as hydrocolloids.
The obtained dispersion was spray-dried. Particle size, morphology,
dissolution rate, specific surface area, and wettability were analyzed.
Physicochemical properties were characterized using differential
scanning calorimetry and X-ray diffractometry.

Results, The obtained dispersions showed a homogeneous particle
size distribution. Drugs are obtained in a mean particle size of ap-
proximately 2 wm and below. A high specific surface area was created
and in situ stabilized, Different stabilizers showed differences in pro-
tecting the precipitated drug from crystal growth. The surface was
hydrophilized because of the adsorbed stabilizer. Thus, a drug pow-
der with markedly enhanced dissolution rate was obtained.
Cuonclustons. in sit micronization s a suitable method for the pro-
duction of micre-sized drugs, This technique can be performed con-
tinuously or discontinucusly and uses only common technical equip-
ment. Compared to milfed products drug properties are optimized as
all particle surfaces are naturally grown, the particle size is more
uniformiy distributed and the powder is less cohesive.

KEY WORDS: micronization; inhibition of crystal growth; dissolu-
tion rate enhancement; poorly water-soluble drug; controlled crystal-
lization.

INTRODUCTION

The poor water solubility of many drugs—especially sev-
eral newly developed substances—is a challenge in pharma-
ceutical research. Because of their low bioavailability, several
potential drugs have to be delayed or abandoned in pharma-
cological screenings because of their lipophilicity (1), Their
dissolution rate is the limiting factor in most case because
drugs with high lipophilicity can permeate biomembranes
quickly. Thus, the research on strategies for drug dissolution
enhancement is of high interest. According to the Noyes-
Whitney equation, the administration of a drug in a reduced
particle size is a very promising way to improve drug bioavail-
ability of poorly soluble substances (2). The common way for
reducing the particle size is the disruption of previously

! Department of Pharmaceutics and Biopharmaceutics, Christian
Albrecht University Kiel, Gutenbergstr, 76, 24118 Kicl, Germany.

?To whom correspondence should be addressed. (e-mail:
bwmueller@pharmazie.uni-kicl.de)

Research Paper

formed larger particles by milling techniques such as jet-
milling, milling in a pearl-ball-mill, or high-pressure homog-
enization. However, these methods have several disadvan-
tages resulting from the mechanical disruption process. The
micronization process using mills is extremely inefficient (3}
because of the high-energy input that can alter the surface
properties as a thermodynamically activated surface is cre-
ated {4,5). Even a small amount of activated material at the
surface affccts the drug substance properties, such as the
blending characteristics (6) or flow properties (7). When the
partially amorphous surface recrystallizes, the physical prop-
erties of the drug change. The conversion of crystalline solid
surfaces iuto partially amorphous solid surfaces leads to a
“dynamic nature” of the micronized drug (8). The newly cre-
ated surfaces are not maturally grown because the cleavage
plane is the crystal face with the smallest attachment energy
(9). Thus, this surface will dominate the size-reduced particles
and the milled powder is characterized by their surface prop-
erties. In most cases the surface shows poor wetting proper-
ties; therefore, because of agglomeration, the increase im the
dissolution rate is not as high as calculated from the increase
in surface area. Nanosuspensions (DissoCubes®) are milled
by high-pressure homogenizers (10,11). The high pressures
used cause changes in the crystal structure, and as a result, the
amorphous fraction in the particle increases (12}, Thus mill-
ing affects several physical properties of the drug, such as
powder flow, agglomeration behavior, or electrostatic behav-
ior, Beside these effects, the chemical reactivity or degrada-
tion also can be affected by milling (13,14). Even the particle
size can change during storage after micronization because of
stress relaxation processes (15). Beside these problematic
properties, a further disadvantage especially of jet-milling
processes, is a broad size distribution (16). Because of abra-
sion, the product can be afflicted with metallic impurities that
can affect the chemical stability as a result of catalytic activity.

Because of the disadvantages of milling processes, tech-
niques were developed that produce the drug directly in the
optimal particle size. However, the preparation and stabiliza-
tion of small particies is not easy because of their tendency to
grow. Thus, several examples of inorganic clusters prepared
for example in electrochemical cells exist, but stable disper-
sions of organic substances (beside polymer-lattices) are
scarce. Because of the high surface that must be created, the
established methods need high amounts of stabilizing excipi-
ents [eading to amorphous products, The most important ex-
amples arc the so-called hydroesols developed by GaPimann ef
af. (17). Hydrosols are colloidal aqueous suspensions contain-
ing drug nanoparticles of poorly water-soluble drugs for in-
travenous administration. They arc prepared by a precipita-
tion process as the drug soluiion is mixed with a relatively
high volume of water (96-98% water after mixing) in the
presence of stabilizing agents such as poloxamer and modified
gelatins, which act as “short term stabitizers” (17). After pre-
cipitation, the amorphous hydrosol is stable for approxi-
mately 60 min because of the stabilizers and the high amount
of nonsolvent. After this time, the drug crystallizes, Because
the clouding correlates with the particle size, crystallization
and particle growth can be observed by a steep increase of
absorbance at a wavelength where the drug substance does
not absorb. Thus, for durable siabilizing the amorphous nano-
sized drug, the hydrosol is immediately spray-dried with ex-
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Fig. 1. Particle size distribution in dispersion 60 min after precipitation (HPMC solution). (a) ibuprofen; (b)
ketoconazole.

cipients such as lactose or mannitol before crystallization oc-
curs. Before use, the preparations are reconstituted with wa-
ter. Hydrosols contain the drug in a particle size of
approximately 200 nm and are thus suitable for parenteral
application. An example is cyclosporin, which can be formed
as a hydrosol (ratio drug: gelatin = 1: 20). According to this
principle, colloidal dispersions of B-carotene are produced,
Amorphous carotenoid nanoparticles contain high amounts
of stabilizing agents, such as gelatin, and softening agents,
such as sugar, Because the amount of B-carotene is approxi-
mately 10-15% (18,19), these preparations can be called em-
beddings. Because of the high amount of stabilizer and the
immediately spray-drying, the product is amorphous. Micron-
ized drugs can also be prepared using supereritical carbon
dioxide (20,21). The drug is precipitated in the supercritical
fluid. A disadvantage of this technique is the high machine
expenditure.

The aim of this study was to prepare crystalline micro
sized drug particles of poorly water-soluble drugs use in oral
administration forms to enhance the dissolution rate. Because
the drug powders are prepared directly in the micronized
state during the particle formation without any further size-
reduction, this technique can he described as an in sige mi-
cronization technique. The molecularly dispersed drug is
transformed to particles in the desired size and stabilized in
the formed dispersion. Because they are model drugs with a
poor solubilify in water, ibuprofen, itraconazole, and ketoco-
nazole were used, The first aim was to find a stabilizing agent
that was able to stabilize the associated drug in small particle
size against crystal growth. Furthermore, the use of an effec-
tive stabilizer is important to obtain a drug powder with a
drug load as high as possible. By the use of a suitable stabi-
lizer, the crystal germs can be stabilized. To find a stabitizer
with high affinity to the newly created high surface, several
potential stabilizing agents were compared. The resulting
product showed a high drug load and contained the drug in
crystalline form.

MATERIALS AND METHODS

Materials

Ibuprofen 50 was provided by BASF AG (Ludwigshafen,
Germany), and itraconazole and ketoconazole were supplied
by Janssen Pharmaceutica (Beerse, Belgium). For compari-
son of the analytical data, drugs were used as obtained and

called “common crystals.” Acetone and isopropyl alcohol
(Merck KG, Darmstadt, Germany) were of analytical grade.
Water was used in double-distilled quality. The stabilizing
agents used were agar (Merck K@), calcium caseinate
(Lactonat®REC, Lactoprot, Kalienkirchen, Germany), dextran
200 (Sigma, Deisenhofen, Germany), gelatin A (Merck KG),
hydoxyethylcellulose HEC (Natrosol®Pharm G,
Natrosol®HHX, Hercules, Wilmington, DE, USA), hydroxy-
ethylstarch {(HES 130, HES 450, Fresenius Kabi, Bad Hom-
burg, Germany), hydroxypropylcellulose HPC (Kiucel® GF,
Kiucel® LF, Herculesmethylcellulose MC (Tylose® M 4000,
Clariant, Frankfurt, Germany), methyfhydroxyethylcellutose
MHEC (Tylopur® MH 50, Tylopur® MH 4000, Clariant), hy-
droxypropylmethyleeltulose (HPMC; Metolose® 60 SH 15,
4000, 10,000, Shin Etsu, Tokyo, Japan), sodium carboxymeth-
vlcellulose NaCMC (Tylopur® C 30), sodium alginate
(Sigma), pectin (pectin Classic AU 204, low viscosity, Her-
streith & Fox KG, Neuenburg, Germany), polyvinylalcohol
(average molecular weight 30,000-70,000; Sigma), and poly-
vinylpyrrolidone (Kollidon®30, BASF AG).

Crystallization Procedure

Crystallization was conducted using the solvent change
method by instantaneously mixing two liquids in the presence
of a stabilizing agent as described by Rasenack and Miller
(22). In the first step, the drug was dissolved in an organic
solvent that is miscible with water. The chosen concentration
depends on the solubility of the drug (ibuprofen: 5 g/100 mL
isopropyl alcohol; itraconazole: 0.75 g/500 mL acetone; keto-
conazole: 0.5 g/100 mL acetone). The stabilizing agents were
dissolved in water. By batch-wise mixing the two liquids {20

1.8
5 -« HPMG sclution
3 14 24k
22
o ~ pure waler
g 1 {24 h)

0.8
o
ge
L 0.2

a " -

a1 1 W 100 000

Particle size fum)

Fig. 2. Particle size distribution of itraconazole 24 h after precipita-
tion with pure water respectively. HPMC solution,
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Fig. 3. Particle size of itraconazole (dispersion 24 h after precipitation) [concentration of stabilizer in water =
0.025% {(m/m)].

mL of drug solution + 80 mL of nonsolvent in the case of
ibuprofen and ketoconazole, respectively, 50 mL of drug so-
tution + 80 mL of nonsolvent in the case of itraconazole) a
dispersion is formed. The nonsolvent was poured rapidly
from a beaker into the drug solution under stirring conditions
using a magnetic stirrer. The stability of the dispersion de-
pends on the stabilizer that is used. For each drug, several
stabilizers and different concentrations were tested by mea-
suring the particle size at different times after precipitation. A
solution of HPMC (ibuprofen: 0.1%; itraconazole: 0.025%;
ketoconazole: 0.05%} was used for preparing the micronized
drugs. After spray-drying the prepared dispersion during its
stability {Blichi 190 Mint Spray-dryer, Biichi Labortechnik
AG, Flawil, Switzerland; temperature;, ;. 128°C; tempera-
ture, e 35°C; air flow 600 Ni/h; 0.5-mm noozle; aspirator
stream 40 m¥h) a micro- respectively nanosized drug powder
was obtained {drug content: ibuprofen 92.6%; itraconazole
79.0%; ketoconazole 71.4%). In this study, the spray-drying
process was not used to form pariicles as if solutions are
spray-dried but only to dry previcusly formed particles. Be-
cause of the small particles, a high siream of volume was used
to obtain a higher yield. Furthermore, a cone was inserted
between the bottom of the cyclone and the collecting vessel.
Passing through the gap of approximately 1.5 mm, the powder
can deposit in the collecting vessel. Swirling up and swirling
out of the collecting vessel is reduced.

Product Characterization

Particle Size

The volume particle size distribution was measured using
a laser diffractometer (Ielos, Sympatec OmbH, Clausthal
Zellerfeld, Germany). The dispersions were diluted with wa-
ter and measured in a cuvette. The spray-dried drug powder
was previously suspended in water, Particle size distribution is
characterized by the X10 (10% below this size}, the X50, X90,
and the X99-value.

Powder Dissolution

Dissolution studies were performed assuring sink-
conditions according to the paddle method (USP) using an
Erweka DT6 dissolution apparatus (Erweka, Heusenstamm,
Germany). The stirring speed used was 100 rpm, and the
temperature was maintained at 37°C = 0.5°C. The dissolution
medium (900 mL) was phosphate buffer pH 7.4 (USP 25) in
the case of ibuprofen and simulated intestinal fluid in the case

ge

2 A2 4
< & &
5 o oy

)]

Fig. 4. Influence of different concentrations of HPMC4000 on par-
ticle size in dispersion, (a) itraconazole 24 h after precipitation; (b)
ketoconazole 120 min afler precipitation [concentration in precipitat-
ing liquid in & (m/m)].
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Fig. 5. Scanning eleciron micrograph of ibuprofen. {a} common crystals; (b) micronized drug.

of itraconazole and ketoconazole. This dissolution medium
consisted of 0.25% sodium dodecyl sulfate and 0.2% sodium
chioride (all Merck KG). Surface tension was lowered by
sodium dodecyl sulphate in an attempt to inimic in vivo con-
ditions as described by Pedersen ef al. (23). Because of their
physiologic relevance for dissolution testing of poorly water-
soluble drugs the addition of a surfactant is generally fo be
preferred to e.g., hydroaleoholic mediums (24). Quantifica-
tion of the dissolved amount of drug was conducted spectro-
photometrically at 221 am (ibuprofen), 262 nun (itracona-
zole), 226 nm (ketoconazole} (Lambdad0 UV VIS Specirom-
eter, Perkin Elmer, Wilten, CT, USA). All samples were
analyzed in triplicate,

Scanning Electron Microscopy

Scanning electron micrographs were taken using a Phil-
ips XL 20 (Philips, Eindhoven, Netherlands). Samples were
fixed on an aluminium stub with conductive double-sided ad-
hesive tape (Leit-Tabs, Plano GmbH, Weizlar, Germany) and
coated with gold in an argon atmosphere (50 Pa) at 50 mA for
50 s (Sputter Coater, Bal-Tec AG, Liechtenstein).

Specific Surface Area

The specific surface area was defermined using the gas
adsorption method. Calculation is based on the BET equa-
tion, A Surface Area Analyzer Gemini-2360 {(Micromeritics
Instrument Corporation, Norcross, GA, USA) was used.

(a)

Contact Angle

The contact angle was measured by the sessile drop tech-
nique using a goniometer (G1, Kruss GmbH, Hamburg, Ger-
many). A compressed disc of the powder (200 mg) was made
at 30 kN for 90 s under vacuum. The contact angle between
the disc and a single drop of water (25 pL) was determined
10 s and 180 s after the droplet was put onto the disc, Deter-
mination was repeated 20 times.

Differential Scanning Calorimetry (DSC)

A differential scanning calorimeter {(DSC7, Perkin
Elmer, Connecticut, USA) was used. The equipment was cali-
brated using indium and zinc. Samples were heated at 10°C/
min in aluminium pans under nitrogen atmosphere. The on-
sets of the melting points and enthalpies of fusion were cal-
culated by the software (Pyris, Perkin Elmer, CT, USA).

X-Ray Diffractometry

Powder X-ray diffraction pafterns were collected in
transmission using an X-ray diffractometer with a rotating
anode (Stoe and Cie Gmbll, Darmstadt, Germany) with Cu
Kel radiation (monochromator: graphite) generated at 200
mA and 40 kV. Powder was packed into the rotating sample
holder between two films (PETP).

RESULTS AND DISCUSSION

When a hydrophobic substance is precipitated, a hydro-
phobic surface is formed. The energy of the system increases.
Thus a stabilizing agent—provided that it has any affinity to

(®)

Fig. 6. Scanning electron micrograph of itraconazole. (a) common crystals; (b} micrenized drug.
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(b)

Fig, 7. Scanning electron micrograph of ketoconazole. (a) common crystals; (b) micronized drug.

the surface—covers the newly formed surface spontaneously.
Thereby, the surface energy and consequently the enthalpy of
the system is lowered. The small particles that normally would
agglomerate because of their hydrophobic surface are steri-
cally stabilized against crystal growth by a layer of protective
polymer (23).

Characterizing the Precipifated Dispersion

The analgesic drug ibuprofen and the antifungal drugs
itraconazole and ketoconazole show a mean particle size of
approximately 2 pm and below if precipitated in the presence
of a stabilizing agent. The particle size distributions of the
formed dispersions are shown in Figs. 1 and 2. In all cases a
tight particle size distribution is received. The effect of the
stabilizing agent (HPMC) on the particle size of itraconazole
is obvious (Fig. 2): 24 h after precipitation itraconazole with
pure water, a broad particle size distribution with a mean
particle size (X50) of 30 pm is formed. In contrast, a tight
particle size distribution with a mean particle size (X50) of
600 nm is formed if the drug is precipitated in the presence of
HPMC. Thus, HPMC can stop the molecular association and
the crystal growth by forming a protective layer around the
nucleation germs. The stability of the dispersion depends on
the stabilizer that is used. When coinparing the particle size
distribution obtained in the presence of different stabilizing
agents, differences are detected (Fig. 3); particularly, cellulose
ethers with alkyl-substituents (MC, MHEC, HPMC) are able
to protect a particle growth. Additives with a mainly hydro-
philic molecule structure, such as dextran, hydroxyethyl-
starch, or polar substituted cellulose ethers, do not stabilize
the formed drug particles in that way. This shows that the
additive must be able to interact with the newly formed sur-
face. As e.g., HPMC shows surface activity (26), it can be
adsorbed onto the newly created surface of the precipitated
drug to lower the interfacial tension; particularly, cellulose
ethers containing methoxyl or hydroxypropyl groups are ad-
sorbed onto hydrophobic solid surfaces as described for hy-
drophaobic silicon dioxide (27). A dependency of the resulting
particle size on the viscosity of the precipitating liquid (de-
termined using an Ubbelohde-viscometer) cannot be found.
The effect of different concentrations on the resuiting particle
size of precipilated itraconazole (dispersion 24 h after pre-
cipitation) is shown in Fig. 4a. A minimum necessary amount
of stabilizer (0.025% in the precipitating liquid) was found.
Below this concentration, a particle growth occurs. However,

the use of a higher amount of HPMC does not result in
smaller itraconazole particles. A protective layer around the
particles seems to be important. A similar relationship can be
observed in the case of ketoconazole (Fig. 4b). Here two
groups of particle size distributions can be observed: Below a
minimal concentration of the stabilizer, large crystals with a
mean particle size (X50) of 25 pmn are obtained. If the mini-
mum effective amount is used, a tight particle size distribution
with a mean particle size of 1.2 i is obtained. Because of the
higher solubility of ketoconazole compared with itraconazole,
the particle growth of ketoconazole is more rapid and thus the
two groups of preparations can be sharply distinguished, Itra-
conazole that is not stabilized effectively grows slowly, thus
different particle sizes (Fig. 4a) are observed in the case of
using different amounts of stabilizer as a result of the fact that
particle growth has not yet finished.

Characterizing the Spray-Dried Drug Powders

After spray-drying the prepared dispersions, drug pow-
ders are obtained (Fig. 5h, Fig. 6b, and Fig. 7b). The precipi-
tated drugs are isomorphic with the common crystals, as X-
ray and DSC analysis showed. The particle size distribution of
the dispersions is fixed by the drying process. However, be-
cause of the fact that a suspension is spray-dried, the parlicle
size is not affected by the spray-drying process. The common
crystals of ibuprofen (Fig. 5a) are prepared by crystallization
and show a relatively homogeneous particle size. However,
the milled drugs itraconazole and ketoconazole show very
heterogeneous particle sizes (Fig. 6a and Fig. 7a). The drug
powders prepared in this study consist of uniform particles.
Because of the small particle size, the drug is agglomerated.
After redispersing the drug powder in water, the particle size
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Fig, 8, Particle size distribution of micronized ketoconazole (dis-
persed in water).
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Fig. 9. Powder dissolution. (a) ibuprofen; (b) itraconazole; (c) ketoconazole.

distribution (Fig. 8) is nearly the same as in the dispersion that
is spray-dried. Thus, the agplomerated crystals are de-
apglomerated. No ¢lectrostatic effects oceur; thus, the powder
flow is increased compared with milled itraconazole or keto-
conazole. The dissolution rate of the micronized drugs is sig-
nificantly increased compared with the common crystals (Fig,
9). Particularly, the common crystals of itraconazole only
show a very slow dissolution because of the effect of aerophi-
lization, which is often observed with milled drugs. Thus, the
dissolution rate of a milled drug is lower than would be ex-
pected from the Noyes-Whitney equation. The crystals are
not wettable (not even by the used simulated gastric juice
containing a surfactant). Thus, they are agglomerated on the
surface of the dissofution medium. The dramatic increase in
drug dissolution rate can be explained by an increased specific
surface area (Table I). This high surface area is hydrophilized,
the contact angle is decreased because of adsorbed hydro-
philic HPMC (Table I1). The contact angles of the micronized
drugs arc nearly the same for ibuprofen, itraconazole, and
ketoconazole and also nearly the same as for the pure cellu-
lose ether. The adsorbed HPMC determines the surface prop-
erties of the resufting product. Thus by precipitating micro-
crystals in the presence of stabilizing protective additives, a

Table I. Specific Surface Area [m%g] (+5.D.}

high and hydrophilized surface area can be formed in a one
process step without using any milling techniques.

CONCLUSIONS

By the method used in this study, small drug particles are
prepared without size-reduction techniques. Micronized
poorly water-soluble drugs can be prepared by controlled
crystallization of primary molecularly dispersed substances.
The precipitation technique in the presence of protective hy-
drophilic polymers followed by spray-drying results in a drug
powder with a markedly enhanced drug dissolution rate. A
high and hydrophilized surface area is created. To form a
protective layer on the crysial surface, the polymer must have
an affinity to the hydrophobic crystal surface. Compared with,
e.g., solid dispersions or cyclodextrin encapsulations, the
amount of drug in the preparation is refatively high. The pro-
duction process can be conducted discontinuonsly or continu-
ously using a static miixer and is possible as a one-process step
and needs only common equipment. This technique offers a
relatively easy way for production of micronized drugs that
are characterized by a homogeneous particle size distribution.
Critical effects resulting from milling processes are avoided.

Table IT. Contact Angle [°] (5.12.)

Common crystal Micronized drug

Micronized
Common crystal drug ty = 0s t, = [80s ty = 0s ty = 1805
Tbuprofen 0.11 = 0.0 2.00+£0.09  Ibuprofen 639+ [.5 623z 14 423 1 1.6 330x1.5
Itraconazole 021 +0.02 4.03+0.10  ltraconazole 482+ [.3 472+ 1.0 390+ 1.4 301+0.3
Ketoconazole 0.18 x0.02 300009 Ketoconazole 44.6+x1.1 128+ 1.3 382+ 1.3 298 1.1

Results; mean of three measurements; $,.D), = standard deviation

Results: mean of 20 measurements; S.D. = standard deviation.
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PREPARATION OF WATER-SOLUBLE COMPOUNDS
THROUGH SALT FORMATION

- P. Heinrich Stahl

There is nothing in the universe but alkali and acid, from which nature composes all things.

Ott. Tachenlus (1671)

i Introduction . 601 pharmaceutical formulation techniques offer numerous
Il The solubility of compounds in water 602 possibilities, there are limitations in mastering problems
A Prediction of solubility 602 incurred by substances with suboptimal inherent properties,
B lonization of weak electrolytes 602 and the least of the consequences is that they slow down the
C Solubility of electrolytes €03
. . drug development process.
1l Acids and bases for salt formation 608 An NC herni R h
A Selection of salt formers 608 n E (new c emical entity) rarely meets all.t e
IV Obtaining solid salts 610 requirements of an ideal drug substance. As lead optimi-
A Some principles and practical . zation concentrates towards improvement of biological
considerations of preparation 610 activity as evaluated by in vitro tests, other desirable
B Solid-state properties 612 properties often fall behind, although the awareness is
V  Criteria for salt selection ) 613 increasing that acceptable pharmacokinetic properties
_A Essential parameters and properties 613 should be built into a drug molecule as well. .
References 614

I INTRODUCTION

An optimal drug candidate is not only a highly potent
ligand, selective to the receptor species to which it has been
designed to bind, has more favourable kinetics of binding
than its naturally competing ligands, and has adequate
chemical and metabolic” stability, Moreover, it should
satisfy a series of requirements set by areas remote from
the immediate environment of the receptors. Most
important, there is the need for substantial transport from
outside the organism to the sites of action. Biopharmaceu-
tically relevant substance properties can enable or limit the
crossing of absorption barriers and for administering a drug
in dosed amounts or suitable concentration. Preparations
need to be designed and developed for timely and
quantitative delivery of the active substance. Although

The Practice of Medicinal Chemistry
ISBN 0-12-744481-5

601

Functional groups that turn a molecule into an electrolyte
provide the opportunity for the formation of salts. Salt
formation is a means to change the properties while the
chemical structure of the active entity is left intact. Yet, a
new chemical entity is created by salt formation with all the
consequences.

About half of all present-day drugs are used as salts, and
for the chemist it is obvious to try improving the properties
of a drug candidate by the formation of a suitable salt, in
particular with the intention to enhance solubility and in
consequence, the rate of dissolution as prerequisite
parameters for absorption. However, one should be aware,
that high solubility alone does not guarantee good
absorption.

In this chapter not only the topic of water-soluble salts
but also some general points to consider when the final form
of a drug substances will be decided upon. Although it is
generally accepted that solubility in agueous media is the
most crucial physicochemical property of a drug substance,
it is not appropriate that only a single parameter should
dominate such an important decision. Since here only

Copyright © 2003 Elsevier
All rights of reproduction in any form reserved.
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the essentials of the complex field of salt formation and
selection can be dealt with, the reader may refer to a recent
monograph on the subject.’

I THE SOLUBILITY OF COMPOUNDS
IN WATER

A Prediction of solubility

Solubility is understood as the concentration in a solution
found in equilibrium with an excess of the solid solute at a
given temperature. It is generally accepted that solubility in
aqueous media is the most crucial physicochemical
property of a drug substance. In order to get an estimate
of the solubility of a nonelectrolyte at a very early stage,
many computational approaches have been made. Among
them, a surprisingly simple and yet effective tool is
available, the General Solubility Equation (GSE) as
developed and refined during the last two decades by
Yalkowsky and his coworkers®? using a thermodynami-
cally sound approach for establishing a semi-empirical
correlation:

log § = 0.5 — 0.01(Mp — 25) — log K. 0

where S is the molar solubility of the solute, K, the
octanol/water partition coefficient, which can be calculated
from the structural formula (ClogP),® and Mp is the
melting point (in centigrade, °C) as the only experimental
data, representing the easiest accessible descriptor of the
strength of a solid’s crystal lattice. Based on the
assumption, that the nonionized form of an electrolyte
may be regarded as a nonelectrolyte, an extension of the
GSE has recently been proposed. By simply combining
equation (1) with the solubility—ionization relationships
(equations in Table 35.2), it is possible to construct pH
solubility profiles for acids, bases and zwitterions.?

B lonization of weak electrolytes

In physicochemical terms, about two-thirds of all existing
drug entities belong to the class of weak clectrolytes, i.e.
substances which in aqueous solution are at least partly
present as ions. They are formed by releasing protons
(acids) into, or by accepting protons (bases) from, an
aqueous environment. Ionized species are easily hydrated
and hence are generally more soluble in an aqueous phase
than their nonionized source. The aqueous solubility of
weak electrolytes is influenced and can be controlled by
adjusting the pH of the solution via the equilibrium between
the nonionized and the ionized species.

The dissociation of a monoprotic acid HA is des-
cribed by the equilibrium between the concentrations of

BNSDOCID: <XP. 2666271A__ >

the nonionized acid molecule ( = [HA]) and of its anion
= (A7)

Kn
[HA] 2 [HT]+[A7] )

The equilibrium constant X, of this reaction is the ionization
constant, which is defined by

_ AT

K= [HA] 3

Because ionization constants are small and inconvenient
figures, they are expressed as their negative decadic
logarithms:

pK, = —("log K, ) @)

As an example, the K, of acetic acid converts from 1.738 x ‘
1073 to pK, = 4.76. Similarly, for a monobasic compound i
the dissociation equilibrium is expressed as follows: {

c K,
[BH'] = [B+HT] ) |
with the dissociation constant [

[H*]-[B]

5= BT

(6)

Since the protonated base can be considered as an acid
corresponding to the free base, it is possible to characterize
both, acids and bases with the same parameter, i.e. the acid
ionization constant. The K or the pK,, respectively, is the
key parameter indicating the strength of an electrolyte
(Table 35.1).

Table 35.1 Examples of acids and bases aligned
according to strength

pK, Acids Bases pk,
Strong 1.3 Oxalic acid, pK,;  Caffeine 0.6 Weak
1.6 Saccharin Quinine, pK,, 4.1
2.8 Benzylpenicillin  Pyridine 5.2 |
3.0 Salicylic acid, pK,; Papaverine 59 i
4.1 Diclofenac Apomorphine 7.0 !
6.5 Sulfadiazine Benzoctamine 7.6 }
7.1 Sulfathiazole Quinine, pK,; 8.0
7.4 Phenobarbital, Cocaine 8.4 }
PKaa
8.4 Phenytoin Imipramine 9.5
8.8 Theophyllin Atropine 9.7
10.0 Phenol Amantadine 10.3
11.8 Phenobarbital, Piperidine 11.2
PKa,Z
Weak 13.8 Salicylic acid, pK,, Arginine, 13.2 Strong
pKa,l
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Fig. 35.1 pH solubility profiles of four salts of naproxen
{pKs = 4.18) in water at 25°C, Starting material was
naproxen acid (full symbols) or the respective salt (open 4

symbois). {(Redrawn from Cowhan.5) Flubendazole

C Solubility of electrolytes

General features of pH solubility profiles

Monoprotic acids and bases. An ideal pH solubility profile H Chlordiazepoxide
for a weakly monoprotic acidic compound is exemplified N

by naproxen 1, as shown in Fig. 35.1. It is obtained by O \S
increasing the pH, e.g. by stepwise adding amounts of a base,
for example sodium hydroxide, to a suspension of the acid

and determining the concentration of dissolved acid after O
equilibration. The pH range of the diagram is divided into
two regions marked as region I and II, respectively, acc- )
ording to the nature of the excess solid phase in equilibrium O Terfenadine
with the saturated solution, Inregion I(pH < 8.3in Fig. 35.1)

the excess solid phase is the free acid, whereas in region Il HO N
(pH > 8.3), it is the sodium salt, In region I, the total O |
solubility is described by the sum of concentrations of the HO

neutral and the dissociated fractions of the acid: 7

©\/\COOH Diclofenac
Maproxen NH

OO COOH i ci
o

1 8
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where K;p is the solubility product of the salt, and /K, = S

Flurbiprofen is the intrinsic solubility of the salt.
O O COOH Thus, the two equations (8) and (9) are sufficient to

describe the entire pH solubility profile of a monoprotic acid,

F
and the point of intersection is defined by equation (11):
9
H Cyclopentamine . So — -1
l or hydrochloride PHpx = pK, + log K. PK, +log§y — zlogK,, (11)
m“a For a weak base, the pH solubility profile is essentially the
10 mirror image of that of a weak acid along a vertical axis, as
0 NH, Amfenac sodium illustrated in Fig. 35.2 by the central stimulant and analgesic
0" Na' dexoxadrol 2.
O O As in the case of the acid, there is a region in equilibrium
© with excess undissolved free base, here at high pH values
11 and a region with high and constant solubility at low pH
Seproxetine values. An analogous set of equations applies for the two
HN \/\"p legs of the theoretical pH solubility profile (equations (11)
and (12)), whereas for the position of pHy,x, equation (10)
O/ © is equally valid for bases.
F.C High pH region (II) : § = (B] + [BH"]
12 [H+] (12)
=S{ 1+t
so( + )

Low pH region (I) : Sz(l"]"[ﬁK-iT) Ky (13)

OH
H
HO\/Q/\/ ?\/\/Ox OO pHpor. At pHpax, both the nonionized species and the
13 .

respective salt coexist in the undissolved solid. Bogardus

Salmeterol xinafoate

100 -

§=[HA]+[A"] 7 L
K 10
S=So(l + rl—{—-}T) ®) 5

where S is the total solubility at any given pH, So is the
intrinsic solubility of the free acid, [HA] and [A ™ } represent
concentrations in solution of the undissociated and disso-
ciated forms, respectively, and K, is the acid dissociation
constant defined in equation (3).

Region I may be further subdivided into a range where
the solubility is essentially independent of the pH (pH
< ca.3) and the range adjacent to region II, between pH
approximately 3 and 7.3 characterized by an exponential

Solubility [mg/mi]

o
-

dependence of solubility on pH. 0.01
The total solubility in region II is described by: pH
‘I Salt’ | I. Solid = Base ]
s=1{1 (H JKo © -
N + K, P ) Fig. 35.2 pH solubility profile of dexoxadrol in water at
. approximately 23°C. Open and full circles indicate

- different analytical methods. {Redrawn from Kramer
K= [Na¥}[AT] (10) and Flynn.”)
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et al.® reported that indeed the excess solid in equilibrium
with the saturated solution of doxycycline at pHi,ax
contained both the free base and the hydrochloride salt
phases.

pHpmax constitutes a further descriptor of the solubility
profile specific for the particular salt, as may be recognized
from the profiles of the four salts of naproxen presented in
Fig. 35.1. The different counterions limit the solubility at
different levels, resulting in differences as high as two orders
of magnitude, A counterion can gain influence on solubility
only at pH values where the drug substance is ionized, and
salt formation cannot improve solubility in pH regions
where the nonionized species prevails. It should be noted
that the solubilization capacity by pH control for weak
electrolytes is limited by the solubility product K, of the
salt formed. Once the solubility of the salt is reached, pH
control cannot further solubilize the compound.

Diprotic acids and bases. Many drug substances bear more
than one ionizable function: acidic or basic functional groups
or, in case of amphoteric substances, even both types in the
same molecule, In order to evaluate their influence on
solubility, the key parameter is again the pK,. In Table 35.2,
the equations describing the pH profiles for mono- and
diprotic acids and bases are given in their exponential form.
As an example, the graph in Fig. 35.3 shows the profile of a
diprotic base with pK, values relatively close to each other.
As upon addition of an acid to a suspension of the base the pH
decreases, the solubility starts to increase by one order of
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Fig. 35.3 Theoretical pH solubility profile of a diprotic
base with the pK, valuss pK, 1 = 11.25 and pK, ; = 8.7;
Sg = 0.004. The point-dashed line shows the course of
solubility if there were only the first basic function.

magnitude as the pH decreases by one unit once it gets below
the first protonation step, pK, ;. However, as the pH drops
below the second ionization step, pK, 2, the solubility increa-
ses by two orders of magnitude per one pH unit. Similar
relationships apply for diprotic acids. A further aspect of
diprotic electrolytes may be illustrated by the speciation
diagram (Fig. 35.4) of the diprotic acid valsartan 3
(pKa,) = 3.90, carboxylic acid; pK,2 = 4.73, tetrazole).
This graph shows the relative abundance of the ionic and

Table 35.2 Solubility equations for mono- and diprotic acids and bases

pH = pH“m pH = pHpas
Monoprotic acid
§ = Sor(1 + 10°477%) (7 § = Ss:(1 + 10°%7PH) (18
Diprotic acid
§ = So.(1 + 10°H7PK ) (14 10°H7R) - (19) § = Ssoo(1 + 107%7PH) (20)
Monoprotic base
8= Ss+(1 + 10°P47°%) @n S= So'(l + 1OP”=“P") @2)
Diprotic base
§ = Ss(1 + 10777) (23) S= 81 + 1075 7PH) (1 4 1P PR) (24

Ss.2 is the solubility of the neutral salt of the diprotic acid or base, respectively, Other symbols are as used in the text.
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Fig. 35.4 pH species distribution diagram of va/sartan
{see text).

nonionic species of the acid in solution as a function of pH.
The maximum fraction that the mono-anion can reach is at
pH 4.2, and amounts to a percentage of 56% of the dissolved
acid, while at the same time 22% each of the nonionized acid
and the di-anion are simultaneously present. A consequence
from such relations is that it will depend on the relative
solubilities of the respective ion pairs, which of them would
form the excess solid in equilibrium with a saturated aqueous
solution in the intermediate pH range, and it is possible that
from aqueous solutions a pure acidic salt cannot be isolated,

Special types of amphoteric substances are the zwitter-
ionic compounds. Every molecule that has an acidic pK,
lower than the pK, of its basic function is a zwitterion,
because such a substance has acidic and basic groups strong
enough to neutralize one another; hence, they are ‘inner
salts’. As shown in Fig. 35.5 the solubility profile of
baclofen 4 (pK, ;= 3.85, proton gained; pK,, = 9.25,

Solubility [g/100 mi]

Fig. 35.5 Solubility pH profile of baclofen at 25°C in
aqueous buffers.

proton lost), a typical example of this class, exhibits a
solubility minimum in the pH range where the zwitterion is
the predominant species.

Practical evaluation of solubility

The principle of solubility determination was already briefly
described above. The suspension system should be held at
a constant and controlled temperature. Before sampling it
should be given sufficient time for equilibration, which is
accelerated by using finely ground material. Ideally,
equilibrium is assured by repeated sampling. The concen-
tration in the filtered samples is determined by a suitable
analytical method, most frequently by direct UV or by
HPLC assay; the latter would help to detect any degradation
during the equilibration process. The frequently applied
‘quick’ method of heating a sample in water to achieve
complete dissolution and cooling to room temperature leads
more often than not to erroneous results due to super-
saturation effects and also due to changes of the excess solid
like polymorphic transformation or change of the state of
hydration induced by higher temperature, Sometimes solid
samples are obtained by lyophilization and are therefore
amorphous. An amorphous substance is both, much more
soluble and more hygroscopic, than the same material is in a
crystalline state,

It is important to note all relevant parameters of the data
points in a solubility experiment: temperature, pH, concen-
tration, nature of the excess solid, i.e. whether salt or free acid
(base) is present, and whether changes with reference to the
initial sample material concerning the polymorphic state or
the degree of hydration have taken place. While such careful
studies are appropriate at a later stage, i.e. prior to the final
candidate selection, other techniques are applied for screen-
ing large numbers of compounds at an earlier stage. As for
screening the biological activity, high throughput techniques
are also applied for solubility screening. A typical non-
specific microtechnique is based on the turbidimetric
indication of the transition between complete and incomplete
dissolution when stock solutions of substances in DMSO are
diluted with water or aqueous buffers.® This technigue can be
performed on 96-well microtiter plates and adapted for a first
screening of salt formers and establishing pH solubility
profiles.

Il ACIDS AND BASES FOR SALT
FORMATION

Numerous acids and bases are in use for providing the
counterions to form salts. Figures 35.6 and 35.7 show acids
and bases, indicating the frequency of their use in drug salts
of prescription drug products. However, salt forming agents
are material, which are not expressively approved by the
health authorities for that particular use, and hence there are
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Fig. 35.6 Percentage of the 15 most frequently used acid
of Index Nominum:.

no official lists. A drug is approved not as an isolated active
entity but only in the context of the drug product as a whole,
i.e. as the dosage form intended for the market, containing
the active ingredient in its complete chemical form. The
counter-ion is not a separate item of application. The use of
such ‘inactive’ moieties is rather justified by their prior
occurrence as salt formers in established drugs, and their
further use as safe ‘inactive’ moiety in drug salts can be
largely derived from their presence in marketed drug
products. A periodically updated register of approved drug
products is the Orange Book'® which lists drug products

s for salt formation, resulting from a survey of the 1998 edition

whose safety and efficacy has been evaluated, so it may be
searched also for salt forms of drug substances.

The high frequency of hydrochlorides and sodium salts
has not only the background of convenience but can be
derived from the fact that both ions are the most abundant
electrolytes in the body and hence are expected to cause no
alterations of physiological functions. Other salt-forming
acids are naturally occurring components of food or natural
substrates of the intermediary metabolism. The number of
organic bases usable as salt formers is much smaller,
because generally, amines and other nitrogen bases have

Frequency [%]

10 20

30 40 50 60

11 L

Calcium
Potassium
Magnesium
Meglumine
Ammonium
Aluminium
Zinc
Piperazine
Tromethamine
Lithium
Choline
Diethylamine
4-Phenyl-cyclohexylamine
Benzathine

Sodium

black, mineral bases
shaded, organic bases

Fig. 35.7 Percentage of the 15 most frequently used bases for salt formation resulting from a survey of the 1998 edition

of Index Nominum.
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their own pharmacodynamic activity, unless they are very
rapidly metabolized. Exceptions are the essential basic
amino acids, e.g. arginine and lysine.

A Selection of salt formers

PK,

Which acids or bases should be considered for forming salts
with a drug substance? This must chiefly be decided with
regard of physicochemical parameters, in the first place
based on the pK, values involved. When forming a salt the
acid transfers a proton to the conjugate base, which in turn
must be selected to be ready for accepting the proton. This is
generally the case if the pX], of the acid is at least two units
lower than the pK, of the base. This corresponds to a
situation where in water both components are ionized to a
degree’of at least 99%. Strong mineral acids such as HCl
(pKy = —6) or HySO4 (pK,= —3) could form solid
salts with the anthelmintic flubendazole 5 having a pkK,
value as low as 4.1, whereas with acetic acid or with benzoic
acid (pK, = 4.2) an attempt to prepare a salt would not
be successful with such a very weak base. For basic
drugs, Gould'' has published detailed physicochemical
relatioriships along a decision analysis procedure including
useful tables of salt-forming acids.

Resulting pH

The next parameter to consider is the pH resulting in the
aqueous solution of a salt. The pH may be estimated even
before the salt has been prepared, since equations (14)-(16)
for the three general cases of salt types of weak electrolytes
sallow a theoretical approach:

weak acid X strong base: pH

= 3 (PK,qcia +PK, +log ©) (14)

' weak base X strong acid: pH
= 7 (PKapase — l0g ©) (15)

weak acid X weak base: pH
= 4 (PKaacia + PKasse) (16)

where, pK,, is the negative ionization exponent of water
with the value of 14 at 25°C, and c is the concentration of the
salt. How the solubility and pH can be estimated, using
equations (12) and (15), respectively, is demonstrated for the
weakly basic tranquillizer chlordiazepoxide 6 (pK, = 4.6).
For a solution containing 50 mg mI™! (0.167 M) as
the hydrochloride salt, the calculated pH is 2.7. With the
known solubility of the nonionized base (2mgmi™"),
equation (12) predicts a solubility of 200 mg ml™! at this

PH (in fact, the solubility of the hydrochloride in water is
100 mg ml™' = 0.33 M). Trying to prepare an acetate of
chlordiazepoxide would make little sense for three reasons:
(1) the pK, of acetic acid is just about the same as that of the
drug base; (2) an equimolar solution of base and acetic acid
would have a calculated pH of 4.78, at which pH in 1 ml a
mere 4 mg of the base are soluble, a solubility value not really
worthwhile for a salt; (3) if a solid acetate were feasible it
would, on contact with water or humid air, release the volatile

acetic acid, and the solid drug base would be left behind.
o

The common-ion effect

While the preference for preparing hydrochlorides and
sodium salts is favoured by the physiological abundance of
Cl™ and Na% ions, these can also bring about negative
effects. One of them is the suppression of solubility, which
becomes particularly apparent with hydrochlorides and
sodium salts of moderate to low intrinsic solubility. The
presence of additional ions of the same Kkind, e.g. in
physiological saline, in the stomach and in blood, causes a
reduction of solubility by the law of mass action. This
‘common-ion effect’ depresses the solubility of rerfenadine
(7) hydrochloride in water (2 mgml™' at pH of approxi-
mately 5) down to a tenth when 0.05 M NaCl is added. The
solubility of diclofenac 8 sodium in water (25°C) is
21.3mgml™!, but 6.7mgml™! in physiological saline.
Under the same conditions, the corresponding figures for 4-
(5,6-dimethyl-2-benzofuranyl)-piperidine hydrochloride, an
experimental antidepressant, are 3.8 and 0.44 mgml™',
respectively. While hydrochlorides of aliphatic amines are
highly soluble (oxprenolol: 720 mg g™ solution at 25°C),
those of cycloaliphatic and heteroaromatic nitrogen bases
are often sparingly soluble. Numerous examples have been
reported where hydrochloride salts exhibited lower solu-
bility than other salts.'>~'® Solubility and dissolution rate of
hydrochlorides administered orally may be further sup-
pressed by the common-ion effect,'”~'° since the chloride
ion is present at concentrations between 100 and
140 mval 17! in gastric fluid.?® There are examples of
pyrimidine derivatives whose hydrochlorides are even less
soluble than the free bases. Bogardus and Blackwood®*!
compared the intrinsic dissolution rates of doxycycline
monohydrate and hydrochloride dihydrate in 0.1 M HCL
Although the hydrochloride is better soluble in water, it
dissolved six times slower than the free base form due to the
common-ion cffect.

Due to their strength, mineral acids (and the alkali
hydroxides) are appreciated for forming stable salts with
very weak bases (and acids, respectively), they will be
considered in first place, provided the above pH estimations
would not exclude them in individual cases. Once several
alternative salt formers have been selected, experimental
screening will identify those rendering high solubility.
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Tong and Whitesell*? have described a substance-sparing
procedure. Using less than 50 mg of investigational
material, they exemplified their in situ salt screening

method with GWI1818X, a basic drug candidate (a
piperidine base, pK, = 8.02; relative molar mass 571.60)
having a solubility of 4.4 mg 17! in water. They investigated
the solubilities of six salts using 0.1 M aqueous solutions of
HCI1, methanesulfonic, phosphoric, citric, succinic and
tartaric acids and simultaneously characterized the excess
materials that were crystalline except for the oily citrate and
tartrate residues, The rank order of solubility in water
(mg ml™') found with the salt samples subsequently
prepared in gram amounts, was as follows: mesylate (9.2)
> phosphate (6.8} > succinate (2.9) > hydrochloride
(1.2). However, the initial screening had already shown that
the intrinsic solubility of the phosphate salt, which was
reached at a lower pH (i.e. in region II), had indeed the
highest solubility (13.5mgml™") in the series, as was
already found by in situ screening.

Predictability of salt solubility
Given an acidic or basic drug, the straightforward
determination of the salt forming partner leading to a salt
with the desired water solubility would be highly desirable,
However, so far the predictive tools for estimating solubility
based on the structure of the constituting ions are not at
hand. Although some empirical structure-—solubility
relationships have been studied within closely related drug
series, or with the salts of a given drug with a series of salt-
forming ions, the pharmaceutical scientist is left with
empirical tendencies or rank orders. So often, the highest
solubilities are achieved with mesylates, lactates and salts of
polyhydroxy acids of basic drugs, and with the potassium,
tromethamine, meglumine and arginine salts of acidic
drugs. Figure 35.1 reflects a typical rank order. As an
additional observation, the series of diclofenac salts
presented in Table 35.3 demonstrates the nonuniform
temperature dependence of solubility even in a series of
closely related members. In Fig. 35.8, linear solubility
profiles of terfenadine 7 are shown, obtained with four
different acids; the few experimental points are sup-
plemented with theoretical curves. The frequently encoun-
tered rank order: lactate > methanesulfonate >
hydrochloride > phosphate is found in this example.
Here also the common-ion effect becomes dominant
towards the low pH end of the profile because (1) for
reaching the low pH values, the acid concentration of the
respective acid has to be increased, which also raises the
concentration of the respective anion; and (2) the
overall level of solubility of this drug is rather low.
Nevertheless, sometimes surprising changes of rank orders
may be found, as in the example of GW1818X mentioned
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Table 35.3 Solubility of diclofenac salts in water

Salt 25°C pH 37°C pH
Diclofenac (acid) 0.0071 5.8 0.0120 6.9
Calcium 0.58 6.8 0.62 6.8
Sodium 19.08 7.8 22.5 78
Potassium 47.05 7.8 120.5 8.2
Ethylenediamine 1.76 7.2 2.86 7.2
Dlethylammc 13.95 7.6 18.3 7.6
Meglumme 14.5 8.0 15.9 7.6
HEP' 44.7 8.3 484 7.8

Solubility (mg ml™") is expressed as-the free acid; the pH of the saturated

solution is given.
“1-deoxy-1-(methylamine)-p-glucitol.
b9-pyrrolidino-2-ethanol.

above with the highly soluble phosphate salt, whereas most
phosphates are rather sparingly soluble.

The solubility of salts is determined by (l) the
interactions of the drug ions among themselves; and
(2) between themselves and their counter-ions in the crystal
lattice of the solid salt, represented by the lattice energy
AGhuice; (3) between each sort of ions and water, expressed
as the solvation energies of the cation AGcyion, and of the
anion, AGayion. The molar free energy of solution, AGgoigtions i
is the balance between those interactions: 1

AGgoiution = AGchion + AGanion — AGauice  (17)
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Fig. 35.8 pH profiles of the solubility of terfenadine with
different acids. {Redrawn from Streng. et al.'%)
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In principle both the lattice energy and the hydration
energies increase with an increase in cation or anion charge
and decrease with an increase in ionic radius. They are also
expected to increase with the polarity or with the hydrogen-
bonding nature of the counterion. The overall effect of a
given structural change on water solubility will depend on
which terms, the lattice energy or the hydration energies, are
more sensitive to the change in structure. Due to the
complexity of drug molecules and in consequence,
the multitude of the number and nature of interactions, the
contribution of each term cannot yet be reliably estimated.

Anderson and Conradi® studied the effect of six
ammonium salts of flurbiprofen 9, differing in the hydro-
phobicity of the cation, on the water solubility. The
solubility correlated well with the melting point of the
salts, but the tromethamine salt with the most hydrophilic
cation ranked only third in solubility. Chowhan® in his
investigation of the sodium, potassium, magnesium and
calcium salts of four carboxylic acids found that even the
rank order of the salts of this cation series is not uniform.
The result of a study on the sodium salts of 11 drugs,
Rubino®* confirms the correlation of melting point and salt
solubility. How the melting point and other characteristics
can be used to guide the process leading towards a salt of
desired properties is presented in Table 35.4.

Other criteria

Not only physicochemical but also safety aspects can play a
role when the decision is made as to which salt formers to
include in a search for the optimum salt. Acids and bases
that are traditionally in use for preparing salts are regarded
as biologically ‘inert’. However, not all of them are entirely
indifferent. Some of them are indeed inert, such as the
chloride, phosphate, or sodium ions. As an example, sodium
ions are well tolerated, whereas elevated concentrations of
potassium ions can cause local necrosis of the mucosa of the
gastrointestinal tract. Salicylic acid, though formerly some-
times used as counter-ion, has its own pharmacclogical
activity and can therefore not be regarded as an inert salt
former. The route of administration, the prospective doses
or concentrations, the therapeutic area of the drug candidate
and the expected treatment regimen (acute or chronic)
need to be taken into account even at this early stage. A
comprehensive compilation of salt-forming acids and bases
and their characteristics is found in Stahl and Wermuth.'

IV OBTAINING SOLID SALTS

A Some principles and practical
considerations of preparation

Based on pH profiles of solubility, aqueous solutions can be
prepared by adjusting the pH with a suitable acid or base in
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concentrations just necessary to achieve a solution, be it for
immediate use for tests by the biologist, as well as for
developing injectable formulations by the pharmacist, This
is even done in production scale in pharmaceutical
manufacturing if solutions are the final product, or if for
some reason it is preferred to produce, isolate and store the
free drug acid (or base). However, while in solubility
screening experiments certain salt-forming acids or bases,
respectively, may prove suitable for increasing solubility in
water by pH adjustment, this is not the only requirement to
be met for salt formation. In addition, conditions must be
found for preparing and isolating a salt. After all the
resulting solid is expected to be a physically stable and
stoichiometrically reproducible product,

To this end, the process of salt formation is performed
preferably in nonaqueous media. No drug salt can be
isolated under conditions where it is fully ionized. Ion pairs
constituting the salt need an environment that suppresses
dissociation as much as possible. Drug substance and salt-
forming agent are dissolved separately in solvents of
moderate polarity, e.g. alcohols, esters, ethers and ketones.
If one of the components is available in aqueous solution
only (e.g. phosphorous acid), the other solvent should be
water-miscible. While the solutions of the components are
gradually mixed, the salt frequently starts to precipitate. If
not, crystallization may be induced by raising the degree of
supersaturation, which can be effected by cooling, by
evaporating the solvent or by slow addition of a miscible
anti-solvent (nonsolvent), or by a combination of these
measures.

The preparation of salts is illustrated by two example
procedures for a hydrochloride salt and for a sodium salt.

Cyclopentamine hydrochloride 10: 141 g (1 mol} i-
cyclopentyl-2-methylaminopropane ( = cyclopentamine)
are dissolved in 500 ml of dry ether. Dry hydrogen chloride
is passed into the solution until the weight of the mixture has
increased by 36 g. During the addition of the hydrogen
chloride, the hydrochloride salt of cyclopentamine precipi-
tates as a white powder. The salt is filtered off and washed
with dry ether. Cyclopentamine hydrochloride thus pre-
pared melts at about 113—115°C. The yield is practically
quantitative.

Amfenac sodium 11. A stirred solution of 11l g
(0.43 mol) of 2-amino-3-benzoyl-phenylacetic acid (=
amfenac) in 777 ml of tetrahydrofuran is treated with 31.3 g
(0.39 mol) of 50% NaOH. After cooling the solution at 0°C
for 3 h, the solid which precipitates is collected by filtration
to yield 64 g (56%) of the expected sodium salt, m.p. 245~
252°C. An analytical sample is obtained by dissolving 1.0 g
of the crude salt in 10 ml of 95% EtOH and treating the
solution with 5 ml of isopropy! ether. The pure sodium salt
precipitates slowly to yield 0.9 g of yellow solid, m.p. 254~
255.5°C.
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Table 35.4 Manipulating characteristics of basic drugs by change of salt form

Characteristic

Direction of change

Direction of change

Melting point
Action to achieve change

Consequences of change

Decrease

I Use more flexible aliphatic acids with aromatic bases
2 Move to more highly substituted acids that destroy

crystal symmetry

I Increases solubility
2 May form noncrystallizing liquid
(rarely possible, rarely desired!)

Increase

I Use small counter ions, e.g. C1™

2 If aromatic base use aromatic anions

3 If base has hydrogen bonding properties
use small hydroxy carboxylic acids

Decreases solubility
2 Reduces processing problems

Solubiliry, dissolution rate
Action to achieve change

Consequences of change

Increase

| Decrease melting point

2 Decrease pK, and increase soly. of acid

3 Increase hydroxylation of acid

4 Move to small organic acid in case of
common ion effect

Increases bioavailability

2 Enables possibly liquid formulation

—

Decrease |
1 Increase melting point
2 Increase hydrophobicity of acid

! Suspensions physically more stable
(reduced rate of particle growth)
2 Solid dosage forms: retarded release

Stability Decrease Increase
Action to achieve change  — I Increase hydrophobicity of acid
2 Use carboxylic rather than sulfonic
or mineral acids
3 (in case of acid-labile a.s. base:) Use acid of
higher pK, to reduce pH of adsorbed water
4 Decrease solubility
5 Increase crystallinity
Consequences of change —_— 1 Reduces hygroscopicity
2 Improves resistance to attack by
environmental agents
Wetrability Decrease Increase

Action to achieve change

I Increase hydrophobicity of acid

I Increase polarity of counterion

2 Use acid with high degree of hydroxylation

3 Use acid of lower pK,

Attempt recrystallization from different
solvents to alter crystal habit

H

1 Improves dissolution and bioavailability

Consequences of change

I Reduces degree of hygroscopicity/deliquescence

Adapted from Gould."

In the crystallization of salts, water may assume different
roles. At times, the presence of traces up to stoichiometrical

(basic) substances with strong bases (acids) is intended the
presence of water would cause partly protolytic dispropor-

tionation of the salt, then the result would be a salt
contaminated with the free acid (base) form of the drug
substance.

A series of typical preparative procedures for salt
formation can be found in Wermuth and Staht.®

amounts may favour crystallization, in particular if
preferably a hydrated salt form has a strong tendency to
crystallize. In other cases, strictly anhydrous conditions may
be mandatory which should be observed with highly water-
soluble salts. Also, if salt formation of very weakly acidic

BNSDOCID: <XP. 2666271A__1 >

UMO00016871

NOVARTIS EXHIBIT 1517
Novartis v. Regents, IPR2023-01347
Page 3853 of 4460



BNSDOCID: <XP,

612 The Practice of Medicinal Chemisiry

B Solid-state properties

Polymorphism and hydrate formation

A salt, once isolated, may maintain its physical properties
for long periods of storage, and repeated observations would
render the same characteristics, e.g. melting point, or
solubility. However, many salts are not only able to
crystallize in different crystal forms but also may transform
from one form to a different one even in the solid state: they
exhibit the phenomenon of polymorphism. In addition,
more frequently than with nonelectrolytes, pseudopoly-
morphism is encountered: the stoichiometric inclusion of
solvent molecules in the crystal lattice producing solvates,
and in particular hydrates, if the solvent is water, Such
variations of a drug’s solid state are highly important for the
manufactiring of solid and semisolid dosage forms since the
different forms differ in all their substance parameters and
properties, including solubility and dissolution. Once they
are encountered, both, polymorphs and hydrates, can
become disturbing, especially if one form transforms to a
different one during production. A consequence may then be
that the final drug substance or salt cannot be delivered
reproducibly in the same form. Transformation of poly-
morphs can also take place during storage of the substance,
or during processing, manufacturing or storage of dosage
forms. Therefore, the thermodynamically most stable form
is preferred. This also includes stable hydrates or stable
anhydrates, where ‘stable’ means that within acceptable
ranges of storage and processing temperatures and humid-
ity, no change will take place with respect to the crystal
polymorphic state or the degree of hydration. Anhydrous
material can form hydrates on contact with water or when
exposed to humid air. Generally, hydrates are less soluble in
water than the corresponding anhydrates. (One of the very
rare exceptions to this rule is reported in Kristl er al.2)
Although salt hydrates usually form rapidly, the rate of their
formation can vary widely, taking from minutes to months.
Thus, the solubility and dissolution rate of an anhydrous salt
can be initially high, leading to supersaturation with respect
to a hydrate which might appear with delay, whereupon the
concentration in a solution drops as the hydrate crystallizes,
or a dissolution process would slow down due to the
transformation of the undissolved anhydrous solid to a
hydrate. Equilibria of hydrate formation in humid air are
graphically presented as water sorption isotherms as shown
in Fig. 35.9 for the potassium salt of diclofenac 8. When
exposed to stepwise increasing humidity, this salt takes up
4 mol of water, once 60% relative humidity is exceeded.
Whereas in other cases, a hydrate would revert to the
anhydrate if the humidity drops below the same minimum
value when it has been formed (in this case, below 60%),
this sorption isotherm exhibits hysteresis: the salt hydrate
retains water even at lower humidity. Only below 40% is the
hydrate water lost completely. The question must be asked
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Fig. 35.8 Water sorption isotherm (23°C) of diclofenac
potassium at atmospheric pressure. Fuli circles, adsorp-
tion; empty circles, desorption.

whether the propensity to form a hydrate might interfere
with, for example, tablet production. For this particular case
the following consideration leads to the conclusion that no
interference would occur. If a wet granulation process is
applied to form a homogeneous granular mass for
producing tablets, an aqueous binder solution is worked
into the powder mixture consisting of the drug salt and
excipients. Clearly, the tetrahydrate is intermediatedly
formed during this procedure. Checking the sorption
isotherm against the temperature and humidity conditions
of the subsequent drying of the wet granulation at a
temperature above 60°C it can be concluded that the drying
process not only removes the excess water introduced by the
binder solution, but also the hydrate water completely.
However, when the intermediate tablet mass is further
processed, care must be taken that the humidity in the
manufacturing facility is controlled to values below 60% so
that the anhydrous state will be maintained, and the final
tablet product will be sealed in blister packs. This example
can make clear that hydrates are not generally prohibitive in
drug product development and manufacture, if the climatic
stability ranges of the different forms of the particular
substance are sufficiently known and such climatic con-
ditions are applied as to avoid transformations.

Chemical stability

The salt form can have an effect on the chemical stability of
the drug. If a potentially reactive salt-forming agent has
been chosen unwittingly the resulting salt may decompose
under certain conditions. Such cases have been reported for
fumarate and maleate salts. A pH-dependent adduct for-
mation with maximum reactivity at pH = 5 took place with
the dimaleate of the development compound PGE-7762928
(two basic nitrogens; pK, = 4.3; pK,2 = 10.6).>7 Further.
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with the selective serotonin reuptake inhibitor seproxerine
(== S-norfluoxetine: 12) maleate hemihydrate, the inter-
action of the primary amine group with the anion in aqueous
solution (ggtimum pH range 5.5-8.5) resulted in adduct
formation.”

The stability in the solid state of the free acid and
three salts of a prostaglandin derivative were compared on
samples stored at 33°C, protected from light. After
2 months, > 10% of the acid, > 50% of the sodium
salt, < 2% of the potassium salt and 2--3% of the Tris
(= tromethamine) salt were decomposed. The surpris-
ingly large differences could be correlated neither with
the water solubility nor with the melting point.*®

Powell*® found a dramatic difference in stability between
the phosphate and the sulfate salts of codeine in solution at
room temperature. Whereas the phosphate solution had a
shelf life of 1.1 years, the extrapolated shelf life of the
sulfate was 44 years. The low stability of the former was
ascribed to a catalytic effect of the phosphate anion on the
degradation of codeine.

These few examples underline the importance of the
stability aspect of salt selection.

V CRITERIA FOR SALT SELECTION

The selection of the final salt form must take into account
that each one of the different salts of a drug candidate has
its own profile of properties, and an ideal profile would
match the biopharmaceutical and technological require-
ments for a particular dosage form and route of adminis-
tration. Rarely high solubility can be the only criterion of
decision. In addition, the requirements of the envisaged
dosage form need to be respected. For example, a salt with
the highest solubility, but a pH of 2.8 for the saturated
solution in water, might be corrosive to tableting machin-
ery,! which would preclude manufacturing of a 200-mg
tablet product. So the decision could vote for a less soluble,
but also less aggressive salt. In contrast, for preparing an
injectable solution such a low pH could be tolerated if the
solution is designed for administration by addition to an
intravenous infusion. A step-wise route to salt selection has
been proposed by Morris and coworkers.®? Often the result
of the decision process is a compromise between several
competing property profiles, or if one salt form is intended
to be used in different dosage forms.

A Essential parameters and properties

Here are summarized the essential factors that constitute the
pharmaceutically relevant profile of a drug candidate and
hence for any salt in consideration.

2566271A _1_ >
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The solubilitv (pH profile) should be as high as possible
for injectables, moderate for peroral dosage forms.

Hygroscopicity, the adsorptive uptake and release of
water or the deliquescence of highly soluble salts, can be
decisive for technical problems. As an example, sodium
valproate. used as an anticonvulsive, deliquesces at
humidity =43% relative humidity and therefore requires
special precautions during processing for solid dosage
forms.

The propensity to form hydrates in water or in humid air
must be known. If hydrates form, the conditions of
formation and the climatic range (temperature, humidity)

. of stability must be known, and the compatibility of both for
the form to be chosen must be assessed.

Morphic state; It must be clear whether the salt is
monomorphic or polymorphic. If it is polymorphic, the
relationship between the polymorphic forms (monotropic,
enantiotropic), their relative thermodynamic stability (stable
or metastable at room temperature) and the temperature
range of their physical stability need to be clarified.

Crystallinity: The degree of crystallinity must be known.
Amorphous materials are thermodynamically not stable,
and stabilization is likely to take place under a broad range
of conditions and half-life times. The morphology and
crystal habit is of interest for mechanical processing
procedures such as milling, mixing, powder flow and
compression.

Melting point: A melting point lower than approximately
100°C can cause problems during mechanical handling
and processing. In particular, melting or lumping can occur
when comminution by milling is attempted.

Chemical stabiliry under a variety of macro- and micro-
environmental conditions is a highly critical property
determining the expected shelf life of products. The
stability of the bulk solid and in solution must be studied,
whereby the influence of environmental factors (pH,
temperature, humidity, oxygen, light) and including the
presence of various excipients on drug stability must be
established.

Corrosiveness: salts of weak bases with strong acids
need to be tested whether or not they are corrosive on
tableting tools.

Such profiles are studied in preformulation programs,®?
but some of the properties must already be known before
the decision for the final salt form is made. A change of the
salt form of a drug substance at later stages of product
development must be avoided. Otherwise, many essential
studies would then have to be repeated with the new salt at
a cost of additional time and resources. Besides the
essential parameters and properties of immediate pharma-
ceutical-technological and biopharmaceutical interest men-
tioned above, further issues may have to be considered in
the final decision concerning other areas: (1) chemical
processing, handling and economy: the yield and quality of
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crystallization, of milling; in addition, the equivalent mass
ratio active entity:salr can play a role, if a drug is likely to
be used in high doses, because a large counter-ion could
cause unwieldy large doses to be administered; (2) patent
aspects: physical and chemical variations of a drug
substance can be employed for extending the proprietary
substance protection by a suitable strategy of patent
application for salt forms or crystal modifications that are
characterized by particularly advantageous (pharmaceuti-
cal, biopharmaceutical, medical or technical) properties
and can open up new arcas of application. It should be
mentioned that salt formation is not only used to improve
solubility, but also for reducing solubility. Thus, sparingly
soluble salts can be used for developing peroral slow-
release drug products. Typical applications are the
pamoates (= embonates) of imipramine, pyrantel, pyrvi-
nium and others; also the resinates, in which the drug
substance is loaded on an jon exchanger.>*>* Salmeterol
xinafoare 13 (= 1-hydroxy-2-naphthoate) is an example of
tailoring the properties of a bronchodilating beta-stimulant
by means of salt formation to an optimum performance in
inhalation. The sparingly soluble xinafoate salt dissolves
slowly thereby contributing to the long-acting properties of
the drug substance. At the same time, mucosal irritation by
osmotic effects is avoided.
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ABSTRACT: A history of cocrystals reported in the literature prior to the year 2000 is presented, Concentration is on cocrystals
that contain only organic components, not including species commonly referred to as solvates and clathrates. However, brief
mention is made of some cocrystals containing both organic and inorganic components. The discovery and early history of
cocrystals are discussed, with emphasis on centers of activity. Numerous examples are then utilized to illustrate the structural

variety and utility of cocrystals described in the literature.

Introduction

There is a vast amount of information in the chemical
literature related to cocrystals. Tt is, however, widely dis-
persed. In additdon, there have always been, and remain,
multiple terms used to describe multicomponent crystals.
For those reasons, a comprehensive history of cocrystals
would be an undertaking beyond the scope of this article.
Instead, only work published prior to 2000 is reviewed herein.
Emphasis will be on early history, centers of activity, and
examples selected to illustrate various types of cocrystals and
their uses.

I will define a cocrystal as T have in the past, as a crystalline
structure with unique properties that is made up of two or
more components. A component may be an atom, ionic
compound, or molecule. A better, more precise description
of a component is the one utilized in Gibbs theory, stated by
Kitaigorodsky as “...a constituent part of a system, such that
its composition, at least in one state of aggregation, does not
depend on the concentration of the other parts.”® Using that
broad definition, species such as hydrates, solvates, and
clathrates are cocrystals, Hydrates and solvates are multi-
component crystals in which one component is water or ain
organic compound used as a solvent, respectively. The term
clathrate, introduced by Powellin 1948, refers to cocrystals in
which one component is contained in spaces within the crystal
structure of the second component. The crystallizing sub-
stance is commonly called the host and the substance con-
tained in the spaces is commonly called the guest. A well-
known host molecule is urea, which crystallizes in helices in
order to maximize hydrogen bonding. The helices are hollow,
and many structurally diverse molecules can reside in the
voids. Tt should be noted that urea also is known to form non-
clathrate, stoichiometric cocrystals.

It is important to realize, however, that the cocrystal
definition [ bave adopted for this Perspective represents my
opinion. Different views have been expressed regarding no-
menclature and classification of crystals containing multiple
components. Kitaigorodsky, in the preface to his 1986 book,
Mixed Crystals, noted that the title would denote different
things to different people, and that it could be applied to both
“...crystals composed of different melecules and also to solids

“To whom correspondence should be addressed. E-mail: pstahly@
tricliniclabs.com.
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that are a mixture of crystals with different structures.™
Where I use the term “cocrystal”, others have advocated the
use of “c,o-u’ystal“,5 “molecular complcx”,(’ or “multi-com-
ponent molecular crystal”.” Some prefer to define cocrystals
as structures made up of components which are themselves
crystalline solids at room temperature.® Using that classifica-
tion scheme, cocrystals (both components are solid at room
temperature) and solvates (one component is liquid at room
temperature) become subsets of the broader class of multi-
component crystals.

Historically, one finds variations on the terms “compound”
or “complex” frequently used in the literature to describe
cocrystals, but other names are also employed. Quinhydrone
was described as a compound containing molecular proper-
tions of quinone and quinol by its discoverer.® It was later
called a molecular compound,'® as were related substances
containing halogenated species.!! Cocrystals containing two
different benzoins in equimolar amounts were found to form
readily und were called addition compounds.'? The structure
of'a crystal containing 1-methylthymine and 9-methyladenine
in a 1:1 molar ratio was determined from X-ray diffraction
measurements and was described in the report as a hydrogen-
bonded complex.'® Wenner, i studying the reactions of
ascorbic acids with weak amine bases, found that L-ascorbic
acid and p-isoascorbic acid combine with nicotinamide to
form definite compounds, and concluded that **...we think it
incorrect to name the new compounds “salts”, and hence refer
to the combination of v-ascorbic acid and nicotinamide as
“picotinamide-L-ascorbic acid complex” rather than calling it
“picotinamide 1-ascorbate”.’* A cocrystal containing a 2:1
ratio of pyrene and pyromellitic dianhydride was called a
molecular complex,” and one containing a 2:1 ratio of
hexamethylbenzene and tetracvanoethylene was called a so-
lid-state complex.'S Kitaigorodsky used the term “mixed
molecular crystals” to describe both solid solutions and what
he called molecular compounds.!” Recently, cocrystals of
fullerenes and cubane were called heteromolecular crystals. '®

Terms used to describe the components in a multicompo-
nent crystal have also varied in the literature. Often in the case
of cocrystals there is a central molecule of interest that is
cocrystallized with various other components. In those cases,
the secondary component has been referred to as the cocrystal
former (coformer for short), ligand, or guest (as in clathrates
as described above). T will use the term coformer herein.

£22009 American Chemical Society
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Figure 1. Qumhxdmne (3) structures propowd by Jacksnn and
QOenslager (a),”” ? Willstatter and Piccard (b),” and Posner (¢).*

Thus, it is recognized that the issues of nomenclature and
classification of cocrystals are not scttled. Neither a compre-
hensive review of those issues nor discussion of the merits of
proposals that have appeared in the literature arc undertaken
in this Perspective. Instead, the focus is on the structural
variety of molecules that have been found to form cocrystals
and how cocrystals have been used. Selected examples are
presented; a comprehensive listing of cocrystals known prior
to 2000 is not intended. My hope is that the Perspective will
cause researchers that are currently active in the field of
cocrystals to pause and look back at [iterature that may be
easily forgotten in the race to new technologies.

The cocrystals that are the primary subject of this Perspec-
tive are those containing only organic components, though
brief mention will be made of some cocrystals containing both
organic and inorganic components. However, hydrates, sol-
vates, clathrates, and cocrystals containing components such
as mineral acids, halogens, and inorganic molecules such as
hydrogen peroxide, as well as compounds best described as
metal coordination complexes, are not included. The criterion
used to identify solvates for exclusion is that one component is
an organic compound commonly used as a solvent. Thatis, of
course, a subjective criterion, and is based only on my
experience and opinion.

Cocrystals Containing All Organic Components

The first organiciorganic cocrystal was reported by Wohler
in 1844 during studies on quinone.” He found that by mixing
solutions of quinone (1) and “colorless” hydroquinone (also
called quinol, 2), a crystalline substance was formed that he
called “green hydroquinone”, That he described as one of the
finest materials known to organic chemistry, similar to mur-
exide (the ammonium salt of purpuric acid) but even surpass-
ing it in splendor and beauty of color.'” On the basis of
chemical behaviors and elemental analyses, Wohler con-
cluded that green hydroquinone was made up of a 1:1 molar
combination of 1 and 2.

Following the initial publication, there appeared in the litera-
ture a series of papers describing analyses of the new material,
and for a while a controversy about its makeup existed. Most
data supported Wohler's view that quinone and hydroquinone
were present in a 1:1 molar ratio, but Wichelhaus believed the
ratio to be 2:1. Ultimately, the 1:1 stoichiometry was found to be
correct. Ling and Baker published a short history of the dispute
ag well as their own work in which several related cocrystals were
made f[rom halogenated quinones.!® They referred to green
hydroguinone as quinhydrone (3), a name which apparently
originated prior to publication of their paper, and described it as
“a molecular compound of quinone and quinol”.
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Figure 2. The structures of quinone, hydroquinone, and quinky-
drone,

Remember that X-ray diffraction analysis was unavailable
at that time. X-rays were discovered by Rontgen in 1895, and
were used to solve the first crystal structure, of sodium
chloride, in 1914.%° It was not until 1923 that the first full
X-ray structure solution of an organic molecule, hexamethyl-
tetramine, was published *! Therefore, chemists were unsure
of the types of intermolecular chemical bonds holding quin-
hydrone together, not knowingif they were covalent, ionic, or
dipele in nature. Some of the structures proposed are shownin
Figure 1.

Early X-ray diffraction studies of 3 conducted in the 1930s
and 1940s confirmed the existence of discrete quinone and
hydroquinone moieties.”” On the basis of the unit cell infor-
mation obtained, s-stacking of the rings was deduced. It was
not until 1958 that the full structure of a monoclinic quinhy-
drone crystal was published.*® Quinone and hydroquinone
molecules were found to alternate in zgzag chains held
together by O—H---0O hydrogen bonds. The planar mole-
cules pack parallel to one another, with an intermolecular
distance considerably shorter than those found in many other
crystals of aromatic compounds. That z-stacking interaction
was suggested to be responsible for the high density of 3
(1.40 g/fem®) compared to 1 (1.32 g/em®) and 2 (1.33 gfem?), as
well as its color. The monoclinic structure was redetermined in
1965%7 and the crystal structure of a polymorphic, triclinic
form of quinhydrone was published in 1968.% Figure 2 shows
the chemical structures of 1 and 2, as well as the packing
diagram of the monoclinic form of 3.%7

After the discovery of quinhydrone, researchers began to
seek other types of organic cocrystals. In the late 1800s and
carly 1900s, many were discovered. One of the more prolific
researchers during that time was German chemist Paul Pfeif-
fer, who in 1922 published his book Organische Molekulver-
bindungen (Organic Molecular Compounds).*® Most of that
book is made up of two sections, one covering cocrystals
containing 4 mixture of inorganic and organic components
(Anorganisch-organische Molekulverbindungen) and a sec-
ond covering cocrystals containing all organic components
(Rein organische Molekulverbindungen). A part of each
section is a listing of the cocrystals that had been reported
prior to the book’s publication. Most of the inorganic:organic
cocrystals listed fall outside the scope of this paper, as they are
best classified as solvates or metal coordination complexes.
However, some of those fall into classes that will be briefly
discussed later, namely, carboxylic acids cocrystallized
with alkali metal carboxylate salts and organic molecules
cocrystallized with simple alkali metal or ammonium salts.

The Rein organische Molekulverbindungen section lists
just over 300 cocrystals. Almost all contain aromatic com-
pounds, and well over half contain di- or trinitro aromatic
compounds. [,3,5-Trinitrobenzene, picric acid (1-hydroxy-
2,4.6-trinitrobenzene), and picryl chloride (1-chloro-2.4,
6-trinitrobenzene) readily cocrystallize with both functiona-
lized and unfunctionalized aromatics, including polycyclic
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Chart 1. Some Cocrystals Containing Commercially Important Compounds Reported by Pfeiffer in 1922

Component 1

Cormponent 2

phenol, 2-methylphenol. 3-methylphenol, 4-methylphenol, 2-

HaG
CHs
propylphenol,  2-methoxyphenol, pyrocatechol,  resorcinol,
Hol hydroquinone, l-naphthol, 2-paphthol, 1.2.3-benzenetriol, i-
4 hydroxybenzoic acid, methyl 2-hydroxybenzoate
CH, 2-methylphenol,  3-methylphenol. 4anethylphenol, 2-
HaC., F\j
U N @ hydroxymethylphenol, 2-methoxyphenol, pyrocatechol,
\ﬁ) resorcinol, hydroguinone. 5-methylresorcinol, 1.2,3-benzenetriol,
5 1,3,5-benzenetriol, methy! 3-amino-4-hydroxybenzoate
HO\/CN\'Q
Haco\@}j [ phenol, 2-methoxy-4-allylphenol, 2,4,6-tcibromophenol,
i
F N pyrocatechol, resorcinol
6

aromatic hydrocarbons, aromatic amines, aromatic alcohols,
halogenated aromatics, aromatic heterocyclic compounds
containing nitrogen or oxygen, aromatic ketones, aromatic
aldehydes, and aromatic acids. About 80 cocrystals in which
one component was benzoquinone or a related compound
were listed. Coformers in those cases were mostly aromatic
alcohols or amines.

Another class of molecules that readily form cocrystals are
aromatic alcohols such as phenols and naphthols. Coformers
include aromatic amines, nitrogen-containing heterocyclic
aromatics, ureas, and acetamide. Some interesting examples
of cocrystals containing aromatic alcohols are those contain-
ing comimercially important compounds as one of the com-
ponents. BEucalyptol (4), isolated from the blue gum tree
{Eucalyptus globulus), is used in flavorings, fragrances, and
cosmetics because of its aroma and taste. Fourteen eucalyptol-
containing cocrystals were listed by Pfeiffer (Chart 1). The fact
that eucalyptol has no aromatic moieties is noteworthy. The
finding of such cocrystals taught that ;z-stacking interactions
between components is not necessary for cocrystal formation.
Also listed were 12 cocrystals containing the analgesic anti-
pyrine (5) and five cocrystals containing the antimalaria
compound quinine (6) (Chart 1).

Itisinteresting that a number of cocrystals of 5 are included
in the 1895 pharmaceutical text Modern Materia Medica (4th
edition). Two 5-resorcinol cocrystals, one called resopyrine
and the other called resorcylalgin, are mentioned, but no
discussion of the structural difference between them is given 3!
The 5-1,2,3-benzentriol (pyrogallol) cocrystal is called pyro-
gallopyrine.”> A cocrystal of 5 and 2-naphthol, which had
been described in the literature® but apparently was not
included in Pfeiffer’s book, was given the name naphthopyrin
and described as one of several phenol compounds of 5.3
Although it appears that the 2-naphthol-containing cocrystal
was not administered to humans, at least prior to publication
of the fourth edition of Modern Materia Medica, it was not
because of concern about the pharmaceutical acceptability of

2-naphthol. The description of naphthols in that book in-
cludes the following: “Internally doses of 5 to § grains, several
times a day, have been recommended for intestinal disinfec-
tion, especially in typhus (Robin and others). In chronic
diarroea very good results have followed its administration
(Ewald).” A cocrystal of 3 and chloral, called hypnal, was
described as tasteless and odorless needles melting at 58—
60 °C, and was reported to alleviate pain and produce quiet
sleep when given to patients with troublesome coughs.*® The
related cocrystal containing 5 and butylehloral, called butyl-
hypnal, was reported to exist as colorless needles melting at
70 °C.** Migranine was described as a preparation containing
four components in fixed proportions, 89.4% 5, 8.2% caf-
[eine, 0.36% citric acid, and 1.84% water.>® Tt wus stated.
however, that whether the preparation was a simple mixture
or a chemical compound was unknown. Migranine was used
for treatment of migraine headaches, and “never failed to
ward off attacks even in the most severe cases during five
years' experience”.*®

Just after Pfeiffer’s book was published, Ludwig Kofler was
appointed professor in the Iustitute of Pharmacognosy at the
University of Innsbruck. From that time (1926) until his death
in 1951, Kofler pioneered and improved the art of thermal
microscopy. Kofler, his wife Adelheid Kofler, and their
colleague, Maria Kuhnert-Brandstatter (nee Brandstatter),
investigated hundreds of organic molecules using that techni-
que, and authored nearly 250 publications describing their
work. Some of those publications describe use of the “contact
method” to determine phase diagrams of binary or ternary
mixtures of organic compounds.®’ In the contact method, two
small portions of different crystalline substances are sequen-
tially melted and resolidified on a microscope slide so that a set
of two thincrystalline films having a zone of contact is created.
By slow heating of that preparation under the microscope,
melting of various portions can be observed and the binary
phase diagram is revealed. For example, two substances which
do not interact exhibit a low-meling zone at a specific
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Figure 3. The relationship between contact preparation melting behaviors, shown in the bottom pictures, to melting point binary phase

diagrams, shown in the top pictures.

composition, called the eutectic. That is illustrated in the
left side of Figure 2. On heating a contact preparation of
hypothetical compounds A and B under the hot-stage micro-
scope, the first region to melt will be the low melting eutectic
composition. When a single eutectic melt is observed,
as depicted in the bottom left illustration, it indicates that
A and B do not interact to form a cocrystal. On the other
hand, substances that form a cocrystal exhibit two eutectics,
between which resides the cocrystal, as shown on the bottom
right side of Figure 3. The observance of two melting zones
separated by solid indicates that a cocrystal of A and B has
formed. By continuing to heat the preparation, the melting
point of that cocrystal can be determined. The appearance of
melting zones under the hot-stage microscope constitutes a
direct representation of the binary melting point diagram of
the two compounds. Binary melting point phase diagrams are
constructed by plotting A and B composition on the X axis
and temperature on the Y axis. Those diagrams for hypothe-
tical compounds A and B are shown in the top pictures in
Figure 3. Note that phase behaviors of binary mixtures can be
quite a bit more complex than the simple examples depicted in
Figure 3.

Using the contact methed, known cocrystals were studied
and new cocrystals were discovered. For example, the phase
diagram for anthracene and picric acid was constructed,”®
and the cocrystal that had first been reported in 1867 was
observed.* New cocrystals of similar types reported include 1-
methyl-2.4.6-trinitrobenzene- carbozole™ and 1-naphthol-2-
naphthylamine.*! Cocrystals of urea and long-chain ali-
phatic acids were studied, but those are actually clathrates
in which a urea cage can be occupied by varying amounts of
the coformer.*2 Tt was found that nicotinamide (7), which
is part of the vitamin B group, forms cocrystals with
carboxylic acids and a few other types of compounds.
Two-component cocrystals were reported containing
nicotinamide and adipic acid, azelaic acid, glutaric acid,
palmitic acid, sebacic acid, stearic acid, suberic acid, decan-
edicarboxylic acid, hexadecanedicarboxylic acid, diallyl-
barbituric acid, ethyl 4-hydroxybenzoate, pyrocatechol,
2,4-dinitrophenol, 2,5-dinitrophenol, and 2,6-dinitrophe-
nol.*? Particularly interesting was the report that barbital
(8), which was marketed as a sleeping aid from 1903 until
the 1950s under the brand name Veronal, forms a cocrystal
with pyramidone (9).* Pyramidone has been used commer-
cially as an analgesic and an antipyretic. Apparently, the
cocrystal was tested in vivo, as it is stated in the publication
that there was no difference in therapeutic activity when

either the cocrystal or a physical mixture of the components
was prescribed.

Q Hs o
Ny P HaG—_ P—NH Hee N A =
/ HaC e T
== NHs 3 NH HaC N\
o CHs
7 8 9

Not surprisingly, cocrystals can be polymorphic. As dis-
cussed above, quinhydrone (3) exists in monoclinic and
triclinic forms. Kofler studied the interactions between
1,3,5-trinitrobenzene or picric acid and the aromatic hydro-
carbons fluorene, naphthalene, phenanthrene, anthracene,
{-naphthylamine, and 2-naphthalamine.*” Of the 12 combi-
nations, all form cocrystals, eight of which are dimorphic and
one of which is tetramorphic. Also interesting is that cocrys-
tals may contain more than two components. An example is
the structure containing 3 mol of 4-aminobenzoic acid, | mol
of 2,4.6-trinitrobenzoic acid, and 1 mol of 1.3, 5-trinitroben-
zene, which was called a triheteromolecular adduct.*®

During the time Pfeiffer, Kofler, Kofler, and Kuhnert-
Brandstatter were at least partially focused on cocrystals
and phase behavior, other researchers were finding cocrystals
serendipitously. Cloez reported an attempt to dibrominate
cholesterol by adding 1 equiv of bromine in carbon disulfide to
a solution of cholesterol in the same solvent.”” When half of
the bromine had been added, needles crystallized from solu-
tion, and then redissolved during addition of the reminder of
the bromine. The white needles were isolated and found to be a
1:1 cocrystal of cholesterol and dibromocholesterol. One of
the keys in understanding the structure was that the cocrystal
could be prepared by erystallization from a solution contain-
ing equimolar amounts of the pure components, Von Narwall
reported a study of the reduction of cinchonine with metals.*®
Treatment ofthe compound with sodium or sodium amalgam
afforded the expected hydrogenated derivatives. However,
when he added metallic tin to a hydrochloric acid solution of
cinchonine the product was a 1:1 cocrystal of cinchonine and
cinchonine hydrochloride. Schroeter attempted to prepare
benzoic acid using the relatively new Gringnard reagent.*® It
had been reported previously that treatment of phenyl mag-
nesiwm iodide with carbon dioxide gave benzoic acid. But the
reaction behaved somewhat differently when phenyl magne-
stum bromide was used. Treatment of that reagent with
carbon dioxide, followed by acidic hydrolysis, gave a crystal-
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Figure 4. The addition of carbon dioxide to phenyl magnesium
bromide resuited in the isolation of a 111 cocrystal of benzophenone
and triphenylcarbinol.

line powder in about 6% yield. That material turned out to be
a 1:1 cocrystal of benzophenone (10) and triphenylcarbinol
(11) which melts at 165 °C (Figure 4), apparently {formed by
continued addition of the Grignard reagent to the initially
formed product. Szmant et al. treated 2,5-diphenyl-{1,4}-
dithiine (12) with peracetic acid and isolated a product to
which he tentatively assigned the structure 13.°° That assign-
ment was based on previous reports of Diels—Alder reactions
ocecurring during oxidation of thiophenes. However, results
from additional analyses of the product were inconsistent
with structure 13.°' Tdentification of the product as a 1:1
cocrystal of 12 and 13 was confirmed by separation of the two
components using column chromatography, as well as erystal-
lization of the cocrystal by addition of 2-propanol to a
benzene solution containing equimolar proportions of 12
and 13.
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The potential utility of cocrystals was recognized early and
continuously explored during the 20th century. Some cocrys-
tals considered for pharmaceutical applications were dis-
cussed earlier. A few additional examples are presented here.
The observation that the aqueous solubility of caffeine (14) is
increased in the presence of sodium salicylate was investigated
by Regenbogen and Schoorl. who identified what they be-
lieved to be a cocrystal of 14 and salicylic acid.>? Ultimately,
Schoorl isolated a hydrated cocrystal composed of one mole-
cule of 14, one sodium salicylate molecule, and five water
molecules.®® That cocrystal is particularly interesting in that it
contains an un-ionized organic molecule and an organic salt,
bearing some resemblance to the acid/acid salt class of
cocrystals discussed later. Stmilar cocrystals were patented
by Czechoslovakians Oscar and Rudolf Adler, who are better
known for patenting the use of activated carbon for water
dechlorination. They were granted a U.S. patent for cocrystals
containing salts of phenylquineline carboxylic acids and sub-
stituted pyrazolones.®® For example, by heating to 110 °C,
with stirring, an equimolar mixture of calcium 2-phenyl-4-
quinoline carboxylate (15) and {-phenyl-2,3-dimethyl-4-
dimethylamino-5-pyrazolone (16) with a little water, a clear
melt was obtained. Cooling of the melt gave the 1:1 cocrystal,
which they called a molecular compound. The claimed

Stahly

cocrystals were described as ... particularly suitable in cases
of true gout with inflammatory joint manifestations, uratic
diathesis, chronic joint disorders, or chromic arthritis when
administered through the mouth with 3—4 doses of 0.5-0.6 g
per day.” Another pxdmple of a cocrystal containing an
oxgdmu salt and an organic molecule was patented by Zell-
ner.*® He found that caffeine (14) and theophylline cocrystal-
lized with sodium 2-naphthylacetic acid, and claimed that

“The new molecular compounds have the advantage over
caffeine and theophylline that they are much better soluble in
water than the purines as such. For instance, the molecular
compound with caffeine permits the preparation of aqueous
solutions containing 80% of the molecular compound.”
Apparently, complexation occurs in solution as well since
the cocrystal structure is lost on dissolution.

A cocrystal of nicotinamide (7) and i-ascorbic acid
(vitamin C) was found and patented by chemists working
for the Gelatin Products Corporation. Bailey et al. established
the existence of the 1:1 cocrystal by generating the melting
point phase diagram in 1945.°° Fox pdtented the cocrystal in
1947, generating pure samples by nﬂ]xmg equimolar amounts
of the components in the dry state.’” Leading to discovery of
the cocrystal was an investigation of unwanted thickening of
oil-based multivitamin preparations containing nicotinamide
and L-ascorbic acid. The patent claimed that preparations of
reduced viscosity were obtained when the cocrystal was
incorporated instead of the individual components. Buu-
Hoi et al. reported testing the cocrystal, which was called
Nicastubine, in guinea pigs.®® It showed antiscorbutic
(prevention of scurvy) activity and offered some protection
against tuberculosis.

Kranz et al. found that a cocrystal containing equimolar
amounts of sodium theoph\llmdte and glycine increased the
water solubility of theophylline.? A clinical study showed that
the cocrystal was tolerated in “unusually large amounts in
man” and elicited the “typical theophylline response.”

Higuchi studied complex formation in solution using solu-
bility measurements. He found that caffeine forms complexes
in solution with a number of pharmaceutically active or
acceptable compounds such as benzoic acid, benzoate ion,*
aspirin, 4-hydroxybenzoic acid, 3-hydroxybenzoic acid, sali-
cylic acid, salicylate ion, butyl paraben,®! sulfathiazole, sulfa-
diazine, 4- ammoben/omamd benzocaine, phenobarbital, and
barbital.%? He ultimately isolated cocrystals of caffeine and
gentisic acid that had stoichiometries of 1:1 and 1.2 caffeine:
gentisic acid.®® Those coerystals reduced the dissolution
rate of caffeine and therefore, according to Higuchi
“..present a potentially useful way of formulating caffeine
in dosage forms such as chewable tablets that are intended to
linger in the mouth. Such dosage forms would only release
calleine slowly and should, consequently, have an improved
taste factor over ones containing pure caffeine.”

Several Japanese groups studied the potential pharmaceu-
tical use of cocrystals in the 1950s. Among those reported are
cocrystals of penicillins with amim:»él-to]uasnesulfommlide,64
aminopyrine with glycerol monophcnyl ether derivatives,®
5,5-diphenylhydantoin with antipyrine,®® aminopyridine with
barbituric acid derivatives,®” and berberine chloride {17y with
sulfa drugs such as sulfanilamide (18).%® Japanese researchers
recognized that cocrystals could increase the dissolution rate
of active pharmaceutical ingredients (APIs). Glucuronic acid
(19) cocrystals of caffeine (14) and theobromine (20) were
reported to have higher solubility than 14 and 20 themselves.®
It may be reasonably assumed that the high water solubility of
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component 19 is responsible for enhanced dissolution rates of
the APIs, but the distinction between sclubility and dissolu-
tion rate was not addressed in the publications. Similarly,
homosulfamine (21) cocrystals of sulfa drugs were said to
increase the solubility of the sulfa drugs.”® That effect prob-
ably does not result from individual component solubilities, as
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Perhaps enhanced dissolution rates of sulfa drugs from homo-
sulfamine-containing cocrystals results from weaker intermo-
lecular interactions in the cocrystals compared to those in the
single-component sulfa drug crystals. In any case, those
results portend one of the important properties of cocrystals
under scrutiny today, that of mcrcdsmg the aqueous dissolu-

21 is structurally very similar to sulfa drugs such as 18. tion rate of poorly water-soluble APIs.’
I HO,G R g
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The number of reports of cocrystals having pharmaceutical
utility grew somewhatin the late 1900s. Most of those studied
contained known classes of compounds such as the sulfa
drugs, barbiturates, and xanthine alkaloids such as caffeine
(14), theophylline, and theobromine (20). Sakiguchi com-
pared the aqueous dissolution behavior of a [:1 cocrystal of
18 and sulfathiazole (22) to that of & physical mixture of the
compounds.”® At equilibrium the system consists of both
components in solution and a solid phase containing a
mixture of 22 and the cocrystal, but the equilibrium arises
by much different kinetic pathways depending on the starting
solid. The components of the physical mixture initially dis-
solve rapidly, then the rates decrease as undissolved particles
become coated with precipitating cocrystal. The rates of
component dissolutions were considerably different starting
with the cocrystal. At about 1 h, the concentration of 18 was
over five times higher when starting with the physical mixture
compared to starting with the cocrystal. Also interestingis the
fact that with the cocrystal as starting material, a metastable
equilibrium was observed, its duration ranging from 6 h at
35°C to >24 h at 15 °C, wherein the solid phase consisted
only of the cocrystal. After that, equilibrium was slowly
attained. The result is that the agueous dissolution rate of
the more water-soluble component (18) is reduced and that of
the less water-soluble component (21) is increased when the
cocrystal is used compared to when a physical mixture is used.
Tdealized solubility curves are shown in Figure 5. Note that
the preceding example illustrates the broad concept that
cocrystals can potentially increase or decrease the dissolution
rate of a molecule of interest.

The dissolution and phdmmwkmetm behawor of a cocrys-
tal of 20 and phenobarbital was studied.”” Theophylline (20) is
more water-soluble (about & mg/mlL) than phenobarbital
(about | mg/mL), and conscquently the dissolution rate of
2015 slower from the cocrystal than from crystalline 20 itself. Tt
was found that the powder dissolution profile correlated with
the graph of the serum level of 20 plotted against time,
meaning that administration of the cocrystal provided peak
blood levels at longer times than did administration of 20
alone. The authors concluded that “Biocavailability may be

influenced by complexation or interaction of 2 drugs in a
tablet.” In addition to ilfustrating the ability of cocrystals to
affect bioavailability, that study suggests that cocrystals could
be useful for combination therapies. In fact, a commercial
product that contains 20 and phenobarbital, as well as ephe-
drine, is known (Tedrol), but the cocrystal was not used
therein.

Sulfadimidine (23) readily forms 1:1 cocrystals with a
variety of carboxylic acids. The first X-ray structure of such,
the acid component being salicylic (2-hydroxybenzoic) acid,
was reported in 1988.7% Subsequently, Caira et al. found
similar cocrystuls Lomdmmg 2-aminobenzoic acid,” 4-ami-
nobenzoic (anthranilic) acid,” 4-ammosahcyucamd ‘1cctyl-
salicylic acid,’® benvo'c acid,”” 4-chlorobenzoic acid,” and
ortho- phihalu, acid.” Those cocrystals could be prepared
from solution or by grinding equxmolar proportions of the
solid compenents in a ball mitl.” ’ Competitive experiments
were carried out, in which 23 and two acids were ground
together. When anthranilic acid was one of the pair its
cocrystal always resulted. Also, when the cocrystal containing
23 and salicylic acid was ground with 1 equiv of anthranilic
acid, the major product was the cocrystal containing 23 and
anthranilic acid. A similar reaction did not take place when
benzoic acid was used in place of anthranilic acid. Evaluation
of the crystal structures of the components led Caira to
hypothesize that the driving force for formation of the
anthranilic acid cocrystal in the competition and substitution
reactions involves the relative thermodynamic stabilities of
the cocrystals compared to the homomeric crystals. Car-
boxylic acids often exist as hydrogen-bonded acid dimers in
their crystals. Anthranilic acid is an exception, however,
having one un-ionized molecule and one zwitterion in the
asymmetric unit of the crystal. The lack of stable hydrogen-
bonded dimers was thought to reduce the stability of the
homomeric anthranilic acid crystal to less than that of the 23:
anthranilic acid cocrystal, providing the driving force for
formation of the latter.

The potential utility of cocrystals to solve pharmaceutical

evelopment problems, such as poor dissolution rate, has
apparently been broadly recognized only recently. Although
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Figure 5. ldealized aqueous solubility curves for sulfanilamide (18),
sulidthm?o}e (22), and the 1:1 18:22 cocrystal. The red lines represent
copcentrations attained when starting with a physical mixture (solid is
18 and dashed is 22). The blue lines represent concenirations attained
when starting with the cocrystal (solid is 18 and dashed is 22). The
purple dotted line represents the concentration attained when starting
with the cocrystal, during the metastable equilibrium phase (where the
solid remains pure cocrystal). Adapted {rom ref 73.

presaged by the types of studies discussed above, it was not
until about 2000 that the idea seemed to take hold. Since then
the number of publications in the area has grown explosively.
The slow acceptance of cocrystals as potential APIs s at least
partially due to the understandably conservative approach
taken by most drug companies toward meeting regulatory
requirements. It is hard enough to geta drug approved and on
the market without offering something perceived to be new to
regulatory agencies. However, 1 note in that context that a
couple of cocrystals have been approved for human consump-
tion. The nicotinamide - ascorbic acid cocrystal discussed
above is listed in the U.S. Code of Federal Regulations section
172, which is entitled Food Additives Permitted for Direct
Addition to Food for Human Consumption.”® Tt is described

s ““...the product of the controlled reaction between ascorbic
acid and nicotinamide, melting in the range 141 °C to 145 °C.”
and useful “...as a source of ascorbic acid and nicotinamide in
multivitamin preparations.” Although it is administered in
solution, a cocrystal Lomdmmg un-ionized caffeine and citric
acid, first reported in 1926,” was approved by the U.S. Food
and Drug Administration in 1999.%° The trade name is

CAFCIT and it is prescribed for the short-term treatment of

sleep apnea in infants. In any case, the reluctance to risk
regulatory disapproval has likely been overshadowed by the
fast-growing cost of drug development us well as the increas-
ing loss of active molecules in development because of their
poor water solubility or other suboptimal physical properties.
Cocrystals are another possible crystalline form of an API
that, if containing pharmaceutically acceptable components,
should be thought of as salts from a regulatory point of view.
As such, they can sometimes be used to “rescue” poor
development candidates. Since this article only covers re-
search reported prior to 2000, the more recent work of those
studying pharmaceutical applications of cocrystals are not
covered.®!

Because of the considerable attention currently given phar-
maceutical applications of cocrystals, it might be easy to
overlook the many nonpharmaceutical applications that have
been reported. Some examples follow.

Pfeiffer et al. understood that the forces responsible for
intermolecular binding of molecules into cocrystals were the
same as those that function in biological construction, such as

Stahly
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Figure 6. Strunctures of the adenine:thymine (top lett) and guanine:
cytosine (top right) base pairs in DNA (R, Ra, Rs, Ry = attach-
ment to phosphate-deoxyribose backbone), and the 1:1 cocrystals
of 9-methyladenine:1-methylthymine (24) and 9-ethylguanine:
I-methylcytosine (25).

the building of proteins.*? Thus, biological structures have
inspired small molecule cocrystal research. In the structure of
DNA., first proposed in 1953,%% the planar adenine:thymine
base pair is held together by two hydrogen bonds and the
planar guanine:cytosine base pair is held together by three.
Cocrystals of those free nucleotide bases containing alkyl
groups at positions where they arc attached to the phos-
phate-deoxyribose backbone in DNA were made (Figure 6,
24 and 25). Cocrystial 24 was obtained by crystallization of an
equimolar solution of the components from water.™ It is
noteworthy that the hydrogen bonding patlern between the
components is different in DNA than it is in the cocrystal.
Although the adenine amino group hydrogen bonds to a
thymine carbonyl oxygen atom in both structures, the thy-
mine NH group hydrogen bonds to a nitrogen atom in the 6-
membered ring of adenine in DNA but to 4 nitrogen atom in
the 3-membered ring of adenine in the cocrystal. On the other
hand. the hydrogen bonding pattern between the components
in cocrystal 25, prepared by crystallization from dimethylsulf-
oxide solution, 15 the same as that found in the guanine:
cytosine base pair of DNA®S Interestingly, Etter
et al. reported that 24 can be prepared by grinding the
components in the solid state, but 25 cannot.®® A series of
similar cocrystals, containing variously substituted nucleotide
bases, were reported. Wilson summarized those found in the
fiterature prior to 1988, listing 12 homobase-pairs and 25
heterobase pairs.”’

Nucleotide base cocrystals were used in the study of the
mechanism of radiation damage to IDNA. Ionizing radiation
leads to free radicals, which can reside on the base pairs.
Schimidt obtained electron spin resonance spectra of gamma-
irradiated 24 and found that the resulting {ree radical is
more long-lived in that cocrystal than it is in the crystal of
1-methylthymine alone.®® Similar work was carried out by
Kar et al.¥

Related is the use of cocrystals as protection against sun
exposure damage to the skin. Ultraviolet (UV) radiation
causes dimerization of adjacent nucleotide bases in DNA,
butstudies showed that the reaction is wavelength-dependent,
and that dimerization caused by 280-nm radiation can actu-
ally be reversed by 240-nm radiation. Cocrystals composed of
nucleotides (phosphoric acid esters of N-glycosides of nucleo-
tide bases) and ammocaxbox(ylxc acids were patented as
topically applied sun screens.”” They contain 1 mol of the
nucleotide and 1—4 mol of the acid. Either compomnl can be
present in un-ionized form or as a salt. An example is the
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cocrystal containing 1 mol of adenosine-5-monophosphoric
acid and 2 mol of sodium 4-aminobenzoate. The nucleotide
portions provide skin compatibility and water solubility, the
tatter allowing incorporation in aqueocus skin protective com-
positions. The cocrystals show strong absorption of radiation
between 320 and 280 nm, but minimum absorption of 240-nm
radiation.

Pfeiffer et al. published reviews of articles describing co-
crystals of amino acids and polypeptides with various types of
organic compounds.‘” He concluded that, since those mole-
cules are loosely related to more complex molecules such as
proteins, tannins, and dyes, the processes of tanning and
dycing involve cocrystal formation at the surface of solid
materials. Somewhat related was the use of colored cocrystals
as hair dyes, such as those containing polyhydric phenols and
aromatic diamines.®® A specific example is the yellow, 2:1
cocrystal of 1.3~diaminobenzene and 1,3,5-trihydroxybenzene
{phloroglucinot).

Quehl patented cocrystals useful for finishing operationsin
the textile industry.”” Textile finishing involves treatment of
fabric to improve its look, performance, or feel. Quehl found
that cocrystals of urea and sugars were advanrageous in
finishing, even though they are applied in solution. By mixing
approximately equimolar amounts of urea and glucose in
water, a syrup was obtained which “...normally does not tend
to erystallize.” Further, "Only when the syrup is left standing
for some time and subjected to occasional rubbing with a glass
rod, small needles will separate therefrom, whereupon the
largest portion of the mass soon solidifies from the center of
crystallization and forms a crystal-magma.” The cocrystal
obtained in that way melts at 117 °C; urea melts at 132 °C and
glucose at 85 °C. The difficulty encountered in finishing
operations in which the solutions of the components were
used separately or in nonequimolar mixtures was that crystal-
lization occurred on the fabric. By generating the cocrystal,
then dissolving it for application, crystallization on the fabric
was avoided. Aninteresting use of slow-growing cocrystals to
prevent crystallization!

Cocrystals were used to impart stability to inherently
unstable compounds. Fischer et al. reported that inorganic
and organic acid halides cocrystallize with hydroxyazo com-
pounds.®* He made more than 30 such cocrystals containing
about fifteen different acid chlorides and bromides. Those
were prepared in nearly quantitative yield by crystallization
from solution or simply shaking the components together in
the absence of solvent. An example is the dark red cocrystal
containing acetyl chloride and 4-(phenylazo)phenol (26).
Cocrystal 26, which melts ar 172 °C, was kept in an open
vessel for days without decomposing. Normally, acid chlor-
ides are readily hydrolyzed when exposed to awmospheric
conditions. It should be noted that mixing of a hydroxyazo
compound with an acid chloride might be expected to lead to
an esterification reaction with liberation of hydrogen halide. If
that occurred, could the cocrystals described by Fischer
actually be simply esters, or cocrystals of esters with hydrogen
halides? Those possibilities seem unlikely, as molecular weight
determinations showed that the cocrystals dissociate almost
completely in benzene solution. In addition, alkyl- and acyl-
substituted hydroxyvazo compounds fail to produce the co-
crystals, even though they contain the potentially reactive
hydroxyl group. Aoki et al. found that some disinfectants
form cocrystals with specific phenol derivatives, providing the
ability to stabilize, reduce the volatility of, and control the
release rate of the disinfectants.”® An example is the cocrystal
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containing 1 mol of 27, the phenol derivative. and 2 mol 028,
the disinfectant. Compound 28is an easily decomposed liquid,
but the cocrystal renders it a thermally stable powder.
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Purification processes enabled by cocrystals were described.
Christiani et al. reported the purification of cholesterol via its
cocrystal with digitonin, which is a glycoside of molecular
weight 1229.9% Fatty acids were purified by crystallization of
their cocrystals with acetamide.”” Commercial fatty acids,
such as stearic, palmitic, myristic, and lauric acids, of about
90% purity were mixed with an equimolar amount of acet-
amide and an organic solvent and warmed to effect solution.
Cooling gave cocrystals which were separated from the vis-
cous mother liquors by centrifugation. From the recovered
cocrystals, purified fatty acids, free of homologues, could be
obtained. Bis-phenols, such as 29, are used as antioxidants.
They can be recovered in pure form from crude reaction
product mixtures by treating solutions of the mixtures with
amines and recovering the cocrystals formed between bis-
phenols and amines.”® A wide variety of amines were used,
including hydrazine, alkylamines such as methylamine and
ethylamine, aromatic amines such as pyridine and 2,6-luti-
dine, and hydroxyamines such as ethanolamine and trietha-
nolamine. Cocrystals allowed recovery of expensive
cephalosporins from ditute solutions such as mother liquors
remaining from direct crystallizations. Cocrystallization of
cefaclor, cephalexin, cepfradine, or loracarbef with parabens
(para-hydroxybenzoate csters), followed by pH-mediated
precipitation, provided the purified cephalosporins as solids
and left the parabens in solution.”®

Examples of chiral selectivity during cocrystallizations
were reported. Cocrystals of nicotinamide (7) and L-ascor-
bic acid were discussed in earlier sections of this manu-
script. Wenner studied cocrystal formation between
nicotinic acid (30) and ascorbic acids, with a surprising
result.'* L-Ascorbic acid (31) readily cocrystallized with 30,
but its diastereomer, p-isoascorbic acid (32), did not. Wen-
ner stated “This difference in the formation of a complex
cannot be explained by differences in acidity between
L-ascorbic and p-isoascorbic acid, because both show prac-
tically the same pH in solutions. Tt seems logical to ascribe
the difference in behavior to the difference in structure of
both acids. Obviously the stearic arrangement of the parti-
cular ascorbic acid is instrumental in bringing about the
combination with nicotinic acid.” On the basis of melting
point curves, Fredga discovered an example of enantio-
meric selectivity.'” The levo isomer of dimercaptoadipic
acid (33) formed a 1:1 coerystal with the levo isomer of
dithiodilactic acid (34), but not with the dextro isomer of 34.
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The natural extension of such chiral selectivity is to utilize
optically pure cocrystal components as resolution agents,
much the same way that optically pure acids (bases) are used
to resolve racemic bases (acids) via diastercomeric salt crystal-
lization. Indeed, resolutions by diastereomeric cocrystal
crystallizations were reported. Brucine was used to resolve
racemic resorcylmethylcarbinol (38), a compound that is not
acidic enough to form a salt with brucine.'®" Treatment of
racemic 35 with brucine in an organic solvent resulted in
crystallization of a cocrystal containing dextro-35 and bru-
cine. The diastereomeric cocrystal, containing levo-35 and
brucine, could not be obtained. Successive recrystallizations
of the cocrystal and liberation of 35 by extraction of brucine
into acidic water afforded optically enriched dextro-35.
However, resolution ceased at a specific enrichment level,
and a cocrystal containing optically pure dextro-35 could not

36 37 38
R=H
R =benzyl
R =ethyl

Some interesting solid-state reactions which occur in co-
crysials were observed. Eiter et al. reported an unexpected
nucleophilic aromatic substitution reaction which appareutly
occurs because of molecular orientation in a cocrystal.'®>
Cocrystal 41 was prepared from solution or by grinding
together 4-chloro-3.5-dinitrobenzoic acid and 4-aminoben-
zoic acid (Figure 7). Analysis of 41 by differential scanning
calorimetry revealed an irreversible exothermic event which
occurred at 180 °C. A drop of aqueous silver nitrate solution
suspended over a sample of 41 during heating developed a
precipitate of silver chloride, showing that hydrochloric acid
was being evolved. The product of the exothermic reaction
was identified as 42, and it could be obtained in quantitative
yield simply by heating 41. Although a crystal structure of 41
was not obtained, the suspicion is that a hetero acid dimer
results in alternation of the components in the structure and
that serendipitous proximity of the amino and C—Cl moieties
leads to the solid-state reaction. Toda reported that cocrystals
containing two different alcohols, when treated with para-
toluenesulfonic acid in the solid state, afforded unsymmetrical
ethers.'®® A series of such reactions was studied, the starting
cocrystals being produced either from solution or by grinding

Stahly

be obtained. In order to complete the resolution, the dextro
isomer from the cocrystal crops and the levo isomer from the
mother liquors were separated from brucine and each was
dissolved in solvent. Concentration of each solution induced
crystallization of racemic 33, which exists as a racemic com-
pound, leaving optically pure dextro- and levo-35 in the
mother liquors.

A more efficient resolution was carried out of 3-hydroxy-
pyrrolidinines (36) via their cocrystals with the optically active
diol (37).'% Two recrystallizations of each initially formed
cocrystal sufficed to provide optically pure 36. 1,2-Dibromo-
hexafluoropropane contains no functional groups that allow
salt formation, but was resolved as a cocrystal with (—)-
sparteine hydrobromide (39).'%% In that case only one recrys-
tallization was required. A casc of mutual optical resolution of
components of a cocrystal was found by Toda et al W hen a
solution of (+4)-bis-G-naphthol ((+)-39) and racemic sulfoxide
40a in benzene was allowed (o stand at room temperature for
12 hours, a 1:1 cocrystal containing (4)-39 and (+)-40a
separated as colorless prisms. One recrystallization from
benzene followed by decomposition of the cocrystal afforded
100% optically pure (+)-40a in 77% yield. The reverse
resolution, of racemic 40a by chiral 39, occurred similarly.
The success of the resolution procedure depended on appar-
ently minor changes in the R group of 40. While (+)-39
efficiently resolved 40a. it poorly resolved the related
compounds 40b and 40c¢, and fziled to form a cocrystal
with 40d.

7 g
R7TTCH
Br K
40

a) R =m-toly!
b) R =phenyl
¢) R=gp-tolyl
d) R =p-tolyl

the solid components. In one example, cocrystal 43 alforded
ether 44 in 78% vyield. When the components of 43 were
treated with para-toluenesulfonic acid in solution, both sym-
metrical ethers and the unsymmetrical ether 44 were obtained
in statistical ratios. The conclusion was that the components
of 43 exist as hydrogen-bonded pairs in the crystal, which
leads to selective formation of unsymmetrical 44 (rom the
cocrystal.

A rather unusual type of cocrystal was discovered by Hirata
et al. during studics of viscoelastic systems. Addition of
aromatic compounds to agqueous solutions of cationic surfac-
tants afforded solutions having remarkable viscoelasticities.
Examination of such solutions by electron microscopy re-
vealed the presence of large rod-like micelles mixed with a few
single crystals.’”” A solution of hexadecyltrimethylammo-
nium bromide and 2-iodophenol that was allowed to stand
deposited crystals, which were recovered by centrifugation
and found to be a 1:1 cocrystal of the two components,'%
Approximately 140 similar cocrystals were made, containing
cationic alkyltrimethylammonium bromides or anionic
sodium alkyl sulfates along with aromatic components
encompassing a wide variety of structures.'” While the
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figure 7. Examples of solid-state reactions of cocrystals.

structures of the cocrystals containing cationic surfactants
differ from those containing anionic surfactants, in each the
aromatic molecules reside in contact with the hydrophobic
portions of the surfactants. A typical structure of a cationic
surfactant cocrystal is shown in Figure 8. The aromatic
molecules lie between the hydrophobic tails of the surfactant
molecules, but near their ionic ends. The aromatic alcohol
groups are hydrogen bonded to the bromide ions. Similar
structures exist for cocrystals containing cationic surfactants
and aromatic molecules devoid of donor groups. In those,
the aromatics reside at the ionic end of the surfactants
even though hydrogen bonding to bromide is not possible.
The pharmaceuatical utility of such cocrystals was not lost
on Hirata. He found that aromatic, water-insoluble APIs
cocrystallize with cationic  surfactants. Flopropione
(1-(2,4.,6-trihydroxyphenyl)-1-propanone), an antispasmodic
marketed in Japan, and 4-chloro-meta-cresol, which has been
used as a topical antiseptic, cocrystallize with hexadecyltri-
methylammeonium bromide.' ' The flopropione cocrystal was
found to dissolve considerably faster in water than either a
physical mixture of the components or flopropione itself, and
the 4-chioro-meta-cresol cocrystal was found to be more
thermally stable (less loss from vaporization) compared to
4-chloro-meta-cresol itself.

Numerous cocrystals containing heterocyclic nitrogen
bases and carboxylic acids were reported in the 1990s. A list
of selected examples, which is not intended to be comprehen-
sive, is shown in Table 1. A disproportionally high number
ol cocrystals of that particular class seem to have been studied,
leading to the question “Why is this relatively narrow struc-
tural class of cocrystals of particular interest?” The answer is
crystal engineering. That field of study, which emerged in
the last half of the 20th century, was defined by Desiraju in
1989 as “the understanding of intermolecular interactions in
the context of crystal packing and in the utilisation of
such understanding in the design of new solids with desired
physical and chemical properties”.'"" Such supramolecular
syntheses have been approached retrosynthetically, where
common intermolecular interactions observed in crystal
structures are used to devise what are called supramolecular
heterosynthons. Those are noncovalently bound, multicom-
ponent assemblies that can pack to give long-range structural
order.’?

Typically, hydrogen bonds play an important role in bind-
ing functionalized organic molecules into crystals, and are
relatively easily recognized in crystal structures based on
shortened contact distances and specific directionalities. Thus,
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Figure 8. A packing diagram from the crystal structure of the 1:1
cocrystal of decytrimethylammonium bromide and 2-iodophe-
nol.""* Carbon atoms are gray, nitrogen atoms are blue, oxygen
atoms are red, jodine atoms arc purpie, bromine atoms are brown,
and hydrogen bonds are dotted lines. Hydrogen atoms are omitted
for clarity.

searches for hydrogen bonding patterns that could be used to
build supramolecular heterosynthons leading to new crystal
structures were undertaken by several research groups. Many
of the cocrystals in Table 1 were generated during studies of
that type. The work of Margaret C. Etter, one of the more
prolific researchers of the era, led to a set of empirically
derived rules that correlate functional groups and hydrogen
bonding patterns.'"* By understanding the crystal structures
of individual molecules and applying the hydrogen-bonding
rules, Etter et al. designed cocrystals containing 2-aminopyr-
imidine and carboxylic acids (Table 1).'"° Knowing that
2-aminopyrimidine and. often, carboxylic acids exist as hy-
drogen-bonded dimers in their homomeric crystal structures,
she reasoned that they might form heteromeric dimers which
would be supramolecular heterosynthons for new struc-
tures (Figure 9). That proved to be the case, leading to the
discovery of new, 2-aminopyrimidine-containing cocrystals in
her laboratories' 5 as well as by other research groups
(Table 1)."'7"' Similarly, carboxylic acids were found to
form supramolecular heterosynthons with other functiona-
lized heterocyclic bases such as 2-amino-S-nitropyridine’®!
and 2-pyridone.'?® Cocrystals containing other hydrogen
bonding patterns were counstructed by similar analyses of
homomeric structures, examples being the cocrystals contain-
ing 2-aminopyrimidones and dicarboxylic acids.”*”

It must be mentioned that consideration of one type of
hydrogen-bonding pattern alone is a rather narrow view into
the interactions that might lead to rationally designed cocrys-
tals. For example, it was stated above that carboxylic acids
often exist as hydrogen-bonded dimers in the crystalline state.
Quantitatively, of the over 4000 entries in the 2004 version of
the Cambridge Structural Database of crystal structures in
which at least one carboxylic acid moiety is present, about
29% were found to have that dimer structure.”*® More
commonly, the acid moieties are associated with other func-
tional groups to form supramolecular heterosynthons. The
success realized using the relatively simple dimer analysis
discussed above suggests that once a better understanding of
factors leading to supramolecular heterosynthons is achieved,
cocrystal design will be more readily accomplished.

Some of the cocrystals in Table 1 arc interesting for a
different reason. For example, consider the 1:1 cocrystal of
2,4,6-trimethylpyridine and benzoic acid, the structure of
which was determined at 150 K.'* The single hydrogen bond
in the structure is between the carboxylic acid group of
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Table 1. Selected Cocrystals Containing Heterocyclic Nitrogen Bases and Carboxylic Acids

base component acid component reference
J-aminopyrimidine benzoic, 3-bromobenzoic, 4-methylibenzoic, 3-nitrobenzoic, isophthalic, malonic, succinic 115
2-uminobenzoic, 3-aminobenzoic, 2-nitrobenzoic, o-phthalic 116
2,4, 6-trinitrobenzoic 117
p-phenylenediacetic 118
terephthalic 119
2-amino-G-ethyl-4(3H)- adipic, succinic 120
pyrimidone
2-amino-6-methyl-4(31)- adipie, glutaric 120
pyrimidone
2-wmino-S-nitropyridine chloroucetic i21
2-amino-6-phenyl-4(311)- adipic 120
pyrimidone
3-amino-1,2,4-rriazole 4-nitrobenzoic 17
4.4 -bipyridine maleic, fumaric 122
adipic, glutaric, malonic 123
{R)-4-(4-chlorophenyl)pyrrol-2-one (= )-tarturic {24
3.5-dimethylpyrazoie 2,4,6-trimethylbenzoie 125
3-hydroxypyridine 2.4-dichloro-3-fluorophenoxyacetic, 2,4-dichlorophenoxyacetic, 3, 3-dinitrobenzoic, 17
phenoxyacetic, 2,4,35-trichlorophenoxyacetic
phenazine mulonic 126
phthalazine phthalic 127
2-pyridone adipic, oxalic, sehacic, suberic, succinic 128
2.4,6-triaminopyrimidine adipic, glutaric, malonie, succinic 123
2.4 6-trimethylpyridine benzoic 129
W — * which contain suitably disposed electron withdrawing and
N H—~—N\ P W NeH-O electron donating groups are highly polarizable. In order for
4‘\"‘ N~—-H—«N>-N\ R~ )R N=( SR that polarizability to persist in the crystalline state, the
. W <\JN‘ -H=O molecules must pack parallel to each other in a noncentro-

honded dimers in the 2-arninopyrimidine crys-
stals (right).

Figure 9. Hydrogen-
tal (left), carboxvlic acid crystals (center), and cocry

benzoic acid and the nitrogen atom of the pyridine, as
expected since they are the best proton donors and acceptors
in the system. Note, however, that the pair does not form a
salt; the proton is not transferred from the acid to the base. On
the other hand, the analogous crystals containing 1.4,6-tri-
methylpyridine and 2-nitrobenzoic acid or 3,5-dinitrobenzoic
acid are salts. with the protons residing on the pyridine
nitrogen atoms. Since the nitro-containing benzoic acids are
more acidic than benzoic acid itself, it is likely that the
structural differences are due to differences in the pK, separa-
tion between the acid and the base. However, for acids and
bases having a ApK, of about two or less, the crystalline
environment is critical in determining whether a cocrystal or
salt results.’*’ That situation, which has been called the
salt—cocrystal continuum, was recently discussed in detail.'™

Cocrystal engineering is especially important in the field of
nonlinear optics (NLOs). An NLO material is one in which
certain responses to radiation are not linearly proportional to
properties of the radiation. For example, certain crystals
exhibit the property of second harmonic generation, also
called frequency doubling. Qne is monopotassium phosphate.
When the output of a Nd:YAG laser, which is near-in{rared
radiation at a wavelength of 1064 nm, is passed through a
crystal of monopotassium phosphate at a specific angle, green
luser light at a wavelength of 532 nm results. The frequency is
doubled, halving the wavelength. Such behavior results when
polarization of the crystal is not linearly proportional to the
electric fleld of the impinging radiation.

Organic materials offer potential advantages over inorganic
materials in NLO applications, including higher hyperpolar-
izabilities and faster response times. Inherently, molecules

symmetric fashion (having no center of symmetry). Noncen-
trosymmetric packing of organics is infrequent, occurring in
about only 10% of the crystal structures of achiral, organic
molecules. The result is that many compounds possessing
favorable NLO properties at the molecular level do not
maintain those properties at the crystalline level. Crystal
engineers sought to overcome that problem using cocrystals,
wherein expected hydrogen-bonding patterns could be used to
overcome centrosymmetric packing of highly polarizable
molecules.

An example is the merocyanine dye 45, which is called
Brooker’s merocyanine.'*® The electronic structure of 45
depends on the relative contribution of its two resonance
forms, the quininoid form being favored in nonpolar media
and the zwitterionic form being favored in polar media. It is
an outstanding NLO candidate, exhibiting a very high mole-
cular hyperpolarizability as well as good thermal and photo
stabilities. However, compound 45 packs centrosymmetri-
cally in its crystal, and in addition forms poor quality single
crystals that are unsuitable for NLO applications. By cooling
methanol or ethanol solutions containing equimolar amounts
of 45 and either compound 47 or 48, cocrystals were
obtained.'* The packing in each cocrystal differed. but the
presence of the nitrophenols altered the structures in a positive
way, from an NLO point of view, relative to the structure of
45 alone. A study of those structures led to development of a
cocrystal containing compounds 46 and 49.'*% That exhibited
strong second-harmonic signal generation, suggesting
noncentrosymmetric packing of 46. The structure of that
monohydrated cocrystal is quite interesting (Figure 10).
A proton is transferred from the weakly acidic 49 to the
oxygen anion of the zwitterionic form of 46. That generates
hydrogen bonded, oppositely charged pairs of molecules, a
cationic 46-H-46 pair and an anionic 49-H-49 pair. Note that
in the 46-H-46 pair the hydrogen bond is between the hydroxyl
group of the protonated zwitterionic form and the carbonyl
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Figure 10. The structure of the 1:l cocrystal of compound 46
and 49.%% Carbon atoms are gray, hydrogen aloms are
white, nitrogen atoms are blue, oxygen atoms are red, and
hydrogen bonds are dotted lines. Water molecules are omitted
for clarity.

oxygen atom of the quininoid form, rendering the pair non-
centrosymmetric.

RN NAR
- = o RN
SO = N (Y

45 (R = Cl1y), 46 (R = CILCILOI)

NH; fi CHO
Ho\/K HN HO. A
C D &
|
NO; NO, oH
47 48 49

A related approach was taken with the highly polarizable
4-pitrophenols. Huang el al. reported generation of twenty-
two cocrystals containing phenol-pyridine pairs, including
two cyanophenols, four nitrophenols, and five pyridines."?
Many of those are salts, apparently depending on the ApK,
between the constituents, However, the salts tend to hydrogen
bond to a third molecule, forming either 2:1 cocrystals or
hydrates. For example, one of the cocrystals is composed
of one 2-methoxy-4-nitrophenoxy anion, one 4-(dimethy-
[amino)pyridinium cation, and one un-ionized 2-methoxy-4-
nitrophenol molecule. That cocrystal, and three others like it,
packed noncentrosymmetrically and thus exhibited second
harmonic generation activity. [t was postulated that iomic
cocrystals of that type might have a greater chance of forming
noncentrosymmetric structures than do achiral organic mo-
lecules in general.

A few isolated examples of cocrystal uses are worth
mentioning. Cocrystals containing nitrovin hydrochloride
(50) and amines such as 2-hydroxy-4,6-dimethylpyrimidine
(51) were patented as animal feed additives.”*® A Romanian
patent was issued for cocrystals containing acenaphthene
(52) and the fungicides dinobuton (53), binapacryl (54), and
chloranil (35).'*° The known bis-phenol:amine cocrystals”®
were used as components of heat responsive marking
sheets, wherein heating of areas containing the cocrystals
releascs the contained amines to react with other sheet
components, creating colored compounds.'*® Cocrystals
of fluorinated bis-phenols and quaternary phosphonium
chlorides are useful as fluoroelastomer vulcanization pro-
moters.'*! Hydroquinones, used as auxiliary developers in
self-developing photographic film, make film production
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difficult because of their poor water dispersibility, and tend
to migrate in the film layers to undesirable locations. Both
of those problems can be overcome by the use of cocrystals
containing the hydroquinones and tetrasubstituted para-
diamides such as N, N. N N'-tetraalkylterephthalamides.'**
Etter et al. found that triphenylphosphine oxide forms
coerystals with aromatic compounds containing hydrogen
bond donor groups, providing large, blocky crystals of
higherldquality than crystals of the aromatic compounds
alone, ™

N NH;
+ o= OH J—
SNH; C ] A
N NS [/’\ N
SRPENGEN j I j !
02N~<\J/ \L}‘Noz H3CA\ \%\CH:., N
50 51 52
o}
e, _cl
|
[ ~cl
NO, o}
53 R = OCH(CHy), 55

54 R = C=C(CHy),

The survey presented above represents an extensive body of
work on cocrystals. There are, however, other types of
cocrystals that were not discussed. I will mention two of those
types briefly. The first are cocrystals that contain a carboxylic
acid cocrystallized with an organic or inorganic salt of the
same acid. The second are cocrystals that contain an organic
molecule and a simple alkali metal or ammonjum, inorganic
salt.

Cocrystals Containing Carboxylic Acids and Their Salts

Examination of crystal structures reveals that certain
functional groups favor specific hydrogen-bonding pat-
terns. That is true for carboxylic acids, which, as mentioned
above, often exist as hydrogen-bonded dimers when in the
crystalline state (Figure 9). Those dimers cannot, of course,
be formed between carboxylic salt molecules. So, is there
some arrangement of the carboxylate groups that witl occur
repeatedly in crystalline carboxylate salts? The answer is a
qualified yes. Salts crystallize in a number of ways, one of
which creates a cocrystal that contains 1 mol of carboxylate
salt and | mol of un-ionized carboxylic acid. The qualifica-
tion is how one would define repeatedly. Although there are
quile a few structures of that type reported, not all salts
form them, and the frequency of their existence seems to be
less that the frequency of free acids forming hydrogen-
bounded dimers.

Examples of such cocrystals were reported in the mid
1800s, although their structures were not immediately
understood. An example is potassium hydrogen benzoate
(56), which was first isolated in 1852 from the residue left
after distillation of a mixture of potassium acctate and
benzoy! chloride. " Farmer later made it, and a series of
similar cocrystals, by crystallization from ethanol solutions
containing the theoretical amounts of acid and base (2 equiv
of benzoic acid and 1 equiv of potassium hydroxide to give
56).1%* At that time, interactions between the components
of such cocrystals were investigated in solution, where it
was found that the species were largely-uncomplexed. The
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nature of the interaction was a matter for speculation only,
one theory being that oxygen was quadrivalent (57).'%

COK  COuH RCO, K
# 2 7\0/
= =
s N
L=l - RCOZ/ !
56 57

Over the years, cocrystals containing an acid and acid saltin
a 1:1 ratio were found for a wide variety of acids and salts. A
representative list of some of those reported for common acids
and their saltsisin Table 2. Note the structural variety of acids
included. More complex acid salts are also known to form
cocrystals containing a mole of the parent acid; the sodium
salt of the pharmaceutically important zofenopril (58) is an
example.'* Even some noncarboxylic acid salts exist as 1:1
acid:acid salt cocrystals, as does the proton sponge salt of an
acidic quinolinol (59). "¢

Q s S@ e

.
o N
NN
N = Ned P ..
I NS (N’ § r‘(j\/g HC ijCHd
o i i
= FaN
L\ Il O coNa N7 CF [i o
58 3

Not all known acid:acid salt cocrystals have a simple 1:1
ratio of components. For example, oxalic acid and pyridine
form a cocrystal containing { mol of the mono saltand 1 mol of
the free acid (Table 2),‘73 aswell asa cocrystal containing 2 mol
of the mono salt and 1 mol of the free acid.*®' In fact, organic
acid salts can exist as solids having a variety of component
ratios. Barry et al. studied alkylammonium salts of simple
dicarboxylic acids and classified their structures as “normal™
or “anomalous™.'® For a dicarboxylic acid AH, and a mono-
basic amine B, they called salts having stoichiometries AHB
and AB> normal and those having stoichiometries A,HzB and
AsH4B; anomalous. Their anomalous salts are cocrystals by
the definition given at the beginning of this review. A solid of
stoichiometry A,H 1B contains one mono salt (AHB) and one
free acid (AH;), while a solid of stoichiometry A;H4B> con-
tains either one free acid (AH,) and two mono salts (AHB) or
two free acids (AH;3) and one di salt (ABy).

Aswithall crystal forms, formation of the various salt types
is unpredictable. Barry et al. found that reaction of maleic acid
with one equivalent of tetramethylammonium hydroxide gave
the mono salt (AHB) and with one-half equivalent gave the
1:1 cocrystal (Asl13B).'®* On the other hand, reaction of
fumaric acid with either one, one-half, or two-thirds equiva-
fent of tetramethylammonium hydroxide gave only the 1:1 salt
(AHB). Reaction of fumaric acid with one-half or one-third
equivalent of tetraethylammonium hydroxide (note ethyl
instead of methyl) gave the cocrystal of type A;H,B,. That
cocrystal could be recrystallized from methanol-ether mix-
tures without change, but when recrystallized {rom 2-propa-
nol afforded the mono salt (AHB).

The structural feature that favors formation of cocrystals as
opposed to simple salts seems to be hydrogen bonding between
the COOH group of a free acid molecule and the COO™ group
of a carboxylate salt molecule. As usual, however, overall
packing and other molecular interactions dictate the actual
hydrogen bonding network and whether cocrystals will form

Stahly

at all. Speakman determined the structures of a number of
acidiacid salt cocrystals and classified them as either contain-
ing erystallographically distinct acid and acid salt groups, or,
more commonly, containing crystallographically indistinet,
symmetrically related acid molecules.'®' In phenolic acid:acid
salt cocrystals a related hydrogen bond is present between the
un-ionized OH group and the jonized O~ group.”*?

There appears to be little in the literature concerning utility
of acid:acid salt cocrystals. It is noteworthy that onc of the
oldest examples, sodium hydrogen diacetate, is listed in the
U.S. Code of Federal Regulations as a substance that can be
directly added to food.®™ Its use in foods has been as an
antimicrobial, flavoring, or pH control agent.

Cocrystals Containing an Organic Component and a Simple
Alkali Metal or Ammonium Salt

There are many cocrystals described that contain an or-
ganic and an inorganic component. The section in Pleiffer’s
book Organische Molekulverbindungen covering cocrystals
containing a mixture of inorganic and organic components
is longer than the section covering cocrystals containing all
organic components.*® Alkali and alkaline earth salts, as well
as mineral acids, halogens, and many other types of inorganic
compounds, can cocrystallize with organic molecules. Rather
than attempting to cover all types of organic:inorganic co-
crystals in this manuscript, a few examples will be presented of
cocrystals containing organic components and simple alkali
metal or ammoniwmn inorganic salts. The examples should be
viewed as the ip of the iceberg of organiciinorganic cocrystals,
but are particularly interesting, in my view, because of the
potential for changing the physical properties of orgunic
molecules using innocuous, inexpensive salts.

Sodium chloride will cocrystallize with some organic mo-
lecules, particularly those bearing multiple hydroxyl groups.
Gill published a paper in 1871 in which he described prepara-
tion of a cane sugar/salt (sucrosc-NaCl) cocrystal.*™ He
began his work to sort out a controversy in the literature over
the reality of such compounds. rench chemists had reported
producing a crystalline compound containing a 1:1 ratio of
sucrose and sodium chloride, but other chemists, both French
and German, were unable to obtain it. Gill produced a
cocrystal having that ratio of components as well as two
waters of crystallization (C3H,30,;-NaCl-2H,0O, 60), but
did so ouly ouce. As part of a series of crystallizations {rom
aqueous solutions containing various ratios of sucrose and
WaCl, he obtained crystalline sucrose by concentrating a
solution in which sucrose and NaCl were present in equimolar
amounts. On further concentration of the mother liquor,
cocrystal 60 was deposited. Recrystallization of 60 from
aqueous alcohol led to crystals containing varying ratios of
sucrose and NaCl, and recrystallization of those products of
indefinite compositions led to crystalline sucrose. However,
addition of ether to an agueous alcohol solution of 60
deposited an oily layer, in which 60 appeared again after a
period of 8§ or 10 months. Gill was unable to find conditions
allowing production of 6@ at will, noting “T have only once
succeeded in preparing that compound since the first ot of
accidentally formed crystals, and on this solitary occasion
there had been a continuance of very cold weather during the
whole period of crystallisation.” As part of that same study,
Gill found a 2:3 sucrose:NaCl cocrystal, another slow-grow-
ing substance that required several months to appear. He also
found a cocrystal of sucrose with Nal, but could not isolate
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Table 2. Cocrystals Containing Carboxylic Acid Salts and Cuarboxylic Acids in a 1:1 Ratio

acid cations
formic L3047 \la T BTHY R 190 05,150 g 1
acetic Na,' KW o, 3 N,
elyeolic K©.'e Rh'37
chloroacetic ‘\IH4,Hx adeninium'®”

dichloroacetic
trichloroacetic
dibromoucetic
trifluoroacetic
phenylacetic

’\IH f6t

KH)Z

K.lm 164 Rh«‘("‘ g0t
Nél.‘(ﬁ !<‘[ﬁ(7 R

167

(S)-mandelic (S)-I-phenylethylammonium
propionic a9

butanoic Kf“"‘“‘"

crotonic K les

valeric K9

caproic T4y

caprylic Qo

undecylic 140

tauric K, 4-hydroxy-2.2.6,6-tetramethylpiperidinium!'®?
myristic K 40,170

palmitic

stearic

oleic

Kl4‘)
Kl’/"r
cinnantic K, "‘N 1,7
oxalic K, 7R '7’ Cs.'70 Ba,! prndmlum
malonic Na. 17" )\ xo p;wdlmum
suceinic K. pyridiniom,'™ o.e-lysioiam, 2 Clysinium, ™2 -argininiom'?
glataric tri-n-propylammonium '
maleic Li,'** tetramethylammonium, '
fumanc K, pyridinium, 7 7~.zmmopy1|du‘mm 7 tetramethylammonium, '
tartaric 3-hy droxvqnmu._hdmc b
benzoic KON H, Y trimethoprim '
3-toluic ’ Rt
4-toluic K NH
2-bromobenzoic KN,
3-bromobenzoic K, NH, aa
4-bromobenzoic K, NH.,”"
2-pitrobenzoic K, 144 R, 191 pyridinium!"®
J-nitrobenzoic K1 NI!4,' H pyr idinium 7%
4-gitrobenzoic et N M ﬂndmumﬂ 178392 5_vinylpyridinium!??
salicylic Li.)% Na, ' K 193144 g, 194 NH;,”“ pyridinium, '™ 8-hydroxyquinotinjium'*?

acetylsalicylic

6

l a7

4-hydroxybenzoic K. aaass Rb, M NH,, 4 pyridinium'™

4-methoxybenzoic K. Rh’”

2 4-dinitrobenzoic pyridinivm ' R

3,5-dinitrobenzoic pyridinium,'”® 2-vinylpyridinium'?

2-chlore-S-nitrobenzoic pyridinium'”

phthalic acid pyridinium,' ™ tetramethylammonium,'™ tetrasthylummonium'**
hemophthalic K20 .

isophthalic pyridinium'’®

crystals having definite proportions of components using the
salts LiCl, LiBr, Lil, NaBr, NaQOAc, NaNO;, NalO;, K,
KBr, KI, NH4Cl, NH.Br, or NHI. In some cases crystal-
lization did not occur at all, and in others crystals containing
variable amounts of salts were formed. For example. crystals
obtained from solutions of sucrose and NH4CI1 contained
anywhere from 0.78% to 7.2% NH,CL It is interesting to
note, however, that those crystals, while indistinguishable in
habit from sucrose itself, were described as follows. “That the
crystals are not simply sugar with adhering ammonic chloride
is, I think, shown by their individual perfection. and by the fact
that they are deliguescent, whereas neither constituent is so0.”
Perhaps a solid solution had been found. I was unable to locate
references to any other studies of sucrose - NH4Cl crystals in
the literature, other than a Japanese patent that claims addi-
tion of sucrose to aqueous NH.Cl solutions allows produ»uon
of NH4Cl crystals that are 4—35 times normal size.”

Crystal structures were ultimately determined for two of the
coerystals reported by Gill, (C2H220, ;- NaCl- 2H,0, 60)¢ and

(2C5H 250, - 3Nal - 3H,00.27 Although Gill was unable to
synthesize it, a sucrose - NaBr cocrystal was later obtained
and its crystal structure was determined.*™ A couple other sugars
were found to cocrystallize with alkali metal salts, including 2.5-
O-methylene-p-mannitol Wlth NaCPF” and o-p-glucose with
NaC1,2'"® NaBr,!! and Nal*'' A paper by Fenton describing
cocrystals of 2-(hydroxymethyl)-5-phenacyloxy-4H-pyran-4-
one(see below) mentioned, during a discussion of the application
of infrared spectroscopy to characterization of the cocrystals, an
interesting observation.?'? Apparently, sodium present in the
KRBr discs commonly used to hold samples for infrared analysis
causes “alterations” in the spectrum of D-glucose, and that was
attributed to the formation of a glucose - NaBr cocrystal.

Note that a few cocrystals of sugars with alkaline earth
metal salts have been reported. Examples are sucro-
se-CaCly?P  palactose-CaBry,?'™ and  fructose- CaCly?!?
The last cocrystal was used to purify fructose.

Aside from sugars, organic molecules containing various
types of hydrogen bond donor groups can cocrystallize with
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alkali metal salts. Examples include dihydroxyvacetone- 1/
2NaClL,*'¢ 4.4’ -diaminodiphenylmethane.- NaClL*" 4 4'-diami-
no-2.3-diphenylbutane- NaCl,'® ethylenediamine - LiCl,*"®
m'r—butoxycarbony}~pheny!alanyl?roline (61) NaC1,**° succi-
nic acid K F,* succinicacid- CsF,?? and malonic acid - KF.*

Particularly interesting is the cocrystal containing the high-
energy compound cyclotetramethylenetetranitramine (HMX,
62) and ammonium perchlorate (NH4C104).*** Ammonium
perchlorate is widely used as an oxidant in solid rocket
propellant systems, usually as a dispersion in the finely divided
metallic fuel. However, its high degree of water solubility
results in degradation to perchloric acid in the presence of
ambient moisture. That necessitates the use of desiccants and
hermetic motor seals. The cocrystal, on the other hand, is
insoluble in water, and is stable when dispersed in solid fuel
without protection {rom ambient moisture.

o] CO,H
H 2 OzN, NO
(HSC};,\/O\H/N N§ N
4 L (O
,N\/N
O,N NO,
61 62

2-(Hydroxymethyl)-5-phenacyloxy-4H-pyran-4-one (63), a
derivative of the antibiotic kojic acid, cocrystallizes with a
surprisingly wide variety of salts.?'? Cocrystals of 1:1 (63:salt)
stoichiometry were found containing CsBr, NH,Br, Rbl, CsI,
NH4I, NaNCS, KNCS, RbNCS, and CsNCS. Cocrystals of
2:1 (63:salt) stoichiometry were found containing NaCl, KCI,
RbCL, CsCl, NH.Cl, NaBr, KBr, RbBr, Nal, and KL The
structures of 63 NaClL?*® 63.Nal- H,0,%* and 63+ KI**7 were
determined by X-ray analysis. Important intermolecular inter-
actions consist of muftiple donations of oxygen atom lone pairs
to the salt cations (chelation), as well as hydrogen bonding
between the hydroxyl group and the salt anions. While in some
systems the ability of an organic molecule to form cocrystals
with salts seems to depend on the lattice energy of the salt itself
or the radii of the salt atoms, those factors do not correlate with
the cocrystals obtained from 63. As usual, a complex interplay
of intermolecular interactions, which is difficult to predict,
leads to stable coecrystals of 63 and inorganic salts.

o o}
Lo B
HO\/EO,” L~ PN

63 64

Even molecules that appear to contain little functionality
that would be expected to interact with an inorganic molecule
can form cocrystals with simple salts. For example, the drug
carbamazepine (64) cocrystallizes in a 1:1 ratio with cither
ammonium chloride or ammonium bromide.** Those co-
crystal structures are interesting. Carbamazepine exists
as hydrogen-bonded dimers, which are linked by pairs
of ammonium halide molecules into a three-dimensional
organiciinorganic network (Figure 11).

Conclusion

An explosion of interest in the pharmaceutical use of
cocrystals toeok place in the past decade. However, it is

Stahly

Figure 11. The structure of the 1:1 cocrystal of carbamazepine (64)
and ammonium chloride.**® Carbon atoms are gray, nitrogen atoms
are blue, oxygen atoms are red, chlorine atoms are green, and
hydrogen bonds are dotted lines. Hydrogen atoms are omitted for
clarity.

important to understand that cocrystals have been the subject
of research for the past 165 years. They have been used in
many industries, including pharmaceuntical, textile, paper,
chemical processing, photographic, propellant, and electro-
nic. A wide variety of organic molecules have been reported to
coerystallize, both with other organic molecules and with
inorganic compounds.

Even though cocrystals have been around for a long time,
there is still a lot to be discovered. The current focus on
pharmaceuticals has shown that empirically searching for
cocrystals of APIs, even using a limited set of coformers, will
yield them about 60% of the time.' The variety of known types
suggests that there are likely many commercially important
molecules that will cocrystallize; one just has to select a
relevant set of coformers and start looking.
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On the Polymorphism of Aspirin®*

DOI: 10.1002/anie.200602378

Andrew D. Bond, Roland Boese,* and Gautam R. Desiraju*

A second polymorph of aspirin, e-acetylsalicylic acid,
(form IT), was recently reported by Peterson, Zaworotko,
and co-workers (hereafter referred to as PZ).M This new form
was obtained by crystallization of pure aspirin in the presence
of either levetiracetam or acetamide from MeCN, and it was
characterized by single-crystal X-ray diffraction. Form IT was
“also characterized by melting point, IR, DSC, and HPLC”. It
was stated that “there are clear differences between the unit-
cell parameters” of form 1 and form Il, and also that “the
molecular geometry of aspirin molecules in form I1 is slightly
different in terms of the torsion angle defined by the carboxylic
acid and acetyl groups, although the centrosymmetric carbox-
viic acid dimer remains intact”. The crystal packing of the new
polymorph proposed by PZ is different from that of form I.
Notably, “methyl groups form catemeric C—H--O hydrogen
bonds with the carbonyl oxvgen of the acetyl group versus
centrosymmetric dimers in form 1.

While new polymorphs of older compounds are constantly
being discovered”? and there is much interest in this
phenomenon in the pharmaceutical industry because of the
legal implications of finding new polymorphs and pseudo-
polymorphs of active pharmaceutical ingredients (APIs),"”) we
wish to clarify in this communication that the form II of
aspirin as reported by PZ may just as easily be derived, to the
accuracy and precision reported by these workers, from
experimental diffraction data collected from what is undoubt-
edly a single crystal of the well-known form I. While the
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Universitatstrasse 5, Essen 45117 (Germany)
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o

@@ Supporting information for this article is available on the WWW
under http://www.angewandte.org or from the author. These
include: a detailed comparison of the form | and form 1l structures,
a description of the transformation between the two structures/
lattices in real and reciprocal space, full details of the procedure for
producing the form || structure from simulated data and from our
experimental data, and electronic files (CIF, HKL, RES) to
accompany the discussion.

reasons for this unusual occurrence are still being explored by
us, we have deemed our initial result to be of sufficient
importance to warrant a preliminary communication, not
least because of the peculiar chemico-legal significance of
polymorphism in the pharmaceutical industry today, and the
ubiquitous nature of the molecule in question.

The first crystal structurc dctcrmination of aspirin
(tform 1) was performed by Wheatley,*! who stated in his
1964 paper that “a number of attempts” had been made prior
to his work. The space group is P2,/c, and the conventional R-
factor was (.108. Somewhat high R-factors such as these were
not uncommon in those times. In 1984, Kim et al. reported the
samc structurc with an R-factor of 0.046.° In 2002, Wilson
redetermined the same crystal structure from neutron dif-
fraction data collected at seven temperatures between 20 K
and 300 K, and the R-factors (on F) in these determinations
are in the range 0.080 to 0.090. We felt these R-factors to be
definitely high and accordingly redetermined the crystal
structure. For this purpose we selected a well-formed crystal
from a commercial sample (Merck Art. 85, DAB 7). The unit
cell [a=11.2776(2), b=6.5517(1), ¢=11.2741(2) A, p=
95.837(1)°, V—828.70(2) A®] corresponds to that reported
by Wheatley, Kim,"! and Wilson.”! The refinement on data
to 268 =56° (Mog, radiation) is acceptable (R1[/>20(])]=
0.033); indeed, this is the best structure determination on
aspirin form I to date,”" and we use it as a benchmark in this
paper.

At the outset, we noted several anomalous indicators in
the PZ structure: 1) The data are truncated to 20=40°
(Mog,); 2) The R-factors are unacceptably large (R1-
[I>20(1)] =0.162, wR2(all data)=0308; 3) All atoms are
refined isotropically, implying that anisotropic refinement
was not possible; 4) Several of the refined U, values are zero
or disturbingly close to zero. Most revealingly, we noted that

11.323¢(6) A, f=111.509(9)°, V=827.1(8) A%] can be trans-
formed to the cell obtained by us for form I with the metric
transformation [1 0 '4 0 —1 0 0 0 —1]. Likewise, our
experimental form I cell can be transformed to a cell having
a=12.084, b=6.552, c=11.274 A, f=111.81°, V=828.7 A>.
This is depicted schematically in Figure 1.

We next returned to our experimental diffraction data and
applied this relationship so that our data were indexed on the
basis of the PZ unit cell.”®™ Subsequent integration and data
rcduction was followed by a straightforward structurc solu-
tion with direct methods,”? using default settings in the space
group P2;/c obtained automatically by the software. The
result (Figure 1) was completely superimposable on the PZ

to R1=10.081 with reasonable molecular and intermolecular
gcomctrics and U, valucs in the range 0.019(1)-0.027(1) A%
However, anisotropic refinement failed completely. In short,

Angew. Chern. int. Ed. 2007, 46, 615617 © 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. Superposition of the form | structure (red) and the PZ
structure (blue), showing the metric relationship between the unit
cells. For the form | cell, the b direction points into the page. For the
PZ cell, the b direction points out of the page.

the samc singlc-crystal data sct may be reducced on the basis of
two different unit cells, and both can be solved to obtain
crystal structures that are ostensibly different yet chemically
reasonable. However, while one of the structures (form I)
refines satisfactorily, the other structure (form II) resists
complete refinement. It is obvious that the first structure is
correct. Is the second structure incorrect?

It is instructive to consider how and why this situation
could have arisen. Since our refinement has an R-factor of
0.033, we clearly examined a crystal of form I. It is not evident
at the present time and with the data given by PZ in their
paper! whether 1) they examined a crystal of form II and
could not proceed with the refinement beyond a reasonable
point because of reasons not yet known or 2) they examined a
crystal of form I, from the data of which the form Il structure
emerged, as we have shown is possible. In any case, it is
difficult for us now to be sure of the indexing procedure
employed by PZ and (o understand how they obtained their
particular unit cell. Incorrect unit cells usually get eliminated
either because they do not lead to a sensible space group, the
structure does not solve, or if it does solve, the refinement
leads to absurd molecular and/or intermolecular geometries.
None of these situations occurred for the PZ crystal.

Inspection of Figure 1 shows that the consequences of
proceeding with the PZ unit cell on a form crystal are
subtle.'” The principal distinction between the form I and
form II structures is the positioning of the symmetry elements
with respect to the molecules. In each unit cell, two distinct
sets of inversion centers can be envisaged, one set lying in the
(100) planes, and one set lying in the (200) planes (Figure 2).
If the origin is chosen in both structures so that the carboxylic
acid dimers are formed about the (200) inversion centers, the
(100) inversion centers in the form I structurc arc consistent
with C—H--O dimers. For the form II structure, however, the
unit cell is skewed along the [001] direction, shifting the (100)
inversion centers with respect to the molecules. Now, 2, screw
axes that lie half-way between the inversion centers in space
group P2,/c generate C—H-O catemers in the b direction.
Ordinarily, such a situation would producc physically unrca-
sonable intermolecular contacts. In this case, however, the

www.angewandte.org

© 2007 Wiley-VCH Verlag CmbH & Co. KGaA, Weinheim
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Figure 2. Positions of the symmetry elements in the form | {a, red)
and form 11 (b, blue) crystal structures of aspirin. In both cases,
centrosymmetric O—H...O dimers are formed about inversion centers
in the (200) plane of the unit cell. In form | (a), centrosymmetric C—
H.-.O dimers are formed about inversion centers in the (100) planes.
In form 1l (b}, the symmetry elements in the (100) planes are
translated by '/s¢, such that C—H--O catemers are formed about 2,
screw axes rurnning along b.

metric features have conspired to ensure that the new
positions for the symmetry elements are suitable to generate
seemingly normal catemers. In summary, we have here an
apparently bizarre occurrence,'!! wherein an “incorrect”
crystal structure does not suffer from unacceptable intermo-
lecular contacts. Indeed, PZ have described the packing of
form II in terms of perfectly acceptable current paradigms of
weak hydrogen bonding,'?' and the lattice energies of the two
forms, one certainly real and the other not identified
satisfactorily, are within 0.45 kJmol™! of each other; accord-
ing to Dreiding force field calculations form II is the more
stable form.

Numerous sources of potential error exist in crystal
structure determinations. These can arise, for example, from
poor crystallinity, solvent loss, presence of impurities, disor-
der, and subtle twinning. Our principal point is that there can
be no substitute for a fully acceptable and properly rigorous
X-ray structural analysis accompanied by a correct modeling
of the structure in difficult and ambiguous cases. This is
painfully true in the present situation where so much store is
set by the discovery of a new polymorph of an APIL. The
present example sounds a cautionary note, and we wish to
make the plea that structural chemists apply proper evalua-
tion to the crystallographic results that are obtained with
increasingly automated methods.™ Too often, the crystallo-
graphic analyses that underpin structural studies are taken
lightly and decmed to be a morc or lIess routine cxcrcisc. At
the present time, what is sure is that data collected on an
authentic sample of form1 of aspirin can be treated to
produce the form II structure reported by PZ to their level of
accuracy and precision. Since the main experimental evidence
that they provided for the existence of form II of aspirin was
their single-crystal X-ray structurc determination, all of their
claims must be re-evaluated with appropriate and additional
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experimental evidence before one is able to conclude that a
new polymorph of aspirin has indeed been discovered. In the
end, it is not clear if their form II structure is an artifact of
improper handling of data or a poor crystallographic result on
a suboptimal crystal. Nothing in their paper®™ helps one to
select between these possibilities.

We are aware of two possible caveats in the argument in
this paper: 1) We have chosen to measure and analyze data
collected from a commercial sample rather than from one
crystallized in the presence of levetiracetam or acetamide and
acetonitrile, that is, under the conditions chosen by PZ.
Whether this is an important issue can only be revealed by

[4] P.J. Wheatley, J. Chem. Soc. 1964, 6036.

[5] Y. Kim, K. Machida, T. Taga, K. Osaki, Chem. Pharm. Bull 1985,
33, 2641.

[6] C. C. Wilson, New J. Chem. 2002, 26, 1733.

7] Crystal data on form I of aspirin: C;HgO,, M,=180.15, mono-
clinic, space group P2i/c, a=112776(2), b=65517(1), ¢=
11.2741(2) A, $=95.837(1)°, V=828.70(2) A®* T=123(2) K, u-
(Moy,) =0.115 mm ™', 24706 reflections measured, 2043 unique
reflections (R, =0.0255), 1756 observed reflections, RI1-
[I>20(1)] =0.0330, wR2(all data)=0.0925, $=1.08. CCDC
610952 contains the supplementary crystallographic data for
this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccde.cam.a-
cuk/data_request/cif.

experimentation. 2) Our calculations do not simulate entirely [8] Full details of our experimental procedures are available in the
thc data intcrpretation of PZ in that our simulation is bascd Supporting Information. To put asidc any question of cxper-
on 437 reflections, all with / even, none with / odd. PZ used imental issues, crystal quality, etc. we note that the PZ result can
748 reflections, with the same maximal 26 value of 40°; among ‘E’e ObTmmed purely}?y P:nan%pUI?tlog of dalta Slm"l?tzd from the
their 648 reflections with 7 > 20(7), there must be some with / orm I structure. ) the simulate S‘F/g e-crystal data set is

dd.B We are currently investigating both these issues subjected o the transformation [1 0 % 0 1000 1], the
odd. . Y Shg & nEomEE form II structure can be refined against the transformed data to

In conclusion, we wish to state that at the present time, emulate the PZ result.

and with the information given by PZ in their paper,™ it is not [9] G. M. Sheldrick, SHELXS-97. University of Gottingen. Ger-

possible to determine if there is a second form of aspirin in the
samples obtained by PZ, or whether levetiracetam or
acetamide would be needed to produce any such form. We
would not like to express any opinion as to whether co-
crystallization of a compound with another compound is
likely to increase the chances of obtaining polymorphs. These
are matters that need to be resolved with further experimen-
tation and/or modeling. We are currently examining these
issues with the aim of obtaining a larger and more complete
“structural landscape” of the aspirin system.
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On the Polymorphism of Aspirin: Crystalline Aspirin as Intergrowths

of Two *““Polymorphic” Domains**

Andrew D. Bond,* Roland Boese,* and Gautam R. Desiraju*

In the preceding paper, we highlighted the ambiguity that
exists in the literature concerning the nature of crystalline
aspirin. In 2004, Ouvrard and Price demonstrated computa-
tionally that the long-established aspirin crystal structure®
was amongst thosc predicted to be most stable, but they

forms (Figure 1). In form I, the layers are arranged so that C—
H--O interactions form centrosymmetric dimers (arrange-
ment A, Figure 1). In the proposed form I, adjacent layers

identified a slightly more stable structure as the thermody-

namic minimum.’) At the time, it was unclear whether the OE”H”"O

predicted minimum-energy structure was a remnant of Aver

inadequate energy assessment,¥ or whether it was a plausible o
structure that awaited discovery. This issue appeared to be Clabd 02
resolved in 2005, when Pcterson, Zaworotko, and co-workers OO catemers
(hereafter referred to as PZ) claimed to have obtained the layer

predicted second polymorph,[”! following X-ray analysis of A
aspirin crystals obtained from hot acetonitrile solution in the Gt
presence of either levetiracetam or acetamide. The proposed OO dimers
new polymorph was labelled aspirin “form I1”, and the long- tayer

established aspirin crystal structure was thereby designated

“form I”.

The distinction between the proposed aspirin polymorphs
is subtle. They contain identical arrangements of O—H:--O
hydrogen-bonded dimers lying in layers, but these layers are
arranged differently with respect to each other in the two
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Figure 1. |llustration of the two interlayer arrangements within a
representative aspirin crystal. Arrangement A, comprising centrosym-
metric C—H--.O dimers, exists between the layers that are colored red.
Arrangement B, comprising C—H--O catemers extending along 2,
screw axes, exists between the layers that are colored blue. The change
in color within the central layer is for illustration only; all O—~H-..O
hydrogen-bonded layers are identical.

are arranged so that C-H-+O interactions generate catemers
(arrangement B, Figure 1). Both interlayer arrangements are
reasonable and acceptable in terms of the C-H-O inter-
actions. Taken with the accord between the experimental and
computational findings,”) the PZ description of aspirin
polymorphism appeared superficially to be plausible.”) How-
ever, there are serious problems with their structure refine-
ment. For the proposed formII, their crystallographic R-
factors are unacceptable (R1=0.162, wR2=0.327). and
several refined displacement parameters are close to or
equal to zero, with anisotropic refinement being impossible.
Combined with very close metric similarity between the unit
cells of the form I and form II structures, this caused us to
raise the question of whether the proposed form IT might
actually be an experimental artifact originating from erro-
neous handling of diffraction data collected from a form I
crystal.™ Indced, wc showed that form IT of aspirin as
reported by PZ may be derived, to the accuracy and precision
reported by those workers, from experimental diffraction data
collected on an aspirin crystal that was most certainly form I.
Thus, we stressed that the PZ report did not establish the
existence of aspirin form II to any acceptable level of
scientific rigor.™ In this report, we arc able to resolve the
issue fully. Aspirin exhibits a tendency to crystallize with an
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intergrowth structure, in which layers of O—H--O hydrogen-
bonded dimers form domains with arrangement A and
domains with arrangement B, within the same single crystal.
The distribution and total ratio of the domains is variable but
appears to be limited. Aspirin form I, which comprises 100 %
arrangement A, is commonplace, but pure form II, which
would comprise 100 % arrangement B, has not been realized.

The crucial experimental result was first obtained after we
freshly synthesized aspirin from salicylic acid (see the
Supporting Information) and prepared single crystals by
rapidly cooling a solution in hot acetonitrile (Table 1). Single-
crystal X-ray diffraction analysis of these crystals (denoted
1a, laths of typical dimension 0.20x0.10x 0.05 mm) pro-
cceded apparcntly routinely to provide the form II structure,
with R1=0.071 and wR2=0.197, against data measured to
26 = 50° (Mog,).”) Unlike the PZ report, our refinement was
anisotropic and entirely satisfactory, although we noted that
our R-factors were a little higher than expected. These
crystals were obtained without addition of levetiracetam or
acctamidc, demonstrating that the additive is not a significant
factor. We obtained similar results by slow evaporation of an
acetonitrile solution, indicating that the rapid cooling proce-
dure also is not important. Powder X-ray diffraction seemed
to confirm that the single crystal 1a was representative of the
bulk sample,” and the polymorphism of aspirin might there-
fore appear to be clear-cut. Ilowever, reconstruction of
precession photographs in the a*c* planes of our experimen-
tal data (Figure 2a) revealed numerous additional reflections
lying halfway between those of the principal form II lattice in
the odd / rows, together with diffuse streaks along a* between
the Bragg reflections. In physical terms, the diffraction
pattern demonstrates that aspirin crystals contain layers of
O~H--O hydrogen-bonded dimers that are -consistent
(Figure 1), but that these layers form domains in which they
adopt arrangement A (formI) and domains in which they
adopt arrangement B (form II). The existence of the form I
and form IT domains is shown by the two sets of Bragg

Figure 2. Reconstructed (h—1/) precession photographs for crystals
1a and 2. a) Crystal 1a exhibits sharp Bragg reflections corresponding
to the form |1 lattice (reciprocal lattice vectors shown), broader
maxima halfway between these reflections in the odd [ rows, and
diffuse streaks along a*. This indicates extended form |l domains,
smaller domains of form |, and regions in which there is a disordered
distribution. b) For crystal 2, the most intense Bragg reflections
correspond to the form | lattice (reciprocal lattice vectors shown), and
Bragg reflections of comparable profile exist for the form Il lattice. This
indicates a relatively more ordered structure than in Ta {a) with
extended form | and form |l domains.

reflections, while the streaks indicate some degree of stacking
disordcr.

From analyses of numerous crystals obtained under
various experimental conditions, including crystallization in
the presence of acetamidel’” (Table 1), we find that both the
relative intensities of the two sets of Bragg reflections and the
extent of the streaking are variable. In crystal 2 (Figure 2b),
for example, all Bragg reflections are relatively sharp, and
there are no obvious streaks, consistent with extended well-
ordered domains of form I and form II In crystals 1a and 1b,
sharp Bragg reflections for the form II lattice indicate
extended form II domains, while the broader Bragg reflec-
tions between these lattice points indicate smaller domains of
form 1. The diffuse streaks also indicate regions with a less
ordered pattern of interlayer arrangements A and B. Thus,
both the sizes and distribution of the form 1l and form Il
domains are variable.

The interpretation of one-dimensionally diffuse diffrac-
tion data has a long history™ and has been summarized

Table 1: Summary of crystallization conditions and single-crystal refinements.

Crystallization conditions No. Conventional refinement Single-crystal refinement Refined batch
of single-crystal datal” with batch scaling factors scaling factors!
form Rl wR2 form R1 wR2
rapid cooling of solution in hot MeCN 18 | 0.344 0.658 | 0.075 0.202 0.132(1)
1 0.071 0.197 1 0.054 0.132 0.747(2)
1B | 0.544 0.846 | 0.076 0.220 0.038(1)
i 0.041 0.116 1 0.034 0.080 0.858(2)
rapid cooling of solution in hot MeCN 2 | 0.059 0.175 | 0.056 0.140 0.803(3)
in the presence of 1 equiv acetamide I 0.305 0.631 I 0.076 0.288 0.146(1)
as synthesized 30 I 0.033 0.089 I 0.033 0.089 0.982(4)
(see the Supporting Information) I unstable 1 0.076 0.141 0.003(1)

[a] Crystals 1a and 1b are different single crystals from the same crystallization batch. [b] Based on data sets obtained from two separate standard
integrations of the CCD frames, considering only Bragg peaks. Refinements are performed against all F2 data to 26,,, = 50° (Moy,). R1 is quoted for
data with 1> 20(f), wR2 is quoted for all data. [c] The high precision refers to that obtained from the least-squares refinement. See the text for
discussion of the approximations and limitations of the approach. [d] A pure form | crystal. For form | refinement, the batch scale factor refines to be
essentially unity. Conventional form Il refinement against all F? data is unstable. For batch refinement, the scale factor refines to zero, effectively
omitting all odd [ reflections, thereby emulating a data set that contains only the even [ reflections. This is exactly the situation that we noted in our
previous manuscript.’]
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recently for molecular crystals.’*! The literature includes
examples in which layered structures exhibit only one kind of
interlayer arrangement, that is, structures for which there are
alternative positions of adjacent layers that have exactly
equivalent interatomic/intermolecular contacts (as for the
close packing of spheres, for example).'"!! The aspirin case is
apparently the first of its kind in that it exhibits two distinctly
different interlayer arrangements (A and B), both of which
are physically and chemically reasonable. The accidental
energetic degeneracy of the two possibilities, ™% combined
with the specific metric relation between the formI and
form II lattices, is the reason for the unusual crystallographic
observations, since it allows aspirin diffraction patterns to be
processed in two different ways to provide two diffcrent
structures, both of which are physically reasonable. The
metric transformation [1 0’4 0 —1 0 0 0 —1] that relates the
form I and form II unit cells causes all Bragg reflections hk{
with even [ to overlay but places the odd [ reflections of
form II halfway between those of form L' Thus, the Bragg
rcflections arising from the two types of domain appcar to a
first approximation as a weighted overlay of the form I and
form II diffraction patterns, with the distribution dependent
on the relative domain ratio. If such a diffraction pattern is
indexed in the usual way to one or other of the form I or
form II unit cells, standard integration (that is, considering
only Bragg reflections, and discounting any other features),!™!
will provide a data set in which the even [ reflections are of the
correct intensity, but the odd { reflections are systematically
weak. This is the path that was followed by PZ.I"! The extent
to which the odd / reflections are in error reflects the ratio of
the form I and form IT domains.

On the basis of our description, a practical procedure to
obtain an estimate of the total domain ratio is to introduce a
batch scale factor into the crystallographic
refinements, applied only to reflections with 8.7 -
odd [ The refined value of this scale factor
gives the relalive weights of the form T and
form II reciprocal lattices and therefore a direct
estimate of the crystal composition. This esti-
mate will be good for crystals that exhibit only
sharp Bragg peaks and no diffuse streaks, while it
will be more approximate when the streaking is
more significant. Thus, the approach would be
exact for two perfectly ordered domains with a
single domain boundary, but it becomes pro-

same crystal. While standard treatment of the form I structure
gives R1=10.344, wR2 = 0.658 and does not permit anisotropic
refinement, introduction of the batch scale factor allows
routine refinement with all non-H atoms anisotropic to give
R1=0.075, wR2=0.202. In this instance, the refined batch
scale factor indicates approximately 15% form I domains.
The discrepancy between the two indications of the crystal
composition (in other words, that they do not sum to 100 %)
reflects principally the failure to account for the diffuse
features of the diffraction pattern.’” With this procedure, the
refined crystal structure will be either pure form I (100%
arrangement A) or pure form IT (100 % arrangement B) if the
batch scale factor should refine to unity. This is the case for
crystal 3 (Tablc 1), which is purc form I. In all other cascs, the
intergrowth structure is present, and a more complex analysis
of the entire diffraction pattern, including diffuse features, is
necessary to extract further information regarding domain
size and distribution 2]

Using our straightforward approach, a general correlation
can be derived between approximate domain ratio and the
expected crystallographic R-values for a conventional treat-
ment of the X-ray data.”™ Figure 3 provides a guide for
assessment of the total domain ratio in any aspirin crystal
using the R-values obtained from F? refinement on the basis
of either the pure form I or the (hypothetical) pure form II
structure if standard data reduction and refinement proce-
dures should be followed. Using the correlation shown in
Figure 3, the R-factors reported by PZ!! show that their
crystal actually comprised approximately equal proportions
of domains with interlayer arrangement A and domains with
interlayer arrangement B.

Chemically speaking, it is reasonable (albeit realized in
hindsight) that aspirin crystals should provide intergrowth

gressively more approximate for real aspirin
crystals as the extent of the domain disorder
increases. The procedure gives a total composi-
tion estimate but no direct information concern-
ing the sizes of the form I and form II domains or
their distribution. For crystal 1a, such a refine-
ment against the form IT data sct™® gives R1=

ment on the standard refinement, and the
refined batch scale factor indicates that roughly
75 % of the crystal comprises form II domains.
The practical cffectiveness of the process is
illustratcd morc dramatically by batch refine-
ment of the form I data set obtained from the

www.angewandte.org
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Figure 3. Correlation between total domain ratio and expected crystallographic R1
value, obtained for conventional refinement against all F? data. The correlation is
derived from experimental data for crystal 3 {see the Supporting Information for full
details). The red and blue curves refer to standard data reduction and refinement on
the basis of the form | and form I structures, respectively, for an aspirin crystal with
domain ratio indicated by the horizontal axis. The experimental points correspond to
the Rvalues obtained for the crystals listed in Table 1. For these, the composition
estimate is taken from the batch scale factor refinement, with error bars indicating
+5% composition. For example, conventional refinement of crystal 1a as form Ii
gives R1=0.071. The separate batch scale factor refinement indicates 75% form 1|
domains. The same crystal 1a refined conventionally as form | gives R1 =0.344, with
the separate batch scale factor refinement indicating 15% form | domains.
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structures in this way. The strongest interactions (O—H--O,
herringbone) occur within the layers parallel to the (100)
planes, which constitute the persistent building blocks within
aspirin crystals. These are presumably the most robust growth
units™” in the system. Shearing of these layers relative to each
other along [001], which is in effect the movement that
transforms arrangement A into arrangement B, involves
rupture and creation of weak C—H--O interactions. The
energy difference between the A and B arrangements is
clearly very small,®® and together with the consistent layer
surface at (100), this permits facile turnover between the two
possibilities in the composite crystal. If the energy difference
were significantly greater, individual crystals of one pure
polymorph (cither form I or form II) would be accordingly
more stable. Quvrard and Pricel”) noted that form 11 should
have “a low shear elastic constant, implying that it is so
readily deformed that there may be problems in its growth”.
In the course of our present study, we have [requently
observed crystals of pure form I (at least to the limits of
detection possible for single-crystal and powder X-ray
diffraction!), but the maximum proportion of form II
domains that we have observed is approximately 85%.
Thus, aspirin form II has not been documented in a pure
form so far. Whether this means that arrangement A is
inherently more stable than arrangement B, contrary to the
calculations,”! is a matter that remains to be firmly estab-
lished. If it were, form II might be a metastable kinetic
product™ which could still potentially be observed, but which
might transform to the more stable form I. However, we have
not observed any such transformation, at least for single
crystals standing in air over a period of two months.?? It is
also possible that arrangement B is indeed more stable than
arrangement A, but that the growth problems associated
with arrangement B prevent the isolation of a pure aspirin
form II. In this case, approximately 85 % arrangement B may
be the most that we can expect. Clearly, much future work
remains to clarify completely the thermodynamic and kinetic
aspects of crystalline aspirin.

Finally, the case of aspirin raises issues with regard to
nomenclature. As for any evolving scientific area, crystal
engineering is presently subject to lively and ongoing debate
pertaining to the naming of concepts and phenomena. Terms
such as “co-crystal” and “pseudopolymorph” have been
discussed recently in this context.” The term “polymorph”
has so far stayed above such controversies and is used to
signify a situation where the same substance exhibits different
crystal packing arrangements.*! For crystallographers, this
definition might be considered to encompass only crystals for
which long-range translational order is dominant; in other
words, it is appropriate only at one end of a continuum that
ranges from perfect crystals to systems without long-range
translational ordcr. To chemists, the accepted distinction is
rather more clear. Polymorphism implies that a molecule may
adopt one or other type of packing arrangement in the
crystalline state, and different polymorphs are distinct entities
that display different physical and chemical properties. A
single crystal of a given chemical substance is cither one
polymorph or another. In this contcxt, onc might ask how
many polymorphs of aspirin actually exist. The domains with

Angew. Chern. int. Ed. 2007, 46, 618622
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interlayer arrangements A (form I) and B (form II) certainly
represent two different crystal structures that serve as
reference points. However, considering that aspirin crystals
display both arrangements within a single crystal, should
aspirin really be described as polymorphic? What is certain is
that the PZ description of their crystal as a polymorph distinct
from form1I is not justifiable. The PZ crystal, like several
other aspirin crystals described in this paper, is an intergrowth
of two “polymorphic” domains. We emphasize that the
intergrowth crystals are exactly that: they are not simply
mixtures of form I and form II, and they are not twins. Each
aspirin crystal is an integral whole in which the domains are
intimately connected with cach other, with possibly many
turnovers of domain within a single crystal. Further, it sccms
that the ratio of the domains in aspirin crystals is likely to be
constant in any particular batch prepared under the same
conditions.

This issue has implications beyond nomenclature. Should
individual form I/form I compositions qualify for separate
patent protection ? Should patents be granted only for ranges
of formI and form II domain ratios and not for specific
compositions 7% Is (pure) form II entitled to patent protec-
tion considering that it has not been realized as yet? Could
this problem be solved by calling these crystals “polytypes”,
considering the voluminous literature on this topic in
inorganic solid-state chemistry?® If so, would different
polytypes then be entitled to patent protection? These and
other issues suggest that one keeps an open mind with regard
to definitions in crystal engineering, including that of the term
“polymorph” .1 In an evolving subject, no definition should
be carved in stone.

The Supporting Information includes details of the syn-
thesis and crystallization procedures, powder X-ray diffrac-
tion data, reconstructed precession photographs for single
crystals 1a, 1b, 2, and 3, a description of the geometry and
intensities of the Bragg reflections in aspirin diffraction
patterns, and details regarding the correlation between R-
factors and the total domain ratio. The results of all refine-
ments referred to in Table 1 are available in CIF format, with
the corresponding Akl data available in SHELXL HKLF-4
format. All CCD frames (Bruker APEX2 format) can be
obtained from the authors on request.
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6]

The minimum-energy structure was just 0.2 kImol™" lower in
energy than the established crystal structure, and in our opinion
this value is so small that the order of energies might just as
easily have been reversed.

[15]

able arrangements, that is, the information regarding the
particular sequence of the O—H---O layers. See Ref. [12].

Neglecting any diffuse scattering is clearly a simplification.
However, the procedures that we describe have the advantage

7] P. Vishweshwar, J. A. McMahon, M. Oliveira, M. L. Peterson, that they are standard (that is, they are based only on procedures
M. J. Zaworotko, J. Am. Chem. Soc. 2005, 127, 16802. used for routine crystallographic analyses), require no specialist

[8] The highest form II domain ratio observed from 15 single-crystal knowledge, and can be applied in any crystallographic labora-
data collections is in crystal 1b. For this crystal. conventional tory.
refinement of the form II structure gives: CHO,, M, =180.15, [16] The term “form II data set” refers to the list of intensities (the
monoclinic, space group F2,/c, a =12.1515(10), b= 6.5064(5), hklfile) that is obtained when the diffraction data are indexed on
c=11.3677(9) A, B=111.574(3)°, V=835.79(12) A3 T= the basis of the form II unit cell and integrated using standard
180(2) K, p(Moyg,) =0.114 mm™!, 28,,,=50° 9778 reflections procedures. The additional Bragg reflections that could be
measured, 1474 unique reflections (R, = 0.029), 1149 observed described on the basis of the form I unit cell and any diffuse
reflections, R1(I>20(1I)) —0.041, wR2(all data) —0.116, S — 1.02. features are ignored. The term “form I data set” refers to the
CCDC-617840 contains the supplementary crystallographic data opposite situation.
for this papcr. These data can be obtained frec of charge from [17] In particular, therc may be problems associated with asscssment
The Cambridge Crystallographic Data Centre via www.ccdc.ca- of the background intensity in the presence of diffuse streaks in
m.ac.uk/data_request/cif. the vicinity of the Bragg reflections.

[9] Compared to the powder X-ray diffraction pattern of pure [18] The correlation is derived from the experimental form T data set
form I, the principal features that reveal the presence of form IT {crystal 3), with a suitable fractional scale factor applied to the
domains are peaks at 268 ~20.9 and 26.0° (at 295K, see the odd !/ reflections (see the Supporting Information for full
Supporting Information). details). The batch refinement must be based on all F? data.

[10] With extremely rapid cooling of a hot equimolar solution of The Figure provides an immediate approximale guide, based on
aspirin and acetamide in acetonitrile (that is, by plunging the standard refinement procedures. Application of the batch
flask directly into liquid N, or dry ice/2-propanol), we obtained a refinement procedure will provide an improved estimate.

1:1 molecular complex of aspirin and acetamide, which contains [19] R. 1. Davey, K. Allen, N. Blagden, W. 1. Cross, H. F. Lieberman,
the expected acid-amide heterosynthon. This would argue in M. I Quayle, S. Righini, L. Seton, G. J. T. Tiddy, CrystEngCosnm
favor of acetamide acting as a growth inhibitor at the (200) faces 2002, 4, 257.

of aspirin, leading to platelike crystals that cannot grow easily [20] Since interlayer arrangements A and B are structurally and
along [100]. It is likely that levetiracetam would behave in a energetically so finely balanced, disorder is thermodynamically
similar way, and this is the morphology reported by PZ for their inherent in the aspirin system. All aspirin crystals should contain
aspirin crystal. Crystal data for the aspirin/acetamide (1:1) co- some of arrangements A and B at real temperatures. They are
crystal: (CoHROMNCHNO), M, —239.22, orthorhombic, space detectable by X-ray diffraction only when their number becomes
group Phca, a=9.5268(4), b =8.7495(3), c =28.4520(11) A, V= significant.

2371.61(16) A’>, T=203(2)K, u{(Moy,)=0.107 mm™", 68487 [21] In general, for any system of hydrogen bonds (O—H--O or C—
reflections measured, 3074 unique reflections (R, =0.059), H--0) wherein the dimer and catemer alternatives are well
2586 observed reflections, RI(I>20(I))=0.042, wR2(all matched, there is a consensus that the catemer is kinetically
datay =0.119, § =1.04. CCDC-618012 contains the supplemen- favored since it is a higher dimensional pattern than the dimer.
tary crystallographic data for this paper. These data can be See: D. Das, G. R. Desiraju, Chem. Asian J. 2006, 1, 231.
obtained free of charge from The Cambridge Crystallographic [22] PZ have reported that “form II” transforms into form I at 100 K.
Data Centre via www.ccdc.cam.ac.uk/data_request/cif. Our assessment of the stability of the form II domains is based

[11] a) H. Jagodzinski, Acta Crysiallogr. 1949, 2, 201; b) H. Jagod- on re-collection of single-crystal data for 1b after the crystal had
zinski, Acta Crystallogr. 1949, 2, 208; c) “Disorder Diffuse stood in air for two months.

Scattering of X-rays and Neutrons”: H. Jagodzinski, F. Frey in [23] Co-crystal: a) G.R. Desiraju, CrystEngComm 2003, 5, 466,
International lables for Crystallography, Vol B (Ed.: U. b) J. D. Dunitz, CrystEngComm 2003, 5, 468. Pseudopolymorph:
Shmueli), International Union of Crystallography and Kluwer ¢) K. R. Seddon, Cryst. Growth Des. 2004, 4, 1088; d) G. R.
Academic Publishers, Dordrecht, 2001. Desiraju, Cryst. Growth Des. 2004, 4, 1089; e) J. Bernstein, Cryst.

[12] H.-B. Biirgi, M. Hostettler, H. Birkedal, D. Schwarzenbach, Z. Growth Des. 2005, 5, 1661; f) A. Nangia, Cryst. Growth Des.
Kristallogr. 2005, 220, 1066. 2006, 6, 1.

[13] a) K. Dornberger-Schiff, H. Grell-Nicmann, Acta Crystallogr. [24] However, onc of us has argued (in Ref. [23d]) that difficultics in
1961, 14, 167; b) K. Dornberger-Schiff, J.D. Dunitz, Acta the use of the word “pseudopolymorph” might have arisen
Crystallogr. 1965, 19, 471; ¢) K. Dornberger-Schiff, Acta Crys- because the definition of the term “polymorph” is too rigid with
rallogr. Sect. A 1982, 38, 483; d) D. Schwarzenbach, K. Kirsch- respect to identity of chemical composition among substances
baum, A. A. Pinkerton, Acta Crystallogr. Sect. B 2006, 62, 944. that are deemed to qualify for the polymorph epithet.

[14] In crystallographic parlance, the Bragg reflections with even / [25] To some extent, this situation parallels that of isomorphous

www.angewandte.org

are referred to as “family reflections” and are common to both
the form I and form IT structures. The family reflections alone
define a “superposition structure”, which in the case of aspirin
comprises two O—H--O dimers overlaid in a unit cell with ¢
dimension half that of the true ¢ dimension. The distribution of
the intensities along the odd / rows contains the information to
decompose the superposition structure into chemically reason-

[26]

[27]

crystalline solvates, for which patents have been granted for
ranges ol solvent content. However, while variable solvent
content is a COMMmMON OCCUrrence, it is not clear how common the
aspirin situation will be.

A.R. Verma, P. Krishna, Polymorphism and Polytypism in
Crystals, Wiley, New York, 1966.

G. Coquerel Chem. Eng. Proc. 2006, 45, 857

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angew. Chem. Int. Ed. 2007, 46, 618 —622
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7, Pharnt, Pharmac,, 1970, ﬁ{i.’,, /6i5
LETTERS TO THE EDITOR /}/\
The polymorphism of aspirin /

Mitchell & Saville (1967) demonstrated that vanons sarnples of commercial aspirin
nave different rates of dissolution. Subsequently, Tawashi (1968, 1969) has reported
the existence of aspirin in two polymorphic forms (designated Forms I and II),
During the course of present work concerned with the tabletting characteristies of
various poljmarphjc forms of drugs, we have been able to 1d<*r1tlfy several aspirin
pglymol‘phS in addition to those already reported. Table 1 shows the conditions
under which the pmyrnorphs were obtained.

Confirmatoty evidence that all the samples examined were aspirin and differed
only in crystalline form is afforded by the fact that no differences could be detected
in their ultraviolet spectra when dissolved in ethanol (determined using a Unicam
P8O0 recording spectrophotometer).

A Perkin-Elmer Differential Scanning Calorimeter DSC-1 equipped with an effluent
analyser was used for the thermal analysis of the polymorphs. Samples weighing
between 2 and 10 mg were analysed using a scanning rate of 8° min~t. No traces
of solvent of crystallization were detected by the efffuent analyser when any of the
aspirin samples were fused. This therefore excludes the possibility that the samples
were solvated forms of aspirin. The DSC traces for the six polymorphs are shown
in Fig. 1.

A Kofler hot stage microscope was used to confirm the melting poluts of the
polymorphs. The results are shown in Table 1. The instrument was also used to
observe solution phase transformations of pairs of pelymorphs. The solvent for
this work was n-pentanol saturated with one component of the particular polymorph
pair under study. Some of the phase transformations are summarized in Table 2,

Since diffierent polymorphs have different crystal packing conditions, it {8 to be
expected that they will have different true densities. Density determinations were
made at 20° using a specific gravity bottle with a displacement medium of light
liquid parafiin, Table 1 contains the results of this work.

&0r r
T2 "
B4l - -
56} g L W

0

3%

|
|

eI i \ L.
|

205

Endothermic thermal energy {mcal)

o RN 3

el L -
£10 400 390 380 370 L0 400 380 380 370
Temperature (°K)

F16. 1. DSC traces of the six polymorphs of aspirin.
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i LE
[ .
E Table 1. Methods of preparation’and physical characteristics of aspirin polymorphs [reatmer
H [ A e H !
Melting poiat (°C) Density ar The discovery
Form ‘ Hot stage 20°C additional &
Method of preparation.  nomenclaturs DSC microscope (g mi- Besides such n
Slow recrystallization {from Form [ 135 133 140 responsible for
96% sthanel at 20° of the delay p!
Slow recrystallization from Form 11 129 128 [-50 We now pr
n-hexane at 0° . antib
. L - of some antit
Slow recrystallization from Form 11 123 12 the ind
n-hexans at 20° & & & ¥ Both the o
Form 11T 114 115 pelczarska (I
Slow reerystallization from Form 1V 123 121 136 To estirnat
n-octane at 207 severn groups
Stow recrystallization from Form IV 119 118 oo . ,vif;»l
n-octane at 0° & & & * m;_ecttﬁ “ o
Form V 100 106 amma}s Was
Sublimation of aspirin vapour  Rorm VI 108 110 1099 Catvalho &

under vacuum The {ollov

tion. phase ¢
animals 1n 1
period of {u
Group VL
results for b

* Wot possible to isolate polymorphs and make density determinations.

The melting points of polymorphs preparsd by Tawashi (1968) were Form [ 143° and Form
11 125%,

Table 2. Selution phase transformations of polymorph pairs ar 20° C in n-pentanol

Pair of polymorphs examined Transformation observed ’l.ﬂo‘ tcst"m
activity, ad
Form 1 +- Form {} . N Form $f —- Form I indomethac
Form 11 -+ Form 111 .- . Mo transformation (3 mg/kg, i
Form [+ Form IV .. .. Farm IV v Form { one day b

Form Il -+ Form IV .. . Form II % Form 1V Fig. 1B.
Antibra

X-ray powder diffraction (Phillips PW 1009/30) using nickel-filtered copper The in

radiation was also performed on the polymorphs. However, only minor differences been prett
in the number and intensity of the lines in the diffraction patterns were observed. expermen

The aspirin polymorphs were stable in the presence of moisture and upoen storage.
Grinding of the polymorphs in a Glen Creston micro-ball mill had no effect with
the exception of Form III that was transformed to Form IL

Further work is continning on the characterization of the polymorphs using

\OJ

dissolution techniques. A
The authors would like to thank Dr. J. D. Donaldson for helpful discussions ;
concerning the Xeray powder diffraction studies. a &
One of us (M.P.8) would like to thank the Scicnce Research Council for the 3
award of 4 Research Studentship. o .

Department of Pharmacy, M. P. SUMMERS
Chelsea College of Science and Technology, J, F. CARLESS
University of Leondon, R.P. BENgvER
Manresa Road, Lendon, S.W.3, UK. o 1a
April 27,1970 (— A
_— manifest
REFERENCES mean in
Mrrcusri, A, G. & Saviule, 0. J. (1967). J. Pharm, Pharmac., 19, 729-T34. bradyki
Tawastl, R, (1968). Science, N. Y., 160, 76, B, Iaf
Tawassr, R. (1969), J. Pharm. Pharmac,, 21, 701-702. Phenyll
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1163. The Crystal and Molecular Structure of Aspirin.
By P. J. WHEATLEY.

X The crystal structure of aspirin (acetylsalicylic acid) has been determined
= by three-dimensional X-ray diffraction methods. The crystals are monoclinie,
g space group P2;/c, with @ = 11-446, b = 6:596, ¢ = 11-388 A, B = 95° 33’. The
;{ final parameters were obtained by a least-squares refinement of 2055 intensities
- collected with a Hilger—Watts linear diffractometer. Theeight hydrogen atoms
? were located from a three-dimensional difference synthesis and included in the
& refinement. Thefinal R factor, including 267 planes of zerointensity, was 10-8%,.

'S Patent & Trademark Office on 19 Octo

]

y U

2 ff THE crystal structure of aspirin (I) has not previcusly been determined, although it is known
ER: that a number of attempts have been made.l This investigation was undertaken to provide
COH
OQAc
{1

adequate structural knowledge which might form a basis for an interpretation of the mode
of operation of this remarkable drug.

Experimenial —CoHgO4. M = 180-2. Monoclinic. & = 11-44640-013, b = 6-596 + 0-006,
c=11-388+ 0009 A, 83 =95°33'+2". U=855TA3 D, =140. Z=4. D ,=1-308. F(000) =
376. Space group P2ifc {C,,5, No. 14).

Excellent crystals (m. p. 143°) can be obtained from many common organic solvents with [5]
as the axis of elongation. Those used in the present analysis were grown from benzene. The cell
dimensions, obtained from oscillation photographs (Cu-K,, A = 1-5418 A), vield the axial ratio:
a:bic::1-75638:1:1-7265, B =95° 33'. They may be compared with the optical results of Niini: 2
@:b:c::1-7322:1:1-7322, 8 = 95° 42-5’, and with those of Nitta and Watanabe obtained by
X-rays:3 g =11-37,b =654, c = 11-37 kX, a:b:c::1-7385:1:1-7385, § = 85° 27".

Theintensities were collected round [b] with Mo-K, radiation ona Hilger—Wattslinear diffracto-

1 Private communication from Dr. J. H. Robertson.

2 R. Niini, Z. Krist., 1931, 79, 532.
8 I. Nitta and T. Watanabe, Sci. Papers Inst. Phys. Chem. Res. (Tokyo), 1837, 381, 125.
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meter equipped with SrO-ZrOg balanced filters.4 On the 20-h2! layers, each reflexion was
measured three times, and on hA3[-A9! five times, with each filter. The h0l-A5! intensities were
collected with a 3°, and the £26/-%29] with a 4° oscillation angle. About thirty reflexions had to be
hand-measured. Forthese, a 4° oscillation was used. The maximum recording angle was § = 30°.
A half-minute motor was used. The scale of the intensities so obtained was such that, when
corrected for Lorentz and polarization factors, the resulting observed structure factors wereon a
scale slightly greater than absolute. In these circumstances it was felt justified to include all
planes with the actual corrected count obtained, except when such a count was negative, in which
case the reflexion was allotted zero intensity. In this manner 2055 independent reflexions (ex-
cluding 0%0) were obtained, of which 267 (139%) were zero. The analysis is based on these 2055

[1964] Molecular Structure of Aspirin.

b planes, and all values of R and R’ include the zero reflexions.
§ The structure was solved from a sharpened three-dimensional Patterson synthesis. The
3
5
S X TaBLE 1.
] &

7

Final atomic co-ordinatesin A. Standard deviations are given as units in the last place.

iy

b

Thermal parameters in A2, Standard deviations are given as

TABLE 2.

é Atom X Y A
o o) 0-1209 (27) 12377 (28) 1-1004 (28)
@ Of2) 1-3764 (26) 0-9148 (28) —0-5786 (27)
= o(3) 3-2639 (23) 27176 (26) —1-0070 {23)
@ O(4) 4-6127 (29) 1-4508 (33) 0-3906 (27)
& C(1) 1-7513 (31) 2-8796 (34) 07678 (33)
o c(2) - ) 2-8180 (33) 3-3762 (34) 01047 (33)
4 C(3) 3-4245 (36) 4-5825 (39) 4774 (40)
g C{4) 2-9845 (39) 5-3062 (40) 1-5338 (43)
i C(5) 1-9428 (39} 4-8260 (40) 2-2077 {40}
& C(6) 1-3357 (34) 3.6315 (37) 1-8242 (36)
= {7 10279 (32) 1-5944 (34) 0-4241 (33)
% C(8) 41795 (33) 1-7226 (39) —~0-7189 (36)
2 C(9) 4-5424 (45) 1-08756 (52) — 19791 (42)
= H(1) 0-8160 {690} ~0-0133 (794) —0-9209 (687)
“c;; T(8) 4-1336 (448) 4-8674 (491) 0-0158 (447)
= H{4) 3-4349 {446) 6-1985 (501) 1-3538 (446)
P H(5) 1-6477 (448) 5-3156 (498) 2:9276 (446)
H(6) 0-6357 (444) 3-3448 (494) 2-2671 (443)
H(7) 3-5432 (572) 0-7956 (857) — 2-6885 (574}
2 H({8) 4-9306 (572) 0-2440 (646) —1-9332 (573)
! H(9) 4-9193 (566) 1-5189 (643) —2-4623 (573)

units in the last place.

Atom U sz Uss 2U4s 20724 2043
O(1) 0-0501 (15) 0-0458 (15) 0-0562 (186) —0-0372 (25) —0-0190 (26) 0:04186 (25)
O{2) 0-0465 (14) 0-0480 (15) 0-0518 (15) —0-0169 (25} —0-0285 (26) 0-0253 (24)
O(3) 0-0392 (12) 0-0416 (13) 00359 (12) 0:0016 (21) 0:0094 (21) 0:0136 (19)
Ol4) 0-0589 (17) 0-0729 (21) 0-0413 (14) 0-0562 (32) 0-0125 (20) 0-0040 (25)
c() 0-0292 (15) 0-0332 (18) 0-0384 (16) 0-0005 (25) 0-0082 (27) 0-0032 (25)
C(2) 0-0366 (16) 0-0322 (16) 0-0375 (17) 0-0127 (27) 0-0084 (27) 0-0020 (26)
C(3) 0-0398 (18) 0-0394 (19) 0-0547 (22)  —0-0131 (31) 0-0127 (34) 0-0119 (32)
C(4) 0-0471 (20) 0-0380 (19) 0-0609 (24) —0-0040 (33) —0-0036 (36) 0-0058 (35)
C(5) 0-0483 (21) 0-0403 (19) 0-0510 (21) 0-0080 (33) —0-0164 (34) 0:0124 (33)
C{6) 0-0341 (16) 0-0396 (18) 0-0436 (18) —0-0022 (29) —0:0030 (30) 0-0128 (28)
c(7) 0-0335 (16) 0-0339 (16) 0-0366 (18) 0-0057 (26) 0-0078 (27) 0-0027 (26)
C(8) 0-0309 (186) 0-0476 (20) 0-0431 (19) —0-0029 (30} 0-0057 (32) 0-0112 (27)
C{9) 0-0582 (25) 0-0721 (30) 0-0481 (22) 0-0167 (45) —0-0199 (43) 0-0236 (38)
H(1) 0-12 (6) 0-12 {7) 012 (6) 0-0 (1) 0-0 (1) 0-023 (99)
H(3) 0-04 (3) 0-04 (3) 0-04 (3) 0-0 (5) 0-0 (5) 0-008 (50)
H{4) 0-04 (3) 0-04 (3) 0-04 (3) 0:0 (5) 00 (5) 0-008 (50)
H({5) 0-04 (3) 0-04 (3) 0-04 (3} 0-0 (5) 0-0 (5) 0-008 (50)
H(6) 0-04 (3) 0-04 (3) 0-04 (3) 0-0 (8) 0:0 {(5) 0-008 (50)
H(T) 0-08 (5) 0-08 (5) 0-08 (5) 0-0 (8) 0-0 (8) 0-018 (75)
H(8) 0-08 (5) 0-08 (5) 0-08 (5) 0-0 (8) 0-0 (8) 0-015 (75)
H(9) 0-08 (5) 008 (5) 0-08 (5) 0-0 (8) 00 (8) 0-015 (75)
4 U. Arndt and D. C, Phillips, Acta Cryst., 1961, 14, 807.
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TaBLE 3.
% £ I'4 Fo Fe A & £ 4 £ £ A V] £ ¢ Fo Fe A
50 13 <285 ~259 ~26 B o 0 ~-375 -2u% -84 101 =2 =138 ~1270 ~38
o 0 12 1z £6 55 50 8 11 =11 1 1 =3 2502 2438 64
o G 10 -753 -721 -32 8 (4] 6 -469 -490 21 4 1 =4 ab1 45 ~34
0 & 8 =28%2 -2655 =7 8 o 4 =1237 =-1308 71 1 1 =5 =237 ~2362 11
9 @ 6 =537  -bRF 30 5 o0 2 14 77 -28 1 i -6 1114 $58 126
o Q 4 -324 =141 -183 8 o 0 3109 3003 106 1 1 -7 -2%04 =-2738 -166
o o 2 9561 10804  «1243 8 o -2 2222 2091 131 1 1 =3 165 172 13
1 0¢ 14 243 156 8 0o -4 387 362 25 1 i -9 b1 63
+ 0 12 =354 w=z16 =136 8 0 -6 853 642 17 101 -1 =110 =153 43
1 a 10 ~10%36 -1135 33 g g =8 Q 34 =35 1 1 =11 170 168 Fi
1 a 3 =-2568 =2470 56 a g -~1g =318 -B8 -230 1 1 -2 -203 -160 ~43
1 o 6 -2578 -2515 =53 & 4o -~12 g 109 -103 1 t =13 =191 -115 ~73
1 o 4 =313 =357 -22 8 0 -14 =153 -253 146 1 1 =14 225 261 ~36
- 1 g 2 -ibe1 -1621 =60 2 0o 12 =213 ~43 =170 1 =15 4 43 ~ag
& 140 9 3317 3828 £9 9 o 110 Q 68 -58 4 1 12 a -43 bt
& 1 g =2 3242 3151 91 S 0 7 1035 =58 2 1 13 135 119 16
P 1 0 -4 =~3033 <3164 131 3 0 & 1451 1555 =144 2 1 12 65 -65
= 1 0 -6 =213 =237 =42 g 0 4 1053 1061 2 2 1 11 174 185 ~15
= 1 o -8 1521 1591 ~70 5 0 2 @ ~187 -225 33 2 1 1 114 77 37
x 1 o -1 1467 1428 33 s o ~8%4  -309 15 2 g 132 284 =152
= 1 0 -2 83 204 =116 g 0 =2 554 545 g 2 & =209 355 56
~ 1 0 -t4 -1 -5 74 9 0 -4 =033 -1700 67 2 1 z 151 ‘75 76
= 2 o 1 a =145 145 g @ -6 -1545 1530 -7 2 1 53a 576 ~46
= £ 0 10 1224 1253 ~39 g o -8 =403 -39z -1 2 1 5 805 114 91
o 2 0 611 666 =55 9 o ~10 -623  -670 41 2 1 4 =3263 =3120 =143
= 2 0 & 142 -1a2 i 0 0 8 =6 2 1 3 5361 5374 =13
— FR 4 2654 2506 148 e o0 6 398 493 =95 2 1 2 ~-BBa&  -D211 6
= 2 "] 2 -6304 ~6u5Q 146 10 o 4 =385 =250 =105 2 1 1 7444 7653 =209
e 2 0 0 =4631  =4605 -22 10 Q 2 =141 -2 ~114 2 k| s} 2834 2841 -7
5 2 0 =2 4023 3913 110 19 g 0 3739 104 ~67 2 1 =1 2975 2840 135
< Z 0 =4 =3897 =-372% ~174 i ¢ =2 346 365 =19 2 1 =2 2753 2655 83
T 2 0 =6 -3000 @ -942 ~58 1 9 -4 114 10 44 2 1 -3 -1494  -1510 16
= 2 o0 -5 ~1183 =1218 35 3?6 -6 -81%  ~753 -26 2 1 -z 2628 2533 89
= 2 0 =10 =1940 =3942 10 o -6  -904  -894 =10 2 1 =5 2422 =2257 =165
= 2 0 -2 -301 -3 76 0 0 =18 =761 ~663 =38 2 1 -b 1322 1305 17
Z 2 0 =14 =225 -2 31 mo2 s2ge -361 13 2 1 -7 ~1386 ~1367 =13
& 3 0 12 =266 ~168 =38 11 aQ 6 -1 =160 -11 2 1 -8 <742 =760 38
= 3 a 10 325 37 8 " o 4 Q ~-32 32 2 i =3 592 641 -39
2 3 @ 875 Ge7 ~12 1102 747 £o3 64 2 1 -1 813 863 ~56
S g 0 6 +~1883 =1727 ~156 11 [ a 28 659 =31 2 1T =11 1264 1294 =30
=, o 4 =3222  ~3172 =50 11 0 =2 -4y ~411 -6 2z i -12 777 831 54
= 3 a 2 2934 2908 26 11 o =4 =02 =1026 o F4 1 ~13 429 438 =3
= 3 o o0 2844 2573 7t 10 =6 =177 1170 M 3 1 14 405 353 2
= 3 o =2 2671 2886 8 11 o -8 ] 167  ~167 3 1 1 a 150 =150
2 3 o0 -4 203 —41 -162 i1 0 =10 603 5493 3 01 12 365 3a2 23
-t 3 0 -6 =1692 =1834 =58 12 o & 102 172 ~70 3 1 11 -B20  —buo -2Q
b4 3 a -8 183 178 11 12 0 6 1787 892 =125 3 1 10 964 93 31
- 2 g =10 00 28 -23 12 ] 4 1260 1324 -64 3 1 g ~792 835 a3
. 3 0 -2 646 35 11 2 o0 2 122 60 63 3 1 8 1208 1223 =15
e 3 o -4 321 202 119 2 @ 0 o 93 -3 3 017 312 28 26
= 4 a 12 271 a45 =174 12 o =2 g ~24 24 3 1 =515 =569 54
g 4 0 10 1144 1194 -5¢ 2 0 -4 =677 -812 133 3 1 5 -a3%  -566 67
= 4 0 8 1371 1413 =42 2 g -6 w272 212 3 1 4 -133 133
: 4 0 6 =233 =345 112 12 o =8 632 543 83 3 1 3 4 437 117
= 4 0 a4 -838 780 =55 2 g =10 217 552 =35 3 1 2 -3101 -4313  -i88
P 4 o 2 -218§ 218 13 0 a4 =32 =348 -14 3 4 3 017 3975 s
=2 4 i] 0 =4148  =4057 =51 13 g 2 -250 -403 13 3 1 0 -8607 -9138 531
— 4 0 -2 -1731 ~1654 -37 2 o 0 233 250 =17 3 1 =1 2927 ~28B4 =43
b 4 0 -4 =~4253 ~2058 -235 2 0 -2 241 133 w24 21 -2 -3331 =369 -32
= 4 0 -6 =-1822 ~1887 -5 13 a =4 116 1205 =39 3 1 =3 =359 =355 ~155
22 4 g =3 4056 4365 =89 13 [ ] 35 =35 3 1 =4 =286§ +-2885 =181
= A 0 =10 2862 2753 103 14 a9 4 =540 =674 134 3 1 =5 1008 980 28
= 4 0 -i2 640 543 57 14 a2 1717 48 123 3 1 -6 ~1084 =1070 ~14
A 4 9 -14 339 229 110 4 0 0 -4 34 -197 3 1 -7 211 24 -35
5 0 12 156 74 122 4 0 =2 579 610 —40 3 1 -8 492 €05 -13
5 0 10 ~i21 ~121 i) 14 0 =2 433 316 183 3 1 -9 03 486 17
5 o g =653 724 71 14 o =& =432 =442 10 3 1 -10 1459 1461 -2
5 0 6 332 308 24 15 0 4 =435 =617 122 3 1 -1 13 503 30
& 0 4 =~1215  =1145 -17 45 Q 2 -215 ~273 58 3 1 =12 1464 1411 i3
5 0 2 =583 ~1885 =104 13 0o 0 -z81 =335 54 3 1 ~13 235 221 ia
5 o 0 =1114  =1045 -69 3 0 =2 350 ~306 ~a4 ¢ 1 12 0 53 -59
5 0 =2 ~1051 =596 55 ¥ a -4 354 239 115 4 1 11 a -75 I6
5 0 -4 1856 1700 116 16 a 9 ~29 29 4 1 10 386 450 =54
] g =6 901 820 81 16 0 -2 0 113 -119 4 1 9 158 236 ~38
5 0 -8B 1114 1115 -1 6 0 -4 403 53% =132 4 1 B 997 872 25
4 0 ~10 1876 1857 -9 4] 1 15 ~261 180 ~81 4 1 +7 567 446 61
5 o0 -12 162 173 ~-11 o1 14 =267 =294 27 4 1 6 369 636 173
g ¢ =14 =273 =200 -73 o 1 13 365 -716 ~-42 4 1 5 =132 ~1160 =142
& o 1 =334 ~277 =57 4] 1 12 =530 =502 -28 4 1 4 106Q 1005 75
6 0 10 115 =135 o 1 1 =682 =726 44 4 1 3 ~a3s0 4153 =181
& o & 114 =114 o1 19 ~i076  ~1103 22 4 % 2  ~288 =44} 159
& Q ~1893 -1500 ~-13 4] 1 5 ~129 ~212 83 4 4 1 =2524 =2894 =25
6 a a4 =2455 -2514 1 0 1 B 185 57 128 4 1 o] -7 -134 57
6 a 2 =1605 ~1450 =155 o] 1 Z 267 261 4 1 -1 -45% ~531 172
& 0 a =1734 =~17h4 4 1 430 538 =48 4 1 =2 2648 2670 176
6 ¢ =2 =2025 ~1719 =306 o 1 S 13z 84 48 4 1 -3 -1058 1116 26
6 0 -4 536 -1sé o 1 4 =275z =28 -6 a 1 -2 2 290 =27
6 6 -6 ~2358 2330 -28 0 1 3 -1959 1069 1 4 1 v5 1143 ~983 =165
6 a -8 =228z ~2200 -62 0 1 2 1 4577 =130 4 1 =6 1116 1155 -39
&€ a0 -ia 1003 43 10 0 1 1 =3c28  -31%9 1 4 1 =3 =832 =518 =114
3 0 -2 702 + 720 ~13 1 115 a ~60 89 4 1 =8 ~662 ~305 a3
6 0 ~-14 206 413 -7 1 114 4 -8 4 1 =3 =q142 =1132 -1G
7 8 12 310 35 45 1 1 13 =25 ~332 176 4 1 =10 =1923 =1330 1
v 0 10 339 56 -4 1 1 12 ~-352 ~213 31 4 g =1 ~-4456 - 451 5
7 o 35 £§% =162 1 ] 11 =244 =313 6% 4 1 =12 -2 A4 -231 =13
7 0 6 =325 =137 51 1 119 687 &6 14 4 1 -13 53 278 =183
7 o 4 =1303  ~1300 g 1 1 9 1139 1057 34 5 1 12 -273 54 -223
7 6 2 404 242 112 1 1 8 2172 2124 att 5 4 41 850 903 ~13
7 0 4 4343 4261 82 101 z 1233 1305 =10 2 1 1 -1 =523 46
7 o =2 1655 1379 116 1 1 2637 2768 63 5 1 g 26 335 -12
7 o =4 ~1308 =1206 =102 1 1 5 72 =711 ~12 ) 1 8 ~127 127
4 8 - 813 —a91 23 1 1 4 ~1837 =1391 154 5 9 g 167 <73 94
7 0 ~B ~1622 *1660 28 1 1 3 2269 2159 110 5 1 ~514 ~456 -5
7 0 =16 -787 774 -13 1 1 2 w7345 ~7813 268 5 1 5 =559 852 =77
-7 o0 -12 193 249 56 1 1 1 157 1650 -77 5 4 4 +=3336  ~In7 -13
7T 0 =14 =511 =506 -5 1 1 0 =633 ~-2664 29 g 1 3 ~3157  =3155 -2
& o 12 523 5] -1y 1 1 =1 =109 -1037 5 5 1 2  +1032 ~J04 =124
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TABLE 3—continued.

Aok 2 yol Fe A VA B | Fo £ A k27 o Fe A
5 E] 1 a w4 54 9 1 -6 552 540 a2 1 2 g 453 1012 -2y
5 1 0 614 540 74 -4 1 =7  =1439 =4448 g9 1 2 B 237 -243 &
5 i -1 3358 3236 &2 9 1 =6 -174 54 -120 1 2 7 114 156 -2
5 1 =2 4136 3595 141 ¥ ] o} 178 =178 1 2 3 1238 1324 15
5 1 <3 655 564 104 K] 1 =-aQ ~162 ~253 31 1 2 5 0 -22 22
5 1 =4 3274 3158 116 5 1 -1 155 222 -26 1 2 p] 1229 1128 101
5 1 -5 505 =362 ~143 10 1 1 ~435 -d&2 47 4 2 3 187 201 =14
5 1 -6 ~49% -411 -&0 1 1 2 Q 54 =34 1 2 2 2104 2061 23
5 1 -7 a =125 125 +0 1 a =193 =205 112 k] 2 1 -2258 -2246 ~10
5 1 =8 =435 430 -5 10 1 E 0 124 =124 1 2 o] 1541 1436 10%
] 4 -4 ~536 ~5&1 25 10 1 342 -~311 -39 1 2 -1 751 B2z =41
5 1 ~10 ~ 485 -501 16 10 1 5 376 363 -7 1 2 -2 =656 ~577 ~79
5 1 -1 0 40 -4 10 1 4 ~310 ~296 ~14 1 2 =3  =2353 =2357 25
[ 1 =12 =57 7 10 1 3 1090 1075 it 1 2 -4 630 404 226
] 1 -13 196 43 147 Q 1 2 0 -1t 11 k] 2 =5 =5702 ~5454 -2a4
6 1 42 285 316 =31 10 1 1 1061 1068 -7 1 2  «a 34 533 1
6 1 11 461 5862 “101 10 1 a -250 -258 =32 1 2 =7 =12%% =1243 -52
& 1 10 €01 240 11 10 1 -1 240 112 128 102 -5 ~617 =560 -

6 1 E} 83 165 g2 10 1 =2 564 651 -37 1 2 -9 261 369 =104
6 1 & 875 BET =12 10 1 -3 0 -13 43 1 2 =10 =1429 =1475 a6
6 1 7 =235 -250 15 10 1 -4 509 523 ~14 1 2 -1 524 ] =15
& 1 & 1434 1976 54 10 1 -5 325 243 52 1 2 =12 ~437 =342 -55
6 1 5 -15% 151 10 1 -8 ~-227 =178 <43 1 2 -3 855 €01 56
6 4 4 516 550 64 10 1 -7 -281 -382 101 1 2 =1z 286 326 =43
6 1 3 -156 -4 ~-115 10 1 -5 “15 =140 -1 1 2 =15 370 264 165
6 1 2 =976  ~1020 &4 10 1 =9 Q =111 111 2 2 14 =327 -262 -5
[ 1 1 ~143 -211 63 10 1 ~10 156 105 2 2 13 138 156 =16
) 1 0 ~{379  ~138% 10 10 1 -1 227 313 -32 2 2 12 ~284 ~260 ~34
G 1 -1 461 435 =14 11 1 8 a =153 159 2 2 11 233 0 163
[ 1 -2 1225 1036 L7 11 1 z Jaz 372 -50 2 2 10 -634 ~675 a5
(3 1 =3 1027 452 3 11 1 44 ~44 2 2 Z =362 =376 -4
[ 1 =4 a -153 143 11 9 2 =407 ~424 17 2 2 & ~720 ~765 45
& 1 =5 B50 803 a1 11 1 4 40 322 g5 z b 7 617 756 61
6 1 ~b  ~2851 =252 61 11 1 3 ~321 =358 77 2 2 b & 676 ~-45
6 1 =3 1802 1758 44 31 1 2 276 231 -5 2 2 5 1706 1675 31
6 1 -t ~10656 ~1054 ~10 11 1 1 &6 =66 2 2 4 -1942  =1853 ~45
[ 1 -9 1458 1436 [¥4 11 1 Q =804 =633 29 2 2 3 114 162 -49
[ 1 =10 -322 -246 0 11 1 -1 =130 =52 =5 2 2 2 =4210  =3811 ~353
'3 1 -11 o 209 -203 11 1 -2 -118 ~164 46 2 2 1 =-1524 =1459 ~65
6 1 =12 el =113 113 1 1 =3 473 434 ~21 2 2 0 =2716  ~2535 ~181
6 1 -3 -455 =126 =52 11 v -4 405 343 66 2 2 -1 -524 ~764 ~160
7 012 ~207 =133 -14 11 1 =5 526 651 =125 2 2 -2 ~2766 =2680 -66
7 T 11 -158 =119 -51 11 1 =& 160 i 102 2 2 =3 ':g 24 73
7 1 10 ~-162 =51 =111 b3 1 -7 =360 ~316 a4 2 2 -3 58 555 31
7 Bl 9 Q <74 ~74 11 1 -& 213 227 =14 2 2 -5 0 21 -21
7 1 8 ~574 =551 i 41 1 -9 -407 -36% -42 2 2 =b 587 521 14
1 1 Z 200 143 57 11 1 =10 a -173 178 2 z2 =7 ~319 ~103 -3
7 1 555 582 11 1 -11 Q 123 ~123 2 2 -5 256 311 =55
7 1 5 1043 1003 a2 12 1 -167 167 2 2 =2 322 369 ~47
7 1 4 1057 1051 6 12 1 5 529 =574 45 & 2 =10 ~474 =235 61
7 1 3 a -&3 53 12 1 4 1122 =1217 95 2 2 -1 227 200 27
7 1 2 1560 1559 1 12 1 3 =874 -8l 114 2 2 =12 =697 =72 r]
1 1 1 ~146% ~1470 1 12 1 2 ~J493  —1060 61 2 2 =13 =215 -215

7 1 a 2447 2434 12 1 1 288 =253 11 3 2 14 a 1 -1
7 1 -1 ~-22 ~134 ~3F 12 1 o] -180 ~138 ~42 3 2 13 4} 15 ~1%
7 1 -2 11%7 1132 12 1 =1 221 145 78 3 2 12 414 474 =60
7 1 =3 412 377 35 12 1 -2 200 282 b2 3 2 1 -253 ~-30 -223
1 1 -4 2313 2252 21 12 1 -3 -171 171 3 2 10 1641 1641

7 1 =5 313 264 5% 12 1 -4 1323 1381 -58 3 2 9 84 - 738 26
7 1T -B 160 16 164 12 i -5 ~131 331 3 2 8 1060 10€2 ~22
7 1 -7 1120 1174 =54 12 1 =5 1209 1258 ~49 3 2 7 208 397 =59
7 1 =8 w2082 ~20u& - 12 1 - ~157 ~171 2 3 2 [ 1933 3563 30
7 1 =% 450 401 49 12 1 -8 360 325 35 3 2 5  =14556  =1942 ~14
7 1 -0 =393 -804 11 12 1 -9 ~423 ~323 =100 3 2 a 2031 1945 62
7 1 =11 ~336 ~354 58 13 1 [{] ~18¢4 184 2 2 3 =219 ~2641 ~178
7 1 =12 =716 =530 ~“418 13 b 5 229 114 115 3 2 2 ~5253 =475%6 ~457
7 1 =13 Q 2% -25 13 1 4 ~378 ~565 167 3 2 1 =5345 =4339 ~346
b 1 10 =213 -3114 97 13 1 3 -357 ~363 ~34 3 2 0 =32%2 =3178 ~114
& 1 9 =208 =160 -4 13 1 2 -6 48 -67% a1 3 2 1 m2By2 =215 =37
8 4 8 433 338 95 13 1 1 o =193 15 3 2 -2  ~1020 =557 =23
] 1 g -322 =226 ~34 13 1 [} ~164 -5 ~153 3 4 -3 6123 5605 318
5 1 164 257 =93 13 1 -1 -213 =326 113 3 2 =4 -571 =718 ~153
b 1 Bl =251 =370 113 13 1 =2 358 215 143 3 2 -5 3722 3422 310
B 9 4 &71 651 Q 13 1 -3 -562 =550 ~12 3 2 =5 ~476 =506 30
o4 1 3 =372 -d05 36 4 1 =3 350 154 196 3 z -} ~114 =16 [

& 1 2 203 196 13 i -3 60 ~6Q 3 2 =3 =716 =510 ~106
8 4 1 =187 =105 +78 13 i =& =346 ~283 =57 3 2 0~y 231 103 122
8 1 o 182 162 13 1 -7 353 348 3 2 ~10 -603  ~5&3 ~20
8 1 -1 586 617 =31 14 1 2 0 224 224 3 2 =11 -205 -218 -70
8 1 =2 ~-416 -407 ) 14 1 1 ~225 225 3 2 =12 ~376 ~a21 45
& 1 -3 653 T30 -77 14 i Q ~225 -205 ~20 3 2 =13 =135 - 48 -t
8 1 ~4 484 256 ] 14 1 =1 =71 71 4 2 12 =167 ~256 vy
a 1 -5 =835 =505 74 14 1 -2 o 13 -13 4 2 11 536 £E4 -Z3
& 1 =b 172 101 *71 14 1 ~3 =25 25 4 2 10 172 148 24
& 1«7 =138 1348 ~32 14 1 -4 =141 =118 ~23 4 2 b 1029 1024 -3
8 1 - ~B75 =335 60 14 1 =5 102 19 =31 4 F E} ~416 -435 13
8 1 =9 ~15 -215 64 0 2 15 ~356 ~3482 ~14 4 2 g 151 542 4%
b 1 -0 ~242 ~316 74 0 2 14 708 635 72 4 2 322 70
) 1 =11 -13% ] ~38 Q 2 13 ~557 =603 12 4 z 5 ~1326 =1766 -160
& 1 =12 0 -1 16 o 2 12 1203 1209 =6 4 2 4 4635 44338 257
a 1 =13 o] -75 75 el 2 11 ~518 -3B89 71 4 4 3 ~35%6  ~3488 ~128
9 1 1Q 474 113 61 [¢ 2 10 671 =711 =40 4 e 2 3258 3091 297
g 1 9 a =11 11 0 2 9 450 426 24 4 2 1 =1542 «13E0 =162
3 1 8 759 81 ~58 a -z 8 1061 1158 ~37 4 2 Q 212 1591 135
9 1 Z ~-655 =65 -33 @ 2 Z 1150 1143 4 2 -1 1480 1356 124
7 1 785 871 =66 [} 2 551 537 14 4 2 =2 1736 1726 10
El 1 5 =376 =364 12 Q 2 5 ~283 =245 =38 4 2 -3 1715 1633 76
9 1 4 391 461 -70 [¢] 2 4 ~854B ~822 ~26 4 2 -4 1439 1322 117
S 1 3 491 1017 26 ] 2 3 -i586  -=1749 163 4 2 -5 15931 4778 213
9 1 2 =-1152 -1175 =17 4] 2 2 ~2263 ~2264 15 4 ? ~b 757 2774 -17
9 1 1 934 882 52 O 2 1 ~106 ~46 ~-60 4 2 =7 -158 155
9 ki o 0 =17 17 3 2 15 Q 132 ~132 4 2 -3 =384 -84 6%
o T 536 532 ~56 1 g 14 b -44 44 4 2 -3 ~5658 ~66% 31
9 1 -2 965 762 203 1 2 13 Q 20 =20 4 2 ~10 141 10F 32
S T -3 72 158 ~56 1 2 12 489 510 -21 4 2 =11 263 242 21
E 1 =4 -132 ~-237 105 1 2 1 336 364 28 4 z -2 -83 ~-80 -8
b 1 =5  ~14386 -—146 &0 1 2 10 o 2 -2 A 2 =13 332 276 &3

UMO00017032

NOVARTIS EXHIBIT 1517
Novartis v. Regents, IPR2023-01347
Page 3901 of 4460



0

IRGG4G0

A

i

ubs.rse.ovg | doi: 10,1039

i

1964 on http/h

v US Patent & Trademark Office on 19 October 20
b

b
1 Jamyar

oaded

Published on O

Down

View Onling

6040 Wheatley : The Crystal and

TABLE 3—conlinued.

I3 £ 7 Fo £z A & & 2 5 I, A /2 S o Fe A
5 s 12 =106 -S54 -52 9 2 5 41 951 «50 a 3 1 =absy =4 248
5 2 1t -393 =361 ~26 9 .2 4 =039 =113t 32 i 3 15 0 270 =270
5 2 10 ~658 =738 &0 9 2 3 415 7 1 3 14 -102 -131 29
5 2 3 -293 =376 83 9 2 2  ~1425  ~1340 =85 1 3 12 294 74 220
5 2 8 439 474 15 9 2 1 =306 =207 =39 1 3 12 ~348 ~323 -2
2 2 Z 408 Ja0 108 9 2 [ 491 444 a7 1 3 1" 23 191 =108
5 2 -16 16 b FAS | 261 221 40 1 I ¢ -454 ~474 24
5 2 5 ~677 ~687 10 E] 2 -2 251 203 a2 1 3 9 466 434 -28
5 2 4 2370 2682 288 g . 2 -3 =352 =408 16 1 3 8 73 842 91
5 F 3 ~819 ~517 -2 g 2 -4 1749 1813 -4 1 3 Z 35 ~36
5 2 2 2668 2499 163 9 2 —2 =804 -726 -78 1 3 126 1327 -50
5 2 1 129 1223 68 9 2 = 2721 2786 -65 1 3 5 6E0 679 10
5 2 a  ~=2676 -2393 *71 9 2 =7 118 25 93 1 3 4 1761 1735 26
5 2 -1 28 277 9 9 2 -8 626 627 -1 ki 3 3 180 171
5 2 =2 ~1668 ~1688 20 9 2 =3 ~274 -294 2 1 3 2 764 919 -85
5 2 =3 =163 -143 ~46 9 2 =10 0 =191 191 1 3 1 =2023 ~1338 -85
5 2 =4 ~B36 =808 =28 2 2 =11 ~436 ~493 -3 1 3 0 -2462 -2338 ~124
5 2 -5 1262 18D 82 10 2 10 o ~30 30 1 3 -3 =2730 =2543 =187
5 2 - 444 351 83 k] 2 g 174 109 6 1. 3 ~727 ~673 ~48
5 2 -7 97 16 81 10 2 8 - Z& ~146 -132 1 3 =2 =854 -907 53
5 2 ~B 403 379 30 10 2 g 267 275 ~8 1 3 -4 501 497
5 2 =3 240 193 14 2 =205 -146 -5 1 3 -5 2271 2292 =21
5 2 -10 -223 =112 =111 10 2 5 153 -153 1 3 -6 1181 1200 -15
5 2 =13 237 19% 38 130 2 4 =387 ~343 -54 ) 3 -7 1337 1300 37
5 2 -2 208 93 11 10 2 3 -83 <750 ~85 1 3 -8 225 9 126
5 z =13 -a66 =450 - 40 2 2 =1812  ~1736 »76 T 3 -39 -262 -371 =11
[3 2 12 ~508 ~474 =34 10 2 1 =1437 ~138Y -48 1 3 ~10 -542 ~565 23
& 2 11 «513 =611 -2 10 2 Q0 =1225 ~1208 =17 1 3 =11 ~-83 ~74 -3
[3 2 10 =501 =883 -12 10 2 -1 ~621 -67 52 1 3 -12 =182 -24 -158
3 F3 3 ~489 =443 -8 10 2 =2 =974 =306 =58 1 3 =13 -336 ~244 -52
3 F3 8 o =79 175 10 2 =3 1010 1692 -82 1 3 -14 [+ ~146 146
[ 2 :g 316 348 ~32 10 2 =4 =135 ~1424 « 74 1 3 -15 -213 ~264 s
-3 2 =~5Q0 =420 =80 10 2 =5 1115 1150 «35 2 3 12 Q 140 ~140
5 2 5 1540 1512 28 10 2 - 27 -27 2 3 1 ~321 -265 =36
& 2 4 =865 -731 =134 10 2 -7 a v 73 -73 2 3 10 385% 3684
6 2 3 ¢ 716 71 10 2 B 423 394 29 2 3 3 o 125 =125
[ 2 2 470 424 45 10 z -3 213 130 83 2 3 8 1775 1759 16
6 2 1 ~956 -394 38 10 2 =10 97 38 5 2 3 7 955 983 -24
[ 2 ] -d454 =~128 ~326 10 2 =11 =205 -45 ~160 2 3 [ 1494 1487
& FE 49 495 11 2 8 397 82 218 2 3 5 ~566 -522 ~44
3 2 -2 132 1145 181 11 2 g’ 138 50 8 2 3 2 ~E94 ~b38 4
[3 2 -3 1152 1146 11 2 386 355 31 2 3 3 -263 257 34
[3 2 =4 1222 1222 o 11 2 5 =187 288 101 2 3 2 =57 =152 55
3 2 =5 358 359 =1 1 2 4 800 932 =132 2 3 1 2 v 72
6 2 =6 526 456 62 11 2 2 ~369 ~406 37 2 3 0 =1765 =164 -121
[ z -7 39 -39 11 2 2 =304 =345 a1 2 3 =1 =814 1671 =143
& 2 =8 =37 =389 12 11 2 1 ~1100 =1138 v 78 2 3 =2 =2119 =2089 =50
& 2 -9 -81 =801 -15 1 2 0 ] ~979 =4 2 3 -3 1336 3195 141
3 2 =10 =~1117 ~1104 -13 11 2 -1 ~529 =581 52 2 3 -a =-1188 ~1173 -2
& 2 -1 ~533 ~-646 53 11 2 -2 242 -31% + 73 2 3 -5 2307 2342 =35
6 2 =~12 =587 ~5%8 -89 11 2 -3 3 50 -26 2 3 =6 ~-102 -115 13
6 2 13 =137 1 2 ~4 -360 -316 -44 2 3 -7 1242 1247 45
7 2z 12 102 267 ~165 11 2 =5 283 306 =23 2 3 =8 121 224 =100
7 2 11 -221 =183 -38 11 2 =B -84 &4 2 3 -3 440 479
7 2 10 =666 =700 3z 1 2 =7 -26 26. 2 3 -0 =258 =150 =108
32 El =375 =277 =38. 11 2 =8 385 46D .75 2 3 -1 245 218 27
ki 2 8 ~691 =5 14 11 2 =3 138 177 =33 2 3 ~42 391 435 -a4
7 2 Z 462 471 -3 12 2 o =247 za7 2 3 =13 ~193 -7 -186
i 2 -47¢ -423 -47 12 2 5 0 28 ~2& 3 3 12 1] 101 =101
7 2 5 75 < 746 =37 12 2 4 374 323 43 2 2 1 =333 =326 =13
1 2 4  =~109%  ~1038 =53 12 2 3 249 217 32 3 3 1w ~§23 -768 ~55
7 2 3 -118 ~-125 "7 12 2 2 625 584 a1 3 3 9 ~704 =645 =53
37 2 2 4038 631 147 12 2 1 230 228 62 3 3 4 =1443  -1415 26
7 2 1 593 556 37 12 2 0 =341 ~399 58 3 2 g ~65 =-116 1
7 2 o] 29 61 238 12 2 =1 =221 -221 ¥ 3 -237 -328 91
7 2 =1 1465 1363 102 12 2z =2 4 264 176 3 3 5 875 830 4%
7 2 =2 -58 ~81 23 12 2 =3 ~318 =274 ~44 3 3 4 =313 -307 -6
1 2 -3 1026 991 35 12 2 -4 499 525 -26 3 3 3 1006 1120 =34
7 2 -4 902 -5 12 2 =5 421 394 27 3 3 2 26587 2627 260
7 2 -5 566 480 86 32 2 =~b [+] a4 ~-44 3 3 1 -4t -1
7 2 =b -539 -570 *31 12 2 =7 392 271 121 3 3 [+] 4051 3394 57
7 2 =7 «741 =Baf 107 12 2 =8 348 296 52 2 3 -1 994 964 30
7 z -8 -32 349 24 12 2 -3 60 -&0 3 3 -2 & 442 -44
7 2 -9 =i314 =1378 €4 13 2 4 174 193 ~25 3 3 =3 15680 1503 1377
7 2 10 15 183 =30 13 2 3 a ~-18 18 2 3 -4 -476 -3t =54
7 2 =11 132 190 ~58 1 2 2 481 473 3 3 =3 =51 =13t 8p
7 2 -12 138 63 +75 13 2 1 ~274 ~214 ~60 3 3 -6 -227 =184 =43
7 2 =13 563 535 27 13 2 o -135 ~210 +75 3 3 -7 o] =75 75
8 z 10 341 182 159 13 z =1 -407 387 =20 3 3 =& + 700 +371 -71
8 2 3 - 13 2 =2 -2 31 ~329 8 3 3 -3 =862 -538 =24
8 2 8 168 -168 13 2 =3 3 255 =372 3 3 =10 G 105 =405
] F3 7 ~193 ~76 -117 13 FERY ] =139 133 3 3 -1 -52 ~535
8 2 [ 1170 1060 El 12 2 =5 474 518 -44 3 3 =12 =34 =462 118
& 2 5 -238 =270 -8 13 a =& =415 -a34 19 3 3 =13 173 W E
3 2 4 1031 1022 9 13 2 =7 205 267 =52 4 2 12 -276 =169 =10
8 2 3 4568 443 25 14 2 2 =102 ~148 48 4 3 n -370 =301 =5
8 2 2 865 =30 14 2 1 -37 =33 ~58 4 3 0 -1087 ~343 ~64
8 2 1 + 739 677 62 14 2 [+] o ~117 117 4 3 9 =~1583  =1511 72
8 2 o =254 -7 -247 14 2 =1 200 217 =137 4 3 5 =~2007 =2006 -1
B 2 =1 211 251 -40 14 2 =2 ~405 =344 ~61 4 3 Z ~888 =309 21
6 2 =2 =035 ~i0b8 53 14 2 =3 243 290 -4 4 3 276 279 -
B 2 -3 -387 =333 =48 14 2 =4 o 177 -77 4 3 5 =393 =356 =35
8 2 -z 85 774 11 14 2 -5 Q 114 =114 4 3 4 1135 1063 66
8 2 -5 =524 =147 =57 g 3 15 50 -50 4 3 3 -223 -1 ~B1
8 2 - 1215 1177 38 0 3 14 68, 653 30 4 3 2 -422 =355 -27
B 2 =7 -yzs -366 41 [} 3 13 -217 -226 a 3 1 369 87l 93
3 2 -8 306 260 46 a 3 12 530 563 =33 4 3 ] ~a1 -3 -5
8 2 -3 -279 -213 =60 a 3 1n ~348 -273 -75 4 3 -1 ~358 ~41b 28
] 2 =10 ] -9 4] 3 10 457 501 -44 4 3 =2  =j381  ~1320 -6
B 2 =13 13% 103 32 o} 3 9 24 149 & 4 3 -3 g« 56 &
[ 2 =42 =141 -83 52 g 3 8 + 710 716 -6 4 3 =4 =764 ~628 -16
& 2 =13 631 562 6 Q 3 <7 ~633 ~559 =34 4 3 =5 932 1907 25
9 2 10 1] ~166 166 Q 3 6 135 193 ~56 4 3 -6 6 §17 -21
E] 2 9 ~-274 ~223 -55 o 3 5 18 63 120 4 3 -y -4 ~173 76
9 2 8 =254 <511 57 ] 3 4 1677 17686 =31 4 3 ~& 134 1364 ~36
g 2 Z 8] 57 =57 o 3 3 288 4 4 3 =9 =573  ~1101 128
9 2 =339 =301 ~34 Q 3 2 1533 1600 =61 4 3 -0 YES -752 ~13
UMO00017033
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Molecular Structure of Aspivin. 6041
TABLE 3——continued.
A 2 ] V4 Fa Fe A F3 £ !/ o Fe A
=4 g 3 2 271 269 ~18 1 4 -b 1458 1538 =21
&0 3 3 1 185 166 23 T 4 =7 ~651 119 63
14 S 3 o -23%  -~230 -6 1 4 -3 5b 631 ~64
-6 E] 3 -1 =111z =121 G 1 4 =3 338 389 ~51
113 9 3 =2  ~1085 ~1106 21 1 4 -10 430 50% =75
63 9 3 -3 =717 ~714 . 1 4 =11 156 76 120
167 3 3 -4 ~33% ~193 =136 1 4 =12 &2s 593 32
65 G 3 -3 256 325 -3 1 4 ~13 219 ~265
85 g 3 -5 =695 =387 12 2 4 12 ] " 56 ~£6
=108 9 2 -7 148 256 =108 2 a4 11 0 So ~50
-20 S 3 -5 =457 -476 ~21 2 4 10 a ~134 13
24 9 3 -3 -129 ~125 -4 2 4 9 =159 -8 ~151
3 9 3 =10 408 377 31 2 4 8 ~581 -627 4
579 El 3 -1 ~198 -7 =121 2 4 7 =-1305  =1901 -4
~16 10 3 & 138 101 37 2 4 & ~1927 ~1985 58
18 10 3 g 213 116 97 2 4 5 ~955  =1035 [}
-36 10 3 465 18 ~53 2 4 4 =1063  =1100 T
232 10 3 5 =312 ~267 =45 2 a 3 1642 1953 -111
=31 10 3 4 231 236 ~65 2 4 2 789 =723 ~60
422 10 3 3 225 142 83 2 4 1 596 610 -t4
-13 10 3 2 701 672 29 2 a a ~180 =114 ~E6
27 10 3 1 164 234 =70 2 4 -1 ~1354 =1309 ~45
~22 10 3 o 470 503 ~-33 2 4 =2 1169 1058 131
65 106 3 -1 -1 a1 2 4 - ~1040  ~1125 85
80 10 3 -2 ~§760 ~1793 33 2 4 =4 256 221 35
3 10 3 -3 797 78 4 4 =5 -374 ~358 -16
55 10 3 -4 ~1326 ~1383 57 2 4 -6 329 307 22
~124 1c 3 -9 47 622 18 2 4 -7 253 297 ~44
-4 10 3 - ~193 -176 -17 2 4 -8 0 55 =355
~B3 10 3 =7 Saz 508 34 2 4 -9 302 345 -a3
%1 10 3 -8 0 26 ~26 2 4 =10 ~310 ~274 ~36
45 10 3 -5 4%1 862 23 2 4 =11 ~304 =350 46
24 10 3 -0 670 61 3 4 12 -131 -134 ~57
-3 10 3 -1t ~372 ~208 =164 3 4 41 o ~61 61
25 11 3 8 ~374 ~315 ~59 3 4 10 ~743 751 &
~68 11 3 z ~301 -288 ~13 3 4 g 24 5 -6%
74 11 3 1] 43 -43 3 4 B =078 ~1148 ]
& 1 3 5 0 ~73 173 3 4 Z 458 45
ls] iy 2 4 49 =49 3 4 ~1411  ={442 31
131 11 3 3 =125 ~-180 22 3 4 s 425 265 -0
~40 11 3 2 ~323 =369 48 3 4 4 170 &3 101
8 11 3 1 '] 38 ~35 3 4 3 1 608 77
~39 11 3 0 260 19 65 3 4 2 1064 1016 &
42 11 3 -1 0 176 176 3 4 1 894 g2z =20
88 11 3 -2 -416 =418 3 4 [} 118 2 116
.41 11 3 -3 3392 37 15 3 4 =1 470 462
=72 11 3 =4 ~470 =534 64 2 4 -2 1523 1518 5
40 k) E ] 761 778 =1 3 4 =3 -407 =408 1
=50 11 3 -5 442 478 -3 3 EIY | 616 651 -
=135 11 3 -7 400 388 12 3 4 =5 a 258 ~258
5h 11 3 -8 153 138 55 3 4 b 449 512 ~&3
36 11 3 =9 =3 3 3 4 =7 217 23 =16
54 12 3 3 227 184 43 3 4 =5 736 836 -38
16 12 2 5 ~281 ~303 22 3 4 =3 =304 -~d406 102
169 12 3 4 48 480 7 3 4 =10 ~375 -378
~44 12 3 3 ~132 -215 83 3 4 =31 =356 -322 ~34
123 12 3 2 ~93 =21 72 4 4 12 279 221 58
-29 12 3 1 ~185 ~121 b4 4 4 11 q =155 155
161 12 3 [¢] 2 345 -85 4 4 10 88 43 45
=28 12 3 -1 =158 7711 13 4 4 g =118 =50 -6&
-29 12 3 =2 520 518 4 4 8 456 253 -7
164 12 3 -3 ~430 ~445 =45 4 4 7 [} =190 150
=38 12 3 -4 ~458 -478 20 4 4 6 18 i7
-8 12 3 -5 445 443 2 4 4 5 ~4237 =124
-5 12 3 - ~361 -366 4 4 4 227 =178 -49
~51 12 3 -7 -219 -7 447 4 4 3 97 106 =~
21 13 3 4 97 56 41 4 4 2 233 240 -7
13 13 3 3 245 149 96 4 4 1 780 716 4
~67 13 3 2 221 238 -17 4 4 a ] =163 163
4 13 3 1 167 28 63 <4 4 =1 185 181
45 13 3 0 307 350 ~43 a4 4 =2 240 259 =19
-£8 13 3 0~ 0 1 -12 4 4 =3 7 987 -8
-38 13 3 =2 836 811 25 4 4 =4 1096 1139 -39
=18 13 3 -3 =526 =436 -30 4 4 -5 138 106 32
i1 13 3 -4 260 304 -44 4 4 =5 451 425 26
-17 13 3 -5 ~263 -159 =104 4 4 >3 =65 -125 &0
«219 0 4 1 ~256 =185 =41t 4 4 -8 321 343 -28
21 a 4 12 =207 -206 =1 4 4 =9 447 442
43 0 4 11 375 406 -31 4 4 =10 145 132 13
~11 Q 4 10 =114 =35 =79 4 4 =11 153 235 ~46
15 [ 4 E} a ~31 31 5 4 12 245 57 188
-2% 1] 4 B o ~b6 66 5 4 11 50 )
153 4] 4 7 357 361 5 4 10 37 ~37
~13 a 4 6 983 1033 -30 S 4 39 -286 -227 -5
-17 0 a 5 1913 2085  =~452 5 4 B =37 -428 51
-74 Q 4 4 13a7 1408 =101 5 4 Z -35 ~406 50
=48 [¢] 4 3 578 946 ~68 5 4 ~b45 -672 27
47 1] 4 2 970 985 =15 5 4 5 ~119 115
137 ¢} 4 1 —4B7. ~520 33 5 4 4 -678 ~556 ~20
3 1 4 1R ~132 =20 75 5 4 3 1247 4232 15
36 1 4 11 251 28 - 5 4 2 561 580 -19
~7B. ki 4 10 Q 121 ~121 5 4 1 518 577 =53
~30 1 4 3 ~1081  =1108 27 5 4 0 195 10497 ~45
=30 1 4 5 ~341 —an4d 23 5 4 =1 =1543 ~1613 64
~208 1 4 7 =2204 =2246 g2 5 4 =2 76 810 66
=3G 1 4 & ~354 —433 73 5 4 =3 =565 =4622 7
~i75 1 a 5 ~312 =354 46 5 4 —4 62 1015 ~53
154 1 4 4 -785 -836 51 5 4 =5 ~435 =337 56
3 1 4 3 1638 1769 ~151 5 4 =b ~56% 601 2
25 4 4 2  =3103 =3038 ~55 5 4 =7 570 - 726 -156
-68 1 4 9 2473 2539 “66 5 4 =3 -172 227 55
a3 1 4 a ~254 ~£74 20 5 4 =5 443 521 =70
447 1 4 -1 1373 1283 54 2 4 10 274 373 -3t
~51 1 4 =2 633 648 =15 5 4 =11 342 359 =17
110 1 4 ~3 434 420 14 6 4 10 a 2 =25
-63 1 4 -3 121 139 -18 6 4 G -177 -228 51
=153 1 4 =5 =191 ~217 26 [ 4 & =4z -508 81
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TABLE 3—conitnued.

% & / Fa Fe A & & £ Fo Fe A % rd Z o Fe A
6 4 7 743 753 ~3 n 4 -2 J23 351 ~23 3 5 =10 189 187 2
L] 4 & -104 L ] -4 11 4 =3 461 438 -2 3 5 =11 &87 614 427
6 4 ) 422 474 -52 11 4 -4 310 251 59 4 5 1 153 29 124
& 4 4 321 368 =47 11 4 =5 4] -6 b8 4 5 -4 170 54 116

6 4 3 243 274 -25 11 4 -6 aQ =31 31 4 5 a4 2 238

& 4 2 ~120 -135 —45 11 4 =7 0 =45 45 4 5 -7 =364 =356 -8
6 4 1 831 401 =20 12 4 4 232 237 ~-43 4 5 6 3 343 ~41
[ 4 ] 567 -603 J6 12 4 3 191 21% ~24 4 5 5  =1562 =537 =1025
& 4 =1 =187 -1556 83 12 4 2 456 453 4 5 4 b 573 -134
& 4 -2 2323 -247 14 12 4 1 a =118 118 4 5 3 =218 =311 -8
& 4 =3 =2122  =2242 120 12 4 [+] 729 " 783 ~54 4 5 2 621 - 706 -85
6 4 ~4 =-2258  =2232 34 12 4 =1 -518 «706 88 4 5 1 10 250 24
6 4 -5 &a1 870 -2% 2 a4 -2 436 436 o 4 5 0 ~245  ~236 =35
%o ) 4 =6 =300 =928 28 12 4 -3 =-187 ~257 70 4 5 =1 182 282 =100
o0 6 4 =7 1034 1173 -3 12 4 -1 27 252 75 4 5 -2 276 ~246 12
2 € a4 -6 =226 =53 104 1’4 -5 ~251 261 4 5 -3 -1736 -1833 57
= é 4 -9 536 625 w5 12 4 =h 135 37 -2 4 5 -4 =128 ~-1372 87
= 3 4 =10 307 363 ~76 12 4 ~7 57 -57 4 5 =3 =ts26 =152 102
o= 6 4 =11 207 267 =60 13 4 2 52 ~j2 4 S  =b —882 -514 32
& 7 4 10 2 363 -146 13 a4 1 357 a2 -55 4 5 -7 ey -0 w2
= 7 4 g -20 ~43 =159 13 a a 170 237 ~67 4 5 =8 72 117 -a5
o4 7 4 8 801 836 -30 13 4 =t ~443 =514 65 4 5 *«3 38 123 15
= 7 4 7 281 277 4 13 4 -2 310 433 =123 4 5 =10 ~148 22 73
= 7 4 & 754 L7493 =35 13 4 -3 ~617 =721 124 4 5 =11 273 175 Ji
= 74 5 27 241 38 o 3 13 138 76 6z 3 5 1 346 304 42
= 7 4 a 582 633 -111 €] 5 12 Q 152 =152 5 S 9 ~263 -253 -10
o~ 7 4 3 ~321 ~329 G 5 ,1 153 206 =53 5 5 B -114 29 -55
= 7 4 2 -302 ~161 =141 [*] 5 10 -187 -275% 3 G 5 7 25 188 137
e 7 4 1 522 541 -13 o 5 9 a 113 =113 5 9 a Q =35 36
3 7 4 0 -8936 =835 =1 o & & -hYye 623 5| 5 5 5 674 923 -5
= 7 4 =1 606 621 =15 o 5 g -273 =308 33 5 5 4 591 665 =34
0 7 4 =2 =1468  =1434 25 a 5 —gdd =326 82 5 S 3 600 870 =70
& 7 4 =3 ~E84 ~331 47 o] 5 5 =1570 ~1694 124 ] 5 2 421 518 ~57
- 7 4 =4 =BJ6  -ib6 10 o 5 a4 -1193 -1337 164 5 B 1 366 385 -1y
s 7 4 =5 =510 -525 15 o 5 3 =-557 =1008 151 g g o ~170 -3 -53
] 7 4 =6 o 77 =37 0 2 2 145 111 34 5 5 =1 646 683 =37
@ 7 4 -7 142 142 a 5 1 729 871 -142 5 5 -2 469 460 23
= 7 4 =B -276 - 485 209 1 5 13 3%0 339 =2 5 5 = 45 -45
= 7 a4 ~9 172 181 -3 1 5 12 Je2 401 ~13 5 5 -4 -86 ~-856 31
= 7 4 -1 -123 -85 56 1 5 11 233 212 26 5 -5 =5 =851 =574 25
=3 7 4 =11 o ~144 144 1 5 10 118 186 ~6u 5 5 -5 =1152 =1223 31
= 8 4 10 302 380 75 1 ] 2 ~3%9 =477 - 78 5 5 -7 ~307 234 =13
= 8 & 9 ~-520 ~587 & 1 5 E 185 =135 5 5 = [s] 84 =54
= 8 & 8 358 520 -162 1 2 7 -238 234 -4 5 5 =3 =205 =155 -14
~ B 4 Z -535 -380 145 1 5 & 312 33% =23 S 5 =10 -213 ~252 -z
@ & 4 63 10 3 1 5 5 ~a11 ~418 F 5 =11 Q ~&1 b1
X 8 4 5 231 147 da 1 5 4 =1435  ~1516 &1 6 5 10 478 515 -37
- 8 4 4 &0 -850 1 5 3 78 ~78 [ 5 3 Jé4 379 =15
P B 4 3 187 129 58 1 b 2 ~-854 -916 22 3 5 ) 442 a2 21
2] 8 4 2 ~135 435 1 5 1 ai2 460 —48 [ 5 7 5 =535
= 8 4 1 823 44 =~21 1 5 o} 41 7% ~34 [ 5 [ 260 263 -3
g a 4 ] o ‘75 73 1 5 =1 2 105 =33 & 5 5 ~573 -522 43
i 8 4 =1 1715 1737 -22. 1 5 -2 =913 =1099 172 6 3 4 ~64a 64
— 8 4 =2 “756 758 “2 k| 5 -3 =70 J0 6 5 3 -271 -257 =14
¢ 8 4 =3 =180 -273 93 1 5 -4 1369 15058 =133 & 5 2 22 330 ~-10%

- £} 4 -4 0 =151 151% 1 5 -3 5% 1095 142 € 5 1 27 =271 -
a8 8 4 =5 633 w702 &9 1 5 -6 1636 1743 ~107 & 5 0 -243 -181 ~65
] 8 4 -6 196 b1 115 1 5 =7 ~23 =179 -56 & 5 =1 151 226 -75
o H a4a -7 -114 “14 ~400 1 5 =8 402 80 22 6 5 =2 ~582 ~57G -1z
= & 4 =8 172 170 4 5 -5 488 588 =100 [ 5 =3 1189 1230 ~a
== B 4 -39 o 143 -143 1 5 =10 205 181 24 [ 5 =4 -6 —45 16
= ] 4 =10 =231 -85 =142 1 5 =13 ~153 ~-110 -43 ] 5 -5 259 264 33
“ 8 a4 -11 ] 136 =176 1 5 =12 g =217 2t7 6 5 =~ =514 =616 102
9 4 & 235 202 -4 1 5 =13 ~263 =135 ~6 6 5 -7 Q -72 72
g 4 ;Z ~t45 -310 61 1 5 =14 =348 =301 =47 & 5 =g =138 =50 =58
S P 310 385 -7 2 5 10 *] ~143 143 & 5 -3 170 92 75
El 4 5 -613 =-638 25 2 5 g 162 163 =1 & 5 =10 325 303 22
3 4 4 302 325 -23 4 5 & ~511 -551 40 & 5 =11 391 347 44
9 4 3 g -5 < 5 -7 97 51 7 5 & a5 38 50
g9 4 2 1 50% 12 2 5 @ =513 ~552 39 -7 5 Z 121 97 24
9 4 1 -633 581 -52 2 Pl 5 554 514 7 5 -515 =555 40
9 4 Q =132 -76 ~56 2 2 4 =217 =285 63 =7 5 5 «518 ~570 52
5 4 -1 -472 =540 [3:3 2 5 3 443 413 20 ¥ 5 4 ~479 -5i2 a3
E] 4 =2 ~510 ~518 8 2 > 2 ~-63 63 -7 g 3 ~2 el
5 a -3 a =215 215 F3 5 1 510 625 ~115 7 5 2 -& ~164 67
5 a4 =4 ~755 876 81 2 5 [¢] 1160 1203 -4 -7 5 1 805 300 ~-55
9 4 -5 77 =72 ~5 2 5 -1 674 518 -42 <7 S o -254 -214 ~aD
9 4 -6 ~376 ~-386 E] Z g =2 276 33 =56 +7 5 -1 244 Aa =73
9 4 =7 428 442 -14 2 5 =3 1393 1552 ~15% + 7 5 -2 Q -7 =13
5 a -8 285 266 13 2 5 =4 =114 -7 =36 +7 5 =3 562 ~564 2
9 4 =~y 420 485 65 2 5 -5 57 9130 ~133 -7 5 -4 716 -7
10 4 8 ~2 45 ~294 43 2 5 =& 532 574 42 ~7 5 =% =527 =1011 E4
10 4 7 193 33 100 2 5 «7 0 44 =44 7 5 -b 205 b1 124
10 4 [ =162 ~247 5 2 5 =4 ~148 ~113 ~z9 17 5 -7 =552 =615 63
10 4 5 -121% 121 2 5 -9 63 -&3 -7 5 ~b 118 143 =25

10 4 2 -331 -298 -33 2 5 =10 Q ~164 164 7 5 - =177 =55 42
10 4 3 191 171 20 z 5 =11 g & -5 & 5 o 167 274 -7
10 4 2 18 118 3 5 10 =156 =117 -7 i 5 -7 =125 -133 o
10 4 1 -276 -260 =16 3 5 g 332 2285 47 B 5 G 211 223 ~12

10 4 Q -298 -25% ~35 3 5 8 ~336 =344 ~54 4 5 5 -203 -264 61
10 4 =1 1€4 12 152 3 3 Z -512 ~567 5% G 5 4 211 191 za
19 &4 -2 =141 ~64 -7 3 5 397 358 39 [ 5 3 -453 =455 ~14
10 4 =3 8 -a 3 5 5 =1493 —1597 104 B 5 2 ~15% -84 ~£2
10 4 -4 370 453 =30 3 5 4 832 756 3 & 5 1 316 342 ~26
10 4 -5 ~425 -383 =42 2 S 3 =139% -1453 704 3 5 0 o FE) -7

0 4 -6 346 -6 3 3 2  -182 243 61 & 5 -t 192 30 72

10 4 -7 g2 -52 3 5 1 567 545 22 8 5 -z ~233 -325 4
10 4 -8 229 255 -26 3 5 o] 127 182 =5 © 5 =3 ~az5 ~-524 5%
10 4 =3 -435 -331 =104 3 > -1 34 831 -37 & - 0 -0 30

11 4 6 o ~83 83 2 5 =2 =120 =375 59 o 5 -3 =354 =535 161
11 4 5 -135 ~20%3 74 3 5 =3 2 568 ~35 3 5 =& 306 3;5 -55
1 El 4 -20b -123 =58 3 5 =4 =2%562 -2738 176 8 3 -7 223 ~260 37

11 4 3 [s] sS4 -394 > 5 =5 554 316 -52 & 5 =8 -215 -132 =23
11 4 2 53 24 64 3 5 =& ~1382 -141 -41 & 5 =32 290 253 37

11 4 T 562 %31 31 3 2 -7 233 282 -23 3 2 5 =36 3e

11 "4 o) 521 £33 58 3 5 =G 148 243 -4 9 5 5 o -42 42

11 i =1 412 w1 =63 3 5 -5 %27 517 =50 5 3 4 ~23 =13 -0
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[1964] Molecular Structure of Aspivin. 6043
TABLE 3——continued.
% V] 7 o s A A & 7/ Fo Fe A y A £ I I Fe A
95 3 =827 63D 3 i & -3 555 518 41 & 2 =210 -28
9 5 2 459 ass -26 3 6 - -184 =151 -33 10 € 1 -256 ~254
9 5 1 =745 =171 2 3 & =7  ~578  ~G03 25 o & g a 32
J.05 ¢ 335 444 ~109 3 &6 =B =516 -513 3 10 & =1 £36 363
9 5 -1 o H4 -54 3 6 = g ~134 134 10 6 -2 =166 -218
=3 5 =2 373 361 -2 4 b 10 353 197 166 10 5 =3 $08 540
3 5 -3 3432 374 -25 4 & g 609 504 135 10 6 -4 ~323 -372
9 5 =3 683 655 28 4 6 & 455 356 .73 10 & =5 332 313
9 5 ~5 141 176 =37 4 & 7 565 5az2 23 G 7 10 259 357
9 5 -6 557 637 Rlie] a 6 & 100 103 ~3 o 7 3 ~566 =607
9 5 ~7 ~177 -161 -16 4 6 5 -1 ~5Q -41 G 7 b 801 825
9 5 -5 b8 107 -1 4 5 4 123 52 71 0 7 7 =742 -410
3 5 =9 -132 -4 -E3 4 [ 3 ~163 163 o 1 [ 18Q 198
1 5 6 ~573 -5s2 15 4 & 2 =213 -5 =130 o 7 5 =286 =304
10 5 5 59 =55 4 & I3 277 208 &7 0 i 4 ~21% =268
10 5 4 a -345 Fay 4 & 3 1144 10717 67 4] 1 3 244 =313
10 5 3 1] 110 ~110 4 6 -1 -915 -822 -53 0 7 2 ~{1 -53
16 5 2 457 267 5o A & =2 1586 1484 102 ] 7 4 274 448
10 5 1 370 280 Lo 4 & -3 ~582 -a24 ~155 1 7 10 =116 -187
10 5 0 590 651 ~61 4 5 =4 430 442 “12 1 7 9 197 40
10 5 -1 453 563 ~110 4 & -5 469 470 -1 1 7 s Q7
10 5 =2 476 457 15 4 6 ~& 321 325 -4 1 7 ;{ ~174 ~11Q
10 5 -3 261 202 -21 4 6 - -45% —-455 =10 1 7 160 150
10 5 =4 o =140 140 4 & -y -153 ~156 3 1 7 5 166 212
10 5 =5 0 78 -1ys 4 & ~3 -283 24y ~34 1 i 4 a 77
10 5 =b 125 G5 30 b} 6 8 396 317 79 1 7 3 433 377
10 5 =7 0 =221 221 5 6 7 338 714 124 1 7 2 586 563
11 5 4 o -65 65 g & & 56 ~58 1 7 1 244 256
11 5 3 159 240 ~51 5 & 5 1] 217 -217 3 7 G 531 545
11 5 2 3 a7 30 5 5 4 ~367 -282 -55 1 7T = 108 114
11 5 1 469 432 3 5 & 3 ~548 =730 -53 1 7 =2 133 * 793
11 5 o 507 brlsd =51 S & F4 -602 ~506 =56 1 7 -3 =370 =403
1 5 =1 217 253 =36 5 & 1 ~&05 ~503 -102 1 7 -a =120 ~a3
11 5§ -z -125 ~185 64 5 6 o] a75 26 14 1 7 =5 o] a1
11 5 =3 =298 =27 ~27 5 6 =1 =459 =404 =55 1 7 =6 =180 54
11 5 -4 -376 =507 131 5 & =2 + 342 $ 1% 37 1 7 -7 o] -2
11 5 - =371 -354 -1 5 6 =3  ~75t . =763 -22 I B 13 57
12 S 0 187 245 =56 5 & =4 =3 7 =355 -4 2 7 -2 =387 =353
12 5 =1 263 253 ~10 5 6 -5 -51 ~45 ~-a6 2 7 & g 87
12 5 -2 313 408 =95 5 & =6 ~197 =182 ~15 2 2 7 631 575
12 5 =3 211 46 165 5 [ -237 -143 ~83 2 7 [ 761 &91
] 6 10 267 253 14 5 & -8 =53 59 2 i 3 490 47
0 & 9 -259 -273 -26 5 & =9 ] -134 134 2 7 4 153 67
0 3 8 645 =733 52 o & & -91 51 2 1 3 -237 -170
0 8 Z =083 -4yg -85 6 [] Z 512 456 56 2 7 2 -252 ~244
o 6 672 609 63 6 & ~460 -471 11 2 7 1 ~741 ~712
] & 5 -&35 =750 -4% 65 & ] 436 a1t 27 7 7 o =100 =145
0 6 4 100 66 34 6 3 4 =352 =361 2 F | 237 235
o [ 3 -652 =611 -a1 & & 3 =306 -227 79 2 7 -2 o -
7] & 2 -203 ~206 & 6 F3 o &3 -43 2 i -3 91 123
a 6 1 -a52 =631 173 [ 1 -445  -318 -127 z 7 =4 254 222
4 6 10 3 -3 ] 6 © ~443 =282 -167 z F a 158
1 6 & =08 56 ~52 6 & -1 296 241 55 2 7 =b 277 zbo
1 & 8 363 402 =14 & [ 324 340 -4 2 1 <7 613 635
16 K =131 131 &€ 6 =3 326 321 -25 2 7 -3 a 216
1 & -123 =191 1] & & -4 233 256 =23 ¢ 7 -3 -137 -33
1 6 5 ~373 -407 28 & & =5 -244 —251 3 -7 ] ~277 ~56
1 6 4 -y ~817 ~68 6 6 -6 0 -132 132 2 7 7 615 577
1 & 3 ~332 ~318 -14 6 & =7 =153 =232 53 3 7 5 410 354
1 6 2 148 115 6 & -5 157 246 -a% 3 7 5 #73 430
1 & 1 =1263 =617 =652 & [ ] ~386 =350 ~36 3 q 4 -84 -5
kl 3 0 g 5 =45 +7 6 8 ~312 -115 ~457 3 7 3 + 71 168
1 5 -1 309 301 & 76 z 116 33 33 3 7 2 ~253 ~228
1 & =2 410 438 -28 ' 7 & ~309 ~27 ~242 3 37 1 ~453 ~453
1 6 - -1 1 -7 6 5 108 104 4 3 7 4@ =@ 172
il & =4 227 242 =15 7 [ 4 =177 137 3 1 - ~229 162
1 6 - =957 =582 -6 -7 [ 3 292 160 3132 3 7 =2 289 262
1 & ~& =1075 ~1023 -46 7 6 a ~170 -152 ~-18 3 1 -3 0 146
1 & =7 =136 =143 By & 1 ~45 45 3 71 =4 39 N
1 6 -6  -100 =145 45 7 6 g =531 61 2 1 - ~566 -5z
1 & =5 =108 =221 113 7 & -1 214 165 46 R ] =189 ~210
1 6 =10 339 339 7 6 =2 339 265 .74 3 1 -7 =247 197
2 & 10 116 33 &3 =7 & =3 280G 262 18 3 L B =410 -85 &
2 3 g =160 =35 =125 -7 & -4 370 329 a1 3 71 =9 ]
2 & & ~359 =357 -2 -7 6 -5 426 251 475 a4 .7 B >233 -111
2 [ z 54 ~54 -7 5 =& 292 177 115 4 7 Z a =53
2 & Q =112 112 7 & =7 843 374 +75 4 -7 232 211
z 6 5 Q 93 -73 ©7 4 -8 241 200 41 4 -7 5 [} 33
2 & 4 260 101 1(23 7 &6 -9 213 37 182 a7 4 203 135
2 5 3 510 430 a o & 3 433 346 147 4 -7 3 329 262
2 & 2 547 4394 53 8 & 5 =203 ~254 81 4 7 < [ 20
2 & 1 214 178 38 o & 4 ~280 -229 -51 a7 1 ~543 ~4ii4
2 8 0 227 236 =3 5 6 3 ~533 ~a73 -50 4 7 0 -758 734
2 5 =1 515 82 3 6 2 -65 &% 4 7 -1 ~1351 B
2 6 =2 ~1aB7 1318  ~163 I 1 ~100 ~280 163 4 -7 -e 352 3739
2 6 -3 1662 1541 121 8 3 0 605 459 116 4 oy =3 o =57
2 6 -4 =1925 =1755 =140 3 [ 254 S 164 4 7 -4 ~51 ~43
2 6 =5 =492 ~53 a7 & 5 =2 333 370 -37 4 .7 -5 =207 ~222
2 6 =6 ~1606 ~1521 -§5 8 5 =3 184 120 b4 4 i -6 0 ~111
2 &6 =7 =£25 =504 ~21 8 & =4 565 459 110 4 7 -7 160 47
2 & =8 ~62 =520 ~106 a & -5 -39 71 9 7 [ ] ~z6
2 & -9 =108 =155 4 & 6 -b =160 =37 =123 2 7 5 a 145
3 & 10 123 122 1 & 6 =7 400 251 105 5 7 4 =214 -123
3 & ] 116 97 19 3 6 4 ~270 ~225 =45 2 7 3 ~203 ~116
3 6 5 416 329 87 5 & 3 ~-233 -205 -25 2 7 H ~43G =359
3 & g =180 253 «73 g I3 2 -22%9 -37 =132 5 -7 1 =116 ~24Y
2 [ «752 =112 =540 9 [ 1 253 236 83 Z <7 g 321 308
3 6 5 ~552 ~552 E) 6 a 465 475 -1 5 .7 =1 ~450 -525
3 6 4 623 518 105 g 6 -1 834 764 50 2 7 -2 555 572
3 6 3 -2 2 9 6 -2 644 551 58 5 T =3 ~45F ~43%
3 & F4 768 732 36 ] 6 -3 634 633 5 5 1 "4 227 367
3 6 1 108 160 -52 ] 6 -4 Q0 50 -5 S Y 1 253 284
3 5 o] 520 527 -7 9 5 =3 =237 -21g -3 5 7 =6 460 350
3 6 -1 6 24 7 E} 6 -b ~270 =306 35 5 -7 -1 143 143
3 6 =2  ~1231 «i115  ={1é E] € ~7 =430 ~402 -36 g 7 ] ~37% =365
3 6 =3 1330 1232 96 10 [ 4 o g =53~ 6 -7 5 265 337
3 & -3 ~E43 ~500 -43 10 6 3 0 =174 174 6 -7 4 ~252 -37
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6044 Wheatley: The Crystal and
TABLE 3—continued.
Lo & ¢ Zu ) A V2 Z Fo o A & £/ Fy £z A
& 7 3 261 230, 23 ‘s 8 s 463 464 3 5 -3 0 -8 50
[4 7z 2 =670 w73 -7 Qo ] 4 619 674 ~55 4 & 4 91 1 50
4 7 1 633 563 50 a 8 3 3869 373 1 4 g8 3 224 80 164
& 7 0 ~662  =bs7 2 Q 8§ 2 116 207 -51 4 g 2 =160 -47 =113
& 7 -1 600 458 102 o 5 1 136 284 ~128 4 & 1 ~321 ~285 -36
& 7 -2 651 557 B 1 8 7 ~143 =66 ~77 4 8 [} =321 =306 =35
& 7 -3 435 358 78 1 8 6 233 214 13 4 8 -1 ~197 =107 ~30
& 7 -4 312 250 22 1 g 5 274 345 «71 4 8 =2 =283 ~251 ~32
'3 7 -5 412 358 54 1 8 4 701 645 53 4 8 =3 390 213 177
& 7 =6 a 38 =34 1 & 3 ~1d8 ~33 ~115 4 & -4 445 408 3
6 7 -g =108 =257 149 1 ] 2 493 503 ~1Q 4 8 =5 Q 250 =250
I 7 . 723 8 -153 1 g 1 =314 =434 120 3 B 4 ~656 503 =153
7 /i 5 =363 =335 -28 1 8 o ~-108 108 5 8 3 ~24 =141 ~106
7 7 4 ~15 ~72 ~&1 1 & =1 =223 ~301 78 5 B 2 -39 -307 -
7 7 3 -160 -202 2z 1 & =2 @ =352 ~343 ~3 5 8 1 ~170 =25 =145
7 7 2 ~174 =280 166 1 & - 130 80 50 5 8 D &3 -63
7 7 1 197 124 73 1 8 -4 -0 70 ~70 5 &8 -1 ~207 ~154 ~13
7 7 Q =721 713 . 1 8 -5 143 116 7 5 8 =2 133 20 173
7 7 -1 725 762 -37 1 B -6 236 247 43 5 & =3 283 332 ~56
7 1 =2 =13 13 1 8 - -100 =46 =54 5 & =4 5 418 a7
7 1 -7 633 534 39 2 8 6 =277 =246 ~-31 5 8 -5 15 21€ -13
7 7 -4 296 310 ~14 z 8 5 48 ~48 6 8 "2 =749 728 -20
7 7 =5 432 ~55 2B 4 -160 =103 =51 I3 8 1 160 245 -85
7 7 -6 =339 =210 =123 2 8 3 -229 ~173 ~56 [ 8 0 363 ~3492 23
7 7 -7 - b2 ~62 2 8z 203 173 30 6 B =1 184 46 138
8 i 04 ~-622 =489 -133 2 8 1 =123 ~104 -1 & g =2 ~455 -a17 -38
8 7 2 =252 ~183 -63 2 8 4] + 76 ~76 & 8 =3 54 ~£4
i3 7 2 =17 17 2 & -3 116 103 13 i g8 a ~579 =658 V737
8 7 1 =214 ~1378 =35 2 & -2 - ~45 ~5 g 9 3 a2 42
8 7 a =321 -281 ~40 2 & -3 =136 =43 *13 g 9 2 Q -3 2
i} 7 -1 ~-184 =53 -1 2 B -4 ~63 5 g 3 1 91 17 74
fid 7 -2 148 2 148 2 g =5 81 97 =16 1 g 3 =219 «237 186
g - 153 -23 130 3 ] 6 o -74 74 1 g 2 143 33 44
& i -4 443 534 ~85 3 8 5 210 128 gz i El 1 51 =11
5 7 0~5 326 256 30 3 8 2 ~143 54 ~54 1 3 i} o -52 92
g 7 2 '3 =36 38 3 8 3 440 456 -46 1 3 «3 180 241 -61
g 7 1 =306 =202 ~104 3 5 2 =180 -85 -g5 1 g -2 ~-241 276 35
Ef 7 o o ~56 56 3 & 1 1 211 ~81 t 9 =3 214 261 ~-a7
3 | =307 -179 -122 3 B [} -261 -272 11 2 g 2 184 170 14
g i -2 =430 ~421 -3 3 & -1 130 176 -46 2 9 1 148 -146
g 7 3 o3 38 ~38 3 8 =2 =134 134 2 g o ] 2 -25
Q & z 143 136 -7 3 8 -3 -100 -1 -3 2 3 - 40 155 =112
0 8 207 234 ~B7 3 8 ~2 =115 -7 -35 3 9 0 ~{a8 =234 56

fourteen peaks within 2-8 A of the origin due to the salicylic acid residue 5 were resolved and identi-
fied. This gave the orientation of the molecule. Ttwas then assumed that the molecules would be
linked into dimers across centres of symmetry by hydrogen bonds of length 2-65 A. This assump-
tion, which proved to be justified, yielded positions for ten of the thirteen heavier atoms, and the
chosen co-ordinates gave R = 459%, for the 182 A0/ reflexions. A Fourier synthesis with the A0/
phased structure factors showed plausible positions for the three heavier atoms of the acetyl
group, and this projection was then rapidly refined to R = 15%, by Fourier and difference syn-
theses. The y co-ordinates could be chosen from a model of the molecule, and immediately gave
satisfactory agreement for the 300 planes with sint §/A < 0-35. The structure was then refined by
a least-squares procedure which uses the block diagonal approximation. At first only the nine
carbon and four oxygen atoms were included until R for the 2055 planes fell to 13-3% and
R[= T w(|F,| — |F)¥ 3 w|F,|%] to 1-33%,. A three-dimensional difference map was then cal-
culated with the 300 low-order planes and yielded positions for all eight hydrogen atoms, though
the hydrogen atom involved in the hydrogen bond was a low peak showing considerable elongation
towards the oxygen atoms with which it interacts. The hydrogen atoms were included in the
refinement until R finally dropped to 10-69; and R’ to 0-75%,. Refinement was concluded when
the maximum value of A/c for a co-ordinate of a hydrogen atom had fallen to 0:-3. By this time the
heavier atoms had stopped moving completely., Constant weights were used, as we have found
them more satisfactory for diffractometer intensities than a Cruickshank weighting scheme, which
was devised for photographic intensities.® In all twenty-one three—dlmensmnal least-squares
refinement cycles were performed.

The least-squares programme necessarily refines the hydrogen atoms with anisotropic thermal
factors if the heavieratoms are so refined. As might be expected, the thermal factorsof the hydro-
gen atoms were often meaningless, merely reflecting the inadequacy of the data. Consequently
a final set of structure factors was calculated with anisotropic thermal factors for the carbon and
oxygen atoms, and mean isotropic thermal factors for the three different types of hydrogen atoms,
The final value of R was 10-8%,. The scattering factors were taken from International Tables. All

5 H. Lipson and W. Cochran, “The Determination of Crystal Structures,”’ 1953, G. Bell and Sons

Ltd., London, p. 189.
6 D.W. ]J. Cruickshanket al., ‘' Computing Methods and the Phase Problem in X-ray Crystal Analysis,””

1961, Pergamon Press, London, p. 45.
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TasLE 4.

Analysis of observed and calculated structure factors as a function of the index of the
layer line. All figures are on an absolute scale.

A T|Fo} | Fe| TIA| N R SIAYN
0 1957-35 1959-25 142-02 182 0073 0-780
1 2843-60 2868-88 229-90 332 0-031 0-693
2 2474-82 2400-10 221-04 328 0-089 0-674
3 1890-09 1873-04 179-53 304 0-095 0-591
4 1327-80 1405-83 165-09 269 0-124 0614
& 921-21 938-13 154-60 231 0-168 0-669
B4 6 711-04 649-85 132-69 181 0-187 0-738
’g 7 418-06 407-14 91-04 140 0-218 0-650
= 8 163-78 15769 45-87 73 0-298 0-670
Eif 9 15-00 20-55 819 15 0-546 0-546
gz All 1272275 12730-46 1372-97 2055 0-108 0-668
L R —

5

039/]

calculations were carried out on an Elliott 803 computer with the programmes of Daly, Stephens,
and Wheatley.?

Resulis —The final atomic co-ordinates are given in Table 1, and the final thermal parameters
in Table 2. Table 3 gives the observed and calculated structure factors obtained from the para-
meters given in Tables 1and 2. In Table 4 an analysis is given of the structure factors in terms of
the index of the layer. It will be seen that, although R increases substantially at higher equi-
inclination angles, the absolute error in a structure factor remains approximately constant
throughout.

TABLE 5.

Analysis of observed and calculated structure factors as a function of the magnitude of
the observed structure factors. All figures are on an absolute scale.

'S Patent & Trademark Office on 19 Octob

on 01 Jaguary 1964 on hitp/fpubs.rse.org | doi: 10,1

Range of |Fy] Z]F,| X\F,) Z|A] N R ZIAlN

- 0 0 241-58 241-58 267 —_— 0-905
= 0:0— 50 2781-64 2637-72 816-60 1032 0222 0-598
5 50— 10:0 2880-01 2885-18 212-61 405 0-074 0-525
B 10-0— 150 2021-92 2004-49 94-39 166 0-047 0-569
= g 15:0— 20:0 1260-86 123735 63-31 72 0-050 0-879
g L 20-0— 25-0 713-18 70500 21-72 32 0-030 4-670
5 2 25-0— 30-0 969-72 938-46 37-44 35 0-039 1-070
= 30-0— 35-0 44823 440-28 12-39 14 0-028 0-885

e 35-0— 40-0 228-22 219-30 8-92 6 0-038 1-487
40-0— 45-0 416-57 404-03 14-32 10 0-034 1-432

45-0— 500 188-48 188-67 6-77 4 0-038 1-693

50-0— 550 210-60 200-82 10-04 4 0-048 2-510

55-0— 60-0 57-02 54-94 2-08 1 0-036 2-080
60-0— 650 61-23 58-05 3-18 1 0-052 3-180
65-0— T0-0 67-04 68-50 1-46 1 0-022 1-460

70-0— 75:0 147-89 152-66 4-77 2 0-032 2-385

75-0— 80-0 — — — — — —_

8§0-0-— 85-0 — — - — — —_
85-0— 90-0 175-43 183-49 8-96 2 0-051 4-480

90-0— 95-0 — — — — — —
95-0—100-0 95-61 108-04 12-43 1 0-130 12-430

In Table 5 a similar analysis is given, but in terms of the magnitudes of the observed structure
factors. R is poor for the very weak reflexions (and, of course, infinite, for those that are accident-
ally absent), but again, in terms of absolute errors, there is no reason to reject these weak planes.
Indeed the evidence suggests that the twenty or thirty strongest planes should be down-weighted
with respect to the weak planes. We feel that such satisfactory results for the weaker planes can
be achieved with the diffractometer only if the size of the crystal or the counting time is so adjusted
that the intensities yield structure factors that are on about absolute scale.

The bond lengths are given in Fig. 1, which also shows the labelling of the atoms. The bond
angles are given in Table 6. Fig. 2 shows the structure as it appears when projected down the [3]

7 J. ]J. Daly, F. S. Stephens, and P. J. Wheatley, 1963, MRSA4 Final Report, No. 52.
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axis. The bond lengths are in fair agreement with those found in salicylic acid by Cochran,8
though there are some very significant differences. The results for the two molecules are com-
pared in Fig. 3. There are some very definite angular distortions within the molecule, both in the
benzene ring and the carboxyl group, but, more particularly, in the acetyl group. The benzene

2010
TR964

iy

b

Fic. 1. Bond lengths in aspirin with their standard deviations, and the labelling of the
atoms.

US Patent & Trademark Office on 19 Octo
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Fig. 2. The structure of aspirin as it appears in projection down {b].

8 W, Cochran, Acfa Cryst., 1953, 8, 260.
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TABLE 8.

Bond angles (°). Standard deviations are given as units in the last place.

H(1)O(2)C(7) 120-7 (37) 0(3)C(8)0(4) 1229 (3) C(2)C(3)C(4) 1198 (4)
O(2)C(NO(1) 1229 (3) O(3)C(8)C(9) 110-7 (3) C(3)C{4)H(4) 121-6 (26)
O(2)C(7C(1) 118-1 (3) O(4)C(8)C{9) 126:4 (4) C(5)C(4)H(4) 118-4 (26)
O(1)C(TIC(1) 119-1 (3) C(8)C(9)H(7) 110-0 (29) C(3)C{4)C(5) 120-0 (4)
C(TIC{L}C(2) 124-6 (3) C(8)C(9)H(8) 119-4 (38) C{4)C{5)H(5) 120-0 (29)
C{7)C(1)C{6) 117-7 (3) C(8)C(9)H(9) 115-9 (44) C(6)C(5)H(5) 120-1 (29)
C(6YC(1)C(2) 1177 (3) H(T)C(9)H(8) 98-7 (48) C(4)C(5)C(6) 119-9  (4)
C(1)C{2)0(3) 1216 (3) H(7)C(9)H(9) 100-9 (52) C(5)C{6)H(6) 1185 (29)
C(3)C(2)0(8) 117-3 (3) H(8)C(9)11(8) 108-9 (58) C{1)C(6)H(8) 119-9 {29)
¢ C(13C(2)C(3) 121-0 (3} C(2C(3)H(3) 118-0 (29) C(56)C(8)C(L) 1216 (3)
g C(2)0(3)C(8) 1157 (3) C(4)C(3)H(3) 122-2 (29)
[
o o

T2

b

'S Patent & Trademark Office on 19 Octo

]

y U

o
=

Fig. 3. Comparison of the bond lengths and angles in aspirin (above) and salicylic
acid {below).

ring has the appearance of being pulled out by the carboxyl group so that the internal angles at
C(2) and C(6) are greater than 120°, and that at C(1} isless. The carboxyl group is bent away from
the acetyl group, possibly by repulsion between O(3) and O(2), so that there is a substantial
increase in the angle C(2)C(1)C(7), and a decrease in C(6)C(1)C(7). The angle O{1)C(7)O(2) is
greater than 120°, again suggesting repulsion between oxygen atoms. The angular distortions at
the central atom of the acetyl group are enormous, the angles being 110-7, 122-9, and 126-4°,
instead of the expected 120°. There appears to be no simple explanation for these distortions in
terms of intramolecular contacts.

Except for hydrogen atoms on the methyl group, the molecule is composed of atoms lying
approximately in two planes. The weighted least-squares equation for the plane of the four atoms
in the acetyl group, referred to orthogonal axes @, b, and ¢, is

+ 07512 X + 06577 ¥ — 0-0564 Z’ = 4-3680.

The departures of the atoms from this plane are O(3), +0-0007; O(4), -+ 0-0009; C(8), —0-0030;
C(9), +0-0011 A, none of which is significant. Thus, despite the large angular distortions within
the plane of this group, there is no out-of-plane bending. On the other hand no satisfactory plane
can be constructed through all ten of the heavier atoms of the salicylic acid residue. A number of
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planes were calculated, starting first with the benzene ring, and then adding one or more of the
remaining four atoms. Assoon as any other single atom was added, the departures from the plane
increased, and these departures grew worse as more atoms were added. There seems to be no
question that significant out-of-plane distortions do occur in the salicylic acid residue. It was
particularly noticeable that one of the oxygen atoms of the carboxyl group always lay above the
plane, and the other below, leading to the conclusion that the plane of the carboxyl group was
twisted with respect to the plane of the benzene ring. In view of these various distortions it was
felt that the most representative plane was the one through the six carbon atoms of the benzene
ring, the equation of which is

+0-5945 X — 0-4849 YV + 0-6415 Z° = (-0041,

B The departures of the atoms from this plane are given in Table 7. It will be seen that none of the
= carbon or hydrogen atoms of the benzene ring departs from this plane, whereas the other atoms,

0i0
4

TaBLE 7.

T2

b

Departure in A of the atoms of the salicylic acid residue from the plane of the benzene

ring.
Atom Atom Atom
C(1) —0-0031 H(1) —~(:138 o1 +0-1016
C(2) +0-0050 H(3) +0-012 0(2) —0-0555
C(3) —0-0026 H{4) <+ 0:019 O(3) —0-0565
C(4) —-0016 H(5) +0-009 C(T) —0-0097
C(s) -+ 0-0034 H(6) —0-021

C(8) —0-0011

with the exception of C(7), do. The angle between the plane of the benzene ring and that of the
acetyl group is 84° 45’.
The equation of the plane through the carboxyl group is

+0-6091 X —0-5022 Y +0-6139 Z° = 0-0596.

H(1) departs from this plane by — 0064 A, which is not significant. The angle between the plane
of the benzene ring and that of the carboxyl group is 2° 2°.

Molecules of aspirin are, as expected, dimerized by hydrogen bonds across a centre of symmetry.
The length of each hydrogen bond is 2-645 A. The perpendicular distance between the two planes
defined by the carboxyl groups in the dimer is 0-119 A, which places aspirin roughly halfway down
the table given by Jefirey and Sax.? The weighted least-squares plane through the six heavier
atoms of the eight-membered dimer ring is

+0-5901 X —0-5348 Y+ 0-6084 Z" = 0.

The departure of the atoms from this plane are O(1), +-0-0089; O(2), +0-0077; C(7), —0-0151;
H(1), —0-013 A. Thus the eight atoms are very nearly coplanar, as would be expected from
Robertson’s arguments.10

Allnon-bonded intramolecular contacts were calculated in order to disclose any unusual features
within the molecule. If hydrogen atoms are excluded, the two shortest intramolecular contacts
are O(1)--0(2), 2-215; O(3)---O(4), 2-239 A. Other distances of interest in connexion with the
possibility of repulsion are O(2) ---- O{3), 2-674; O(3) ---- C(8), 2-354; O(4) -~ C(9), 2-395; C(2) ----C(8),
2-342 A, Inclusion of the hydrogen atoms results in a number of contacts of slightly less than 2 A
between hydrogen atoms on the benzene ring and next-nearest carbon atoms, and three shorter
contacts between hydrogen atoms on the methyl group.

All van der Waals’s contacts up to a limit of 4 A were calculated both with and withount
hydrogen atoms. There is a large number of these distances, but no unusual features appear. If
hydrogen atoms are excluded, the shortest contact, apart from the hydrogen bond, is 3-306 A
between two oxygen atoms. The shortest contact between hydrogen atoms is 2-:50 A.

'S Patent & Trademark Office on 19 Octo

]
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MownsanTto ReEseEArRcH S.A., BinzsTrasse, 39, 8045 ZURICH, SWITZERLAND,
[Received, July 31s¢, 1964.]

® G. A. Jefirey and M. Sax, dcia Cryst., 1963, 18, 430.
16 J. H. Robertson, Acta Crysi., 1964, 17, 3186.
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DETAILED ACTION
This action if FINAL.
Status of Claims
Claims 1-2, 4-5 are currently pending. Claims 3 and 6 stand withdrawn. Claims 7-8 are

newly added.

Restriction Requirement

Applicants’ election of Group I, claims 1-2, and 4-5 without traverse in the response
received January 26, 2011 is acknowledged.

Response to Applicants’ Arguments

In the response received January 26, 2011, Applicants requested the courtesy of an
interview. An interview will gladly be granted upon formal request.. Examiner's contact
information is found at the end of the action.

With respect to the 102(b) rejection in view of the Summers article, Applicants argue that
“[o]nly when the Patent Office shows a sound basis for believing that the products of the
applicant and the prior art are the same does applicant have the burden of showing that the
products are not the same”, citing In re Spada, 911 F.2d 705, 709, 15 USPQ2d 1655, 1658 (Fed.
Cir. 1990). Applicants' continue stating that the claimed polymorphic form has been compared
to polymorphic Form I of acetylsalicylic acid in the as-filed application. The comparison
between IR spectra of Form I with the instant Form, Applicants assert is different and therefore
the forms are different. In addition, Applicants argue that the DSC has an endothermic transition

of 135 degrees C and a melting point of 133 degrees Celsius is outside of Applicants 135.5 and
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melting point between about 128 and 130. However, this has been considered but is not
persuasive... The amount of experimental error in such determinations is not mentioned with
respect to IR and DSC, and in light of Applicants claim of about 128 to 130 degrees Celsius it is
clear that a range of temperature can exist for a melting point. Thus, as stated in the rejection of
record the burden has shifted to Applicant.

Further, Applicant states that there was only a single form of acetylsalicylic acid known

prior to filing the instant application (page 7 of instant specification):

e

The presiousty Known form of scetylsalicybie acid, hersin referred to as scetylabioylic

acid, Fann 1 or sretylsamtingSic avsd Form & ts sommensially svailsbls by Bayse &G,

However, the Summers article suggests other forms. If Applicant is stating that the forms
of the Summers article are the same form then clearly ranges in DSC traces and melting points
are possible.

With respect the 102(b) rejection in view of Wheatly as evidenced by the first and second
bond article, Applicants argue that the office action ignores aspects of the first Bond article.
However, this is not persuasive because at least because the authors of the first Bond article state
that "from the data of which the Form II structure emerged, as we have shown is possible" so
from the dataset either Form I or the potential Form II could emerge.

Further, that inherency cannot be established by possibility or probability. However,

according to ME 2112:

V. ONCE A REFERENCE TEACHING PRODUCT APPEARING TO BE
SUBSTANTIALLY IDENTICAL IS MADE THE BASIS OF A REJECTION, AND THE
EXAMINER PRESENTS EVIDENCE OR REASONING TENDING TO SHOW

UMO00017045
NOVARTIS EXHIBIT 1517
Novartis v. Regents, IPR2023-01347
Page 3914 of 4460



Application/Control Number: 12/861,203 Page 4
Art Unit: 1621

INHERENCY, THE BURDEN SHIFTS TO THE APPLICANT TO SHOW AN
UNOBVIOUS DIFFERENCE

"[T]he PTO can require an applicant to prove that the prior art products do not necessarily or
inherently possess the characteristics of his [or her] claimed product. Whether the rejection is
based on ‘inherency' under 33 U.5.C. 102, on 'prima facie obviousness' under 35 U.5.C. 103,
jointly or alternatively, the burden of proof is the same...[footnote omitted]." The burden of proof
is similar to that required with respect to product-by-process claims. In re Fitzgerald, 619 F.2d
67,70, 205 USPQ 594, 596 (CCPA 1980) (quoting In re Best, 562 F.2d 1252, 1255, 195 USPQ
430, 433-34 (CCPA 1977)).

The burden of proof for inherency in product-by-process claims referred to in that paragraph is
found in MPEP 2113:

ONCE A PRODUCT APPEARING TO BE SUBSTANTIALLY IDENTICAL IS FOUND
AND A 33 U.5.C. 182/ 163 REJECTION MADE, THE BURDEN SHIFTS TO THE
APPLICANT TO SHOW AN UNOBVIOUS DIFFERENCE

"The Patent Office bears a lesser burden of proof in making out a case of prima facie
obviousness for product-by-process claims because of their peculiar nature” than when a product
1s claimed in the conventional fashion. In re Fessmann, 489 F.2d 742, 744, 180 USPQ 324, 326
(CCPA 1974). Once the examiner provides a rationale tending to show that the claimed product
appears to be the same or similar to that of the prior art, although produced by a different
process, the burden shifts to applicant to come forward with evidence establishing an unobvious
difference between the claimed product and the prior art product. In re Marosi, 710 F.2d 798,
802, 218 USPQ 289, 292 (Fed. Cir. 1983) (The claims were directed to a zeolite manufactured
by mixing together various inorganic materials in solution and heating the resultant gel to form a
crystalline metal silicate essentially free of alkali metal. The prior art described a process of
making a zeolite which, after ion exchange to remove alkali metal, appeared to be "essentially
free of alkali metal." The court upheld the rejection because the applicant had not come forward
with any evidence that the prior art was not "essentially free of alkali metal" and therefore a
different and unobvious product.).

The statement of the Bond article that “[ijndeed, we showed that form 11 of aspirin as

reported be derived, to the accuracy and precision reported by those workers, from experimental

diffraction data collected on an aspirin crystal that was most certainly form I" suggests that the

dataset encompasses the "old form™ and if there is a new form, that form as well. Thus, the
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dataset claimed is a broad genus and encompasses multiple species, one of which is the old form

of Wheatly.

Claim Rejections — 35 USC § 102
The following is a quotation of the appropriate paragraphs of 35 U.S.C. 102 that form the basis

for the rejections under this section made in this Office action:

A person shall be entitled to a patent unless —

(b) the invention was patented or described in a printed publication in this or a foreign country or in public use or on
sale in this country, more than one year prior to the date of application for patent in the United States.

Claims 1-2, 4-5, 7-8 are rejected under 35 USC 102(b) as being unpatentable over the
article to Summers, M.P. et al. (“the Summers article” made of record in the IDS dated August
23, 2010).

The Summers article teaches multiple forms of acetylsalicylic acid (at least Table 1).
Further, the Summers article teaches a form of acetylsalicylic acid having a melting point within
the range recited by Applicants. For example, the Summers article teaches Form I, the DSC

melting point is 135 degrees Celsius. Further, the Summers article teaches Form I in 96%

ethanol. The definition of “Form” is arbitrary, and the data teaches 135 degrees which
anticipates “about 135.5”.

In addition, the Summers article teaches Form II having a melting point of 128 degrees
Celsius and 129 by DSC. In addition, the Summers article teaches Forms L, III, IV, V, and VL
Further, the Summers article teaches that tablets can be made “with the tabletting characteristics
of various polymorphic forms” (page 615), and that the compound can be dissolved in pentanol

(page 615) thus teaching compositions.
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According to MPEP 2112: “[T]he PTO can require an applicant to prove that the prior
art products do not necessarily or inherently possess the characteristics of his [or her] claimed
product. Whether the rejection is based on inherency’ under 35 U.S.C. 102, on prima facie
obviousness’ under 35 U.S.C. 103, jointly or alternatively, the burden of proof is the
same...[footnote omitted].” The burden of proof is similar to that required with respect to
product-by-process claims. In re Fitzgerald, 619 F.2d 67, 70, 205 USPQ 594, 596 (CCPA 1980)
(quoting In re Best, 562 F.2d 1252, 1255, 195 USPQ 430, 433-34 (CCPA 1977)).

In this case the Summers article teaches a Form I with a melting point that is within 0.5
degrees Celsius of the claimed compound. Further, the claims recite “about 135.5” which is
anticipated by 135 degrees Celsius of Form I. As stated in the initial rejection, the PTO can
require an applicant to prove that the prior art products do not necessarily or inherently possess
the characteristics of his [or her] claimed product. If Applicant produces evidence that proves
that the forms in the Summers article are not the same as the form recited in the instant claims
then this rejection will be withdrawn. Specifically, a 1.132 affidavit differentiating Form I and
Form 1T as disclosed by Summers from the instant form would be sufficient to overcome the
burden of proof required by the PTO for this rejection.

Further, with respect to the claimed range, claim 1 still reads on at least Form I of the art
of record because the limitation "about 128-130 degrees C" is still met. As stated in the rejection
of record, Form I, the DSC melting point is 135 degrees Celcius and the claims reads "about
135", further, Form I teaches a melting point of 133 degrees Celsius and the claim reads "about
128-130 degree C". The broadest reasonable interpretation is that the "about" is distributed

between the two temperature ranges since that claim links the temperatures by a dash mark.
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Claims 1-2, 4, 7-8 are rejected under 35 USC 102(b) as being unpatentable over the
article to Wheatley, P.L.. (“the Wheatley article”, J. Chem. Soc. 1964, 6036) as evidenced by the
article to Bond et al. ("the first Bond article"), and the article to Bond et al. (“the second Bond
article”).

The Wheatley article teaches a polymorphic form of acetylsalicylic acid. Further, the
Wheatley article teaches “...of this remarkable drug.” (page 6036). Thus, the Wheatley article
teaches a pharmaceutical dosage form that is effective since it must be effective to be
remarkable.

The evidentiary references are brought forward for at least two reasons. First, the first
Bond article provides evidence that the data set as instantly claimed "was completely

superimposable on the PZ structure”. Specifically, the first Bond article teaches:
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Since the data as claimed can be refined to that of form I, the claim reads on the known
polymorphic form disclosed in Wheatley.

The second Bond article provides additional evidence (page 618):
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Thus, there is sufficient evidence that the claims read on at least "form I" which is a
known form (see Wheatley).

Further, the second Bond article provides evidence that
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And from page 621:
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The evidence of the second bond article show that "[w]hat is certain is that the PZ
description of their crystal as a polymorph distinct from form I is not justifiable”.

Thus, in light of evidence, the claims read on form I as disclosed by Wheatley.

Conclusion

No claims are allowed.

Applicant's amendment necessitated the new ground(s) of rejection presented in this
Office action. Accordingly, THIS ACTION IS MADE FINAL. See MPEP § 706.07(a).
Applicant is reminded of the extension of time policy as set forth in 37 CFR 1.136(a).

A shortened statutory period for reply to this final action is set to expire THREE
MONTHS from the mailing date of this action. In the event a first reply is filed within TWO
MONTHS of the mailing date of this final action and the advisory action is not mailed until after
the end of the THREE-MONTH shortened statutory period, then the shortened statutory period

will expire on the date the advisory action is mailed, and any extension fee pursuant to 37
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CFR 1.136(a) will be calculated from the mailing date of the advisory action. In no event,
however, will the statutory period for reply expire later than SIX MONTHS from the date of this

final action.

Any inquiry concerning this communication or earlier communications from the
examiner should be directed to CLINTON BROOKS whose telephone number is (571)270-
7682. The examiner can normally be reached on Monday-Friday 8:00 AM to 5:00 PM EST.

If attempts to reach the examiner by telephone are unsuccessful, the examiner’s
supervisor, DANIEL SULLIVAN can be reached on (571)272-0779. The fax phone number
for the organization where this application or proceeding is assigned is 571-273-8300.

Information regarding the status of an application may be obtained from the Patent
Application Information Retrieval (PAIR) system. Status information for published
applications may be obtained from either Private PAIR or Public PAIR. Status information for
unpublished applications is available through Private PAIR only. For more information about
the PAIR system, see http://pair-direct.uspto.gov. Should you have questions on access to the
Private PAIR system, contact the Electronic Business Center (EBC) at 866-217-9197 (toll-free).
If you would like assistance from a USPTO Customer Service Representative or access to the
automated information system, call 800-786-9199 (IN USA OR CANADA) or 571-272-1000.

Cab

/Daniel M Sullivan/
Suapervisory Patent Examiner, Art Unit 1621
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Crystalline hydrates and propylene glycol solvates of celecoxib sodium salt (Cel-Na) were prepared and
characterized with the aim of improving oral drug absorption by breuking up the H-bonding
interactions present in crystals of the poorly soluble marketed form of the drug (Cel-IH). The hydrate
grows rapidly from aqueous alkaline solution, forming a thick slurry of thin plates. Thicker plates for
structure determination were successfully grown by adding up to 1% benzyl alcohol to the solution, The
structure of the pentahydrate of the sodium salt is comprised of a bilayer motif where three waters are
coordinated Lo sodium jons in a discrete layer, while the other two waters reside in a one-dimensional
channel. At a given temperature, the hydration state changes rapidly and reversibly as a function of
relative humidity (RH). The hydrated salt is physically stable in a sealed vial, but reverts rapidly (o the
crystalline free base if exposed to ambient CO5 in air at 40% R or higher. The propylene glycol (PG)
solvate of Cel-Na exists in an anhydrous and trihydrate form. The trihydrated PG solvate of Cel-Na is
physically stable above ~15% RH and does nol react measurably with CO; at 66% RH over 4 days,
making it the most suitable form for use in solid pharmaceutical formulations.

Tntroduction o)

W, NH
Recent papers have demonstrated that the bioavailability of \
celecoxib (Cel, Scheme 1) can be enhanced by dosing forms that E

are Lransiently more soluble than the markeled erystalline form,
Cel-ITIL'* The low solubility ol Cel-III, a COX-2 selective anti-
inflammatory drug,>® Ilimits both the rate and the extent of N
absorption after dosing. Published strategies showing improve- /

ment in solubility and/or biocavailability of Cel have included e
co-crystals, salt forms, metastable polymorphs, amorphous
dispersions, and solutions in organic vehicles.'>"# Crystalline
forms of the sodium salt of celecoxib (Cel-Na) were at an early
stage of characterization at the time we published work
describing their use as “springs” or high-energy forms for
creating supersaturated solutions to improve drug absorption
behavior.® It was known that the hydrated sodium salt gained

N

Scheme 1  Chemical structure of celecoxib (Cel).

and lost waters of hydration rapidly as a lunction of relative
humidity (RH), but there was no structural basis to understand
this dynamic behavior. Sodium salts of other drug molecules
with variable hydration behavior are known,?!? and while detailed
collections of physical data can be used to characterize them, the
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picture is incomplete without single crystal data. However, three
years of work on hydrates of Cel-Na had yielded only very thin
plates unsuitable for X-ray structure determination.

Growth inhibitors were considered as 4 means to increase the
smallest dimension of the crystalline plates. Several studies have
shown “tailor-made™ additives to successfully inhibit growth
along specific crystal faces in order to modily habit. ' A study
by Davey et al. showed that the presence of alkanoic acids could
modily the habit of the dicarboxylic acid, adipic acid. In this
study, alcohols were added to crystallization media in an attempt
to slow growth by inhibiting hydration of the sodium ion. In our
hands, use of the additive strategy elucidated one case, benzyl

This journat s © The Roval Society of Che:
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alcohol, where the practice proved effective and successful.
Crystallization with benzyl alcohol additive enabled structural
determination of celecoxib sodium pentahydrate (Cel-Na(H,0)s),
the structure of which proved crucial to the understanding of the
complex physical behavior of Cel-Na.

Crealing supersaturated solutions ol Cel has been shown to
increase the rate and extent of drug absorption.? Such perfor-
mance improvements offer the possibility of formulations using
less drug and/or achieving faster pain reliel from use of the
COX-2 inhibitor. Combining a sodium salt of Cel with polyether
surfactants was particularly effective: the duration of supersatu-
ration increased from less than one minute for the salt alone to
greater than 60 minutes for the mixtures; plasma concentrations
after oral dosing were higher after 30 minutes for the mixtures
than they were after even 2 hours for the marketed formulation;
and total drug absorption increased [rom around 40% to nearly
100%.% Since Cel 1s a weak acid with a pK, of 11.1,'* its salls are
neutralized rapidly in aqueous suspension at physiological pH
(pH = 1-7), and the neutral drug crystallizes rapidly, Therefore,
the observed improvements are believed to require both a starting
form that cannot easily revert to the thermodynamically stable
form of Cel (Cel-TIT) without first dissolving, and another mole-
cule that will solvate the dissolved Cel to prevent or slow down
the precipitation of Cel-III. This contribution describes the
structural findings and insights that have resulted from our effort
to harness and understand the sodium salts of Cel.

Materials and methods

Celecoxib was obtained from Matrix Labs and used for all
experiments without further purification.

Preparation of Cel-Na(H,O)x

Bulk material. Cel (3.2 g) is dissolved in 32 mL of 1.0 N NaOH
with gentle heating. Solubility is reduced by adding 1.0 mL of
2.5 N NaOH followed by subsequent addition of crystalline seeds
of the hydrate. Without seeding, crystals will grow slowly over
time. Crystallization is allowed to occur for 30 minutes at room
temperature. The sample is then cooled in an ice bath for an
additional 30 minutes and the crystals are collected by suction
filtration and rinsed with cold 0.02 N NaOH (2 x 8 mL). The
solids are allowed to dry for 1-2 minutes under suction on the
filter and then transferred to a 20 L scintillation vial. The vial is
left open and stored inside of a 53% RH humidity chamber with
low CO-» until it reaches constant weight. Thereafter, the sample
remains in the controlled humidity chamber, but with a cap for
further protection. The humidity chamber is prepared ahead of
time and consists of a dessicator, the bottom of which is filled
with a supersaturated solution of Mg(NO3).. A 20 mlL vial
containing 2 mL of concentrated NaOH solution is left in the
chamber (o capture CO,. The surface area of the NaOH solution
is kept very small relative (o the surface and volume of the salt
solution so that it does not affect the humidity in the chamber.

Single crystals. Cel (1.3 g) is dissolved in 18 mL of 1.0 N NaOH
and 30 pL of benzyl alcohol (0.3% v/v) are added. If a crystal for
structure determination is required, it is important to avoid
seeding effects. Crystallization slowly occurs over the course of

up to five days. The crystals are isolated individually from the
mixture. Seeding the solution will also produce high quality,
thicker crystals as bulk. Adding only 10 pL of benzyl alcohol fail
to slow crystallization.

Preparation of Cel-NaPG(H,0)s

Cel (1.55 g} is dissolved in 5.0 mL of 1.0 N NaOH and 0.65 mL of
propylene glycol (PG) was added. A (.90 mL aliquot of 2.5 N
NaOH was added to induce precipitation. The suspension is
warmed gently to re-dissolve the solids, the solution is filtered
into a clean vial, seeds are added, and the suspension is sonicated
for 10 seconds, On standing and cooling, the slurry becomes
a thick paste over 5 minutes. The sample is cooled in an ice bath
for 5 minutes, then filtered by suction liltration and rinsed with
0.02 N NaOH in water comtaining 5% PG (2 x 2.0 mL), The
thick paste filters slowly ancl is left covered under vacuum for 1
hour. The paste remains damp aflter this treatment. The wet
solids are suspended in 5 mL of zer-butyl methyl ether for 1
minute and suction filtered before drying in a vacuum oven at
room temperature for 30 minutes with a flow of air through the
oven. The drying is stopped twice to break up clumps with
a spatula, ultimately yielding a dry powder.

Preparation of Cel-NaPG

A scintillation vial containing 1.5 grams of Cel-NaPG(H,0); is
placed in a vacuum oven at 50 °C for 2 hours and then trans-
ferred to an 80°C oven for 1 hour. The compound melts in the
80 °C oven but crystallizes from the melt upon cooling which
removes only some of the water. The residual Cel-NaPG(H,0)s
can be removed by suspending the solid mixture in r-butyl metliyl
ether, filtering, and drying for 1.5 hours in a vacuum oven at
50 *C. Up to two suspension/vacuum drying cycles may be
pecessary to effectively remove all Cel-NaPG(H50)s.

1n addition, Cel-NaPG can be directly crystallized from diethyl
ether in the presence of greater than one equivalent of propylene
glycol by addition of one equivalent sodium ethoxide. Crystals
grow immediately upon addition of base. The product is isolated
by filtration and washed by additional diethyl ether to remove
any excess propylene glycol.

Powder X-ray diffraction (PXRD)—Rigaku capillary
transmission mode

X-Ray powder difftaction patterns are obtained using the D/
Max Rapid X-ray Diffractometer equipped with a copper source
(CWK,, 1.54056 A), manual a—yp stage, and 0.3 mm collimator. A
sample is loaded into a 0.3 mm boron rich glass capillary tube by
sectioning off one end of the tube and tapping the open,
sectioned end into a bed of sample. The loaded capillary is
mounted in a holder that is secured inlo the x-y slage. A dil-
fractogram is acquired under ambient condilions at a power
setting ol 46 KV at 40 mA in transmission mode, while oscillating
about the w-axis from 0-5° at 1° s7! and spinning about the
¢-axis at 2° s~1, The exposure time is 5 nuinutes unless otherwise
specified. The diffractogram obtained is integrated over 2 — ¢
from 2-40° and x (1 segment) from 0-360" at a step size of .02°
using the eyline utility in the RINT Rapid display software
provided with the instrument. The dark counts valueis set to 8 as
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per the system calibration; normalization is set to average; the
w offset is set to 1807°; and no y or ¢ offsets are used for the
integration.

Powder X-ray diffraction (PXRD)—Bruker D8 Discover pXRD

X-Ray powder diffraction patterns are obtained using the Bruker
AXS D8 Discover X-ray Diffractometer equipped with
GADDS™ (General Area Dilfraction Detection System),
a Bruker AXS HI-STAR Area Detector at a distance of 15.05 cm
as per system calibration, a copper source (Cu/K,, 1.54056 /"\),
automated x » : stage, and 0.5 mm collimator. A sample is
compacted into pellet form and mounted on the x p z stage. A
diffractogram is acquired under ambient conditions at a power
selting of 40 KV and 40 mA in reflection mode while the sample
remains slationary. The exposure (ime is 5 minutes unless
otherwise specilied, The dillractogram obtained undergoes
a spatial remapping procedure 10 account for the geometrical
pincushion distortion of the area detector, then is integrated
along x from —118.8to —61.8” and 2 — # 2.1-37° at a step size of
0.02° with normalization set to bin normalize. Diffraction
patterns obtained on the Bruker instrument are viewed using
DIFFRACP" Evaluation software.

Dynamic vapor sorption (DVS)

Moisture sorption analysis was performed using a dynamic
vapor sorption apparalus (Sutface Measurement Systems,
Monarch Beach, CA), Each sample was placed in a clean glass
crucible and equilibrated in the apparatus at a specified
temperature and relative humidity (RH) level, Varying the flow
rates of dry nitrogen gas and saturated wet nitrogen gas streams
controlled RH; the total combined flow rate was kept constant at
200 standard cubic metres per minute. After initial temperature
and RH equilibration, RH was varied and change in mass was
recorded over time as an indication of moisture sorption. Mass
equilibration at each humidity level was determined as a change
in mass less than =2 » 1077 grams over a time interval of
1 minute (dm/dr of 0.002% per min), After the assay, the change
in mass was mathematically converted to waler molar equiva-
lents per dry compound molar equivalent.

Scanning electron microscopy (SEM)

Crystals were analyzed using a Fenom FET Scanning Electron
Microscope. Samples were mounted onto an SEM sample holder
using carbon tape and sputter-codted with a thin gold layer. Each
sample was scamned at @ medium level of magnification to
understand the character and size distribution of the crystals.
Images were caplured al magnilication up to 10 000,

Proton nuclear magnetic resonance spectroscopy ('H NMR)

'"H NMR measurements were conducted using a Varian
400 MHz spectrometer, with averaging of 128 scans. Samples
were prepared as 10 mg mL~* solutions of Cel in CDCl;.

X-Ray data collection, solution, and refinement for Cel-
Na(H,0)s

All operations were performed on a Bruker-Nonius Kappa
Apex2 diffractometer, using graphite-monochromated MoKa
radiation, All dilfractometer manipulatons, including dala
collection, integration, scaling, and absorption corrections were
carried out using the Bruker Apex2 software.!® Preliminary cell
constants were obtained from three sets of 12 frames. Data
collection was carried out at 150 K, using a frame time of 20 s and
a detector distance of 37.5 mm. The optimized strategy used for
data collection consisted of ¢ and w scan sets, with 0.5" stepsin ¢
or «; completeness was 99.7%. A total of 1485 frames were
collected. Final cell constants were obtained from the xpz
centroids of 9276 reflections after integration. From the
systematic absences, the observed metric constants and intensity
statistics, space group P2)/¢ was chosen initally; subsequent
solution and relinemen( confirmed the correciness of Lhis choice.
The structure was solved using direct methods programs in the
Apex2 software.! The structure was refined (full-matrix-least
squares) using the Oxford University Crystals for Windows
program.'® All non-hydrogen atoms were refined using aniso-
tropic displacement parameters., The H atoms were initially
refined with soft restraints on the bond lengths and angles to
regularize their geometry (C+--H in the range 0.93-0.98, N---H in
the range 0.86 0.89, O--H = 0.82 A and Uiso (H) in the range
1.2 1.5 times U,y of the parent atom), after which the positions
were refined with riding constraints. The [inal least-squares
relinement converged (o Ry = 0.0431 (I > 2¢(I}, 13 607 dala) and
wWRy = 0.1163 (F2, all 17 621 data, 580 parameters). The data
unequivocally establish the material as a pentahydrate of the
sodium salt of celecoxib (Cel-Na(H»O)s).

Results and discussion

Asindicated in the introduction, improving the absorption of Cel
requires a shelf-stable form of the drug that will resist conversion
to the stable and poorly soluble polymorph (Cel-HI) following
dosing."** Qur approach requires a form where the packing
motils observed in Cel-ITT have been disrupted. In the presence off
polyethers, the crystallization of Cel-111 is inhibited and results in
increased /n vivo exposure. Analysis of the packing diagram for
Cel-111** reveals that the structure is comprised of head-to-tail,
R3(18), Cel dimers which propagate along the « axis (Fig. 1).

Fig. 1 View of the packing of Cel-IlI R3(18) dimers which propagate
along the ¢ axis in crystallographic ab plane.
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Fig. 2 View of packing of Cel-lH chains (C4) which propagate along the
¢ axis in crystallographic be plane.

Additional hydrogen bonding consisting of sulfonamide chains
{C4) which propagate along the c-axis is shown in Fig. 2.0ur initial
attempts were centered on salt formation with a strong base.

Crystal growth and physical characterization of sodium salt
hydrates

The lormation of pharmaceulically acceptable celecoxib salts is
limited by the high acid dissociation constant of the sulfonamide
group (pK, = 11.1).* The standard guideline for salt preparation
suggests choosing bases with a pK, at least 2 units higher than
the acid.”” Since no pharmaceutically acceptable bases have
a pk, > 13.1, attempts to make a salt of celecoxib focused on the
use of excess sodium hydroxide in aqueous solutions having pH
over 12. While the aqueous solubility of celecoxib at physiolog-
ical pH is <0.5 pg mL~ % approximately 380 mg mL~! concen-
tration of celecoxib was achieved in alkaline solutions at room
temperature. BEvapordation of these solutions to drvness under

Fig. 3 SEM images of Cel-Na(H,0)5 grown from 1.0 N NaQOH (A and
B) and 1.0 N NaOH + 0.3% benzyl alcohol (C and D).

nitrogen yielded the first crystalline materials, but it was subse-
quently found that allowing the solutions to stand overnight
would also yield single crystals of Cel-Na(H»0)s. The crystalli-
zation can be accelerated and the yields improved by cooling in
an ice bath or by addition of sodium chloride,

Crystallization from agueous NaOH with or without added
NaCl yielded crystalline plates that were typically less than 2 pm
thick (Fig. 3A and B). While larger plates could be grown by
changing temperature, sodium content, and Cel concentration,
the thickness never increased appreciably, leaving material that
was both difficult to collect and judged unsuitable for structure
determination by single-crystal X-ray. Since sodium ions are
gencrally solvated and Cel-Na(H.0Q)s has rich hydration
behavior, 1t was reasoned that a competing OH group from an
alcohol co-solvent might interfere with hydrate ordering during
crystallization, thereby slowing the rapidly growing fuces of the
plane and allowing thicker crystals o form. Varying levels ol
methanol, ethanol, and benzyl alcohol were added to the crys-
tallization from NaOH; 2-propanol and propylene glycol were
not added as they were shown to form solvates with Cel-Na in
early form screening studies. Benzyl alcohol (0.3-1%) was found
to inhibit the crystallization, sometimes for several days while the
remaining alcohols had little effect. The crystals grown in the
presence of benzyl alcohol were larger than 10 pm in all dimen-
sions, as shown in Fig. 3C and D.

Structure description for Cel-Na(H50)5

The crystal structure of Cel-Na(H,0)s has been solved and
confirms ils composition as a pentahydrate. Crystallographic
data for Cel-Na(H;0)s are shown in Table 1 with a view of the
two independent celecoxib anions shown in Fig, 4. Inspection of
the packing diagram indicates that the material is comprised of
a bilayer-type crystal structure consisting of a hydrogen bonded
sodium coordination polymer layer, which blankets two layers of
celecoxib anions, all in crystallographic he¢ planes (Fig. 3).

The stoichiometry was established as a pentahydrate of the
sodium salt with atom Nal residing on a general position and
coordinating to the sulfonamide anion, and atoms Na2 and Na3
which are six-coordinate, bonded only (o water molecules, as
shown in Fig. 6. Atoms Na2 and Na3 reside on centers ol

Table 1  Crystallographic data for Cel-Na(H20)s

Chemical formula
Formula weight
Temperature
Wavclength

Crystal size

Crystal system
Space group

Unit cell dimensions

Volume

z.Z

Density (calculated)
Final R indices

CyH 3F3N3058 Nay - 5HL0

986.87 g mol™*

150(1) K

071073 A

0.042 x 0.400 x 0.733 mm

Monoclinic

P2yc¢ (no. 14)

a=25.9317(14) A

b= 9.0340(5) A |

e =19.4396(10) A

8 = 100.535(2)°

4477.3(4) A”

8.2

1.464 Mg m™

Data; 1> 2.0a(f) Ry = 0.0431, Wi,
= (.1065

All data: Ry = 0,0623, WRy =
0.1163
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Fig. 4 A view of the two independent Cel anions in Cel-Na(H;O)s.
showing labeling scheme for the Cel anions (50% probability elfipsoids).
Na and water oxygen atoms are not shown, but are well ordered, with Ueq
of wator Q at 0,03 =+ 0.01 {¢f: carboxylatc O at .021 + 0.006 A%, The
molecules are conformationally similar, with the largest difference in
torsion angles being that between N102-N103-C104-C105 (37.1°) and
N2-N3-C4-C3 (44.97).

symmetry at (0 0 0) and (0 ¥ 0}, respectively. Further analysis of
the unit cell contents confirms that six of the ten water molecules
are coordinated to the sodium aloms, with the remaining [our
molecules hydrogen bonded within a channel in the structure,
also shown in Fig. 5. Atoms Q7, 010, O11, and O12 are not
bonded to Na while atoms Of, 09, O3, 04, 06 and O3 are
coordinated to Na atoms. Specifically, the six oxygen atoms
coordinated to Na have Na-O distances ranging from 2.32-
2.43 A. Of the four non-coordinated oxygen atoms, only O7 is
closer than 3 A (distance to Na2 of 2.68 A and Na3 of 2.59 /\),

Fig. 5 A view of Cel-Na(H20)x showing the packing of molccules along
the b axis. The bilayer-type crystal structure consists of hydrogen-bonded
sodium coordination polymer layers. which blanket two lavers of cele-
coxib anions, all in erystallographic e planes.

Fig. 6 A view of Cel-Na(H()s layers, emphasizing sodium ion coor-
dination and how atoms Na2 and Na3 are six-coordinate, bonding only
to water molecules. Atoms Na2 and Na3 reside on centers of symmetry at
(0 00y and (0 % 0), respectively,

resulting in a significantly weaker interaction to Na. Water
molecules corresponding to 010, 011, and 012 are all H bonded
o cach other, and O7 is H-bonded (o O12, Water molecules O10,
011 and O12 are in one dimensional channels, centered at ceo.
(0.157, 3, —0.013) and others related by symmetry, Water molecule
07 is located at the edge of the channel at (0.053, 0.744, 0,019).

Hydration states of Cel-Na(H,0),

Despite clear assignment of Cel-Na(H;0)s, the molecule will be
described as Cel-Na(H,0),, except when specilic hydration states
are being discussed, since the pentahydrate exists only in the
presence of bulk water or when kept cold. Indeed, understanding
the behavior of the salt form before the single-crystal structure
was solved was challenging in that the powder patterns seemed to
change almost daily, even when powders were equilibrated in
humidity chambers prior to measurement. Tt was only through
a combination of techniques including single crystat and powder
diffraction as well as dynamic vapor sorption (DVS) that a more
complete understanding of the hydration behavior of Cel-Na
could be attained.

Consistent powder patterns were obtamed by two distinet
methods. In the first method, powder was [illed into 0.5 mim
capillary tubes, equilibrated in controlled humidity chambers [or
1 week, sealed with silicone grease immediately upon removal
from the humidity chambers, and measured immediately with
a tansmission powder X-ray diffractometer. In the secoud
method, a sample was monitored by a reflectance mode powder
X-ray diffractometer fitted with a controlled humidity stage. The
two methods were complementary. The capillary method
provided high resolution patterns without preferred orientation
effects. However, the humidity control was limited to conditions
that could be achieved with standard saturated salt solutions.
The controlled humidity PXRD stage showed fewer, more

inlense peaks, but the measurements were made in increments of

5% relative humidity, during both hydration and dehydration.
The data obtained from the transmission powder X-ray
diffractometer are illustrated in Fig, 7. The overlay of the powder
patterns indicates that an increase in the shift of the peak at
~3.6° 2 — # is observed when the material is subjected to
decreased humidity conditions. Additionally, peaks representing

This journal is © The foval Society of Chedatry 20011
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Fig. 7 PXRD patterns measured by transmission PXRD after packing
samples into capillary tubes, cquilibration in controlled RH chambers
(saturated salt solutions), and sealing the tops with silicone grease to
prevent moisture exchange during the measurement, The “wet™ sample
was transferred into the capillary tube directly from the crystallization
slurry in aguecous NaOQH without filtration, rinsing, or drying,

the different hydration states become apparent as shown in
Fig. 7. A sample removed [rom a humidity chamber kept at
~11% RH shows a peak at 12.1° 2 — # corresponding to the
hemihydrate, Cel-Na(H20)p.s. When humidity is increased (up
to 30% RH) this peak begins to disappear with emergence of
a new peak at 13.4° 2 — 4, corresponding to a monohydrate,
Cel-Na(H20),. Material stored between 40 and 85% RH results
in the emergence of peaks at 17.2° and 25.8° 2 — # for the trihy-
drate, Cel-Na(H;O)z, and the pattern remains largely unchanged
when compared to a sample removed from a brine solution which
is believed to correspond to the pentahydrate, Cel-Na(H:0)s.
Fig. 8 shows a (wo-dimensional plot of peak inlensity vs
relative humidity obtained [rom the reflectance mode powder
X-ray diffractometer fitted with a controlled humidity stage.
Examination of the changes in the PXRD pattern as a function
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Fig. 8 PXRD pattern peak intensity map vs. “RIH at 25 °C for a sample
of Cel-Na(H,0), in a controlled humidity chamber of a reflectance mode

U =254924

Fig. 9 View of the packing diagram for Cel-Na(H,0)s with the (1 0 0)
family planes drawn. indicating the distance of 25495 A between the
planes, Loss of water from the sodium coordination polymer is expected
to result in a decrease in the distance between bilayers along the q-axis.
Loss of water from the channel is not expected to result in a significant
change in the erystal packing as supported by PXRD patterns taken as
a function of humidity {(see Fig. 7 and 8).

of decreased humidity indicates that several peaks shift to higher
2 — 4 values. The shift is most pronounced from ~35% to ~4%
RH (lowest allainable RH in the configuraton al 25 “C) with
minimal change at humidities above 30% RH. For example, the
d-spacing for the peak al ~3.5° 2 — 0, corresponding (o a planar
spacing at (1 0 () decreases with lower humidity. The shift is
consistent with the bilayers moving closer to one another in the
direction of the longest-axis (a), and may be impacted most
significantly by water loss from the sodium ion layer, as shown in
Fig. 9. While a complete mechanistic study is required to deter-
mine the full structural impact of hydrationfdehydration of Cel-
Na(H»0),, the PXRD data do suggest that water molecuiles lost
from the channel will result in less significant changes to the unit
cell compared to those coordinated (o sodium,

The hydration ol Cel-Na was additionally studied using
dynamic vapor sorption (DVS) at 25 °C and the data are illus-
trated in Fig. 10. The hydration is reversible throughout the [ull
humidity range with some hysteresis at the transition points.
There are two major plateau regions in the DVS profile. The first

25 CEL-Na(H,0)¢
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Fig. 10 DVS of Cel-Na(H,0), at 25 °C. 1.8 wt¥% was added te all points
to account for estimated residual water at 0% RH and to make weights
consistent with a mono and trihydrate at the plateaus, as deseribed in the

T

powder diffractometer. text.
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plateau between 40 and 70% RH is believed to correspond to
a trihydrate of Cel-Na. Given that the single crystal and PXRD
data suggest that a trihydrate is likely to exist and that a stable
trihydrate would contain [1.8% (w/w) water, a value of [.8%
weight is added to all points and is likely due (o residual water at
0% RH. The smaller plateau between 15 and 30% RH is separated
from the trihydrate plateau by 7.8% weight, or two water mole-
cules, indicating the likely existence of a nonohydrate. The other
final unique phase region identified by VH-PXRD is between 0 and
10% RH which is consistent with a hemihydrate by DVS. The
water content of Cel-Na(H,0), continues to change above 70%
RH, without a clear region of physical stability for the pentahy-
drate, In sumunary, the three hydration states observed by DVS at
25 °C correspond to: 4 hemi-hydrate below 10% RH: a2 mono-
hydrate [rom 20 30% RI and a trihydrate from 40 70% RIH. Itis
dilticult to directly measure the amount of water remaining at 0%
RH DVS or controlled humidity PXRD experiment, because
opening either chamber to collect samples for lechniques such as
TGA or Karl-Fischer titration exposes the material to atmospheric
moisture, and water uptake by Cel-Na is rapid.

Instability of Cel-Na(H20),. in air

When left exposed to the air, Cel-III begins to appear in samples
of Cel-Na(H,Q),., as was initially seen by the peak at 7.9° 2 — #in
the PXRD partterns of samples stored in humidity chambers (see
Fig. 8). The neutralization of the basic salt increases at high
humidity and was showu to result [rom reaction with CO, and
water in air, The behavior was [lirst observed when using
compressed air instead of nitrogen in the dynamic vapor sorption
experiment, but it was also evident in samples stored open in
controlled humidity chambers. The neutralization was mini-
mized in PXRD pattlerns by including small vials of concentrated
NaOH solution within the closed humidity chambers to adsorb
CO- from the air. An SEM image, shown in Fig. 11, shows
formation of crystalline Cel-IIT on the outside of Cel-Na(H,0)s
crystals due to neutralization. Throughout the conversion, both
the Cel-IIT and the sodium salt are clearly observed by PXRD
with Cel-III growing in slowly over time. Cel-11I peaks emerge
without appreciable broadening of the PXRD patierns for the
sall, indicating thut the conversion occurs primarily at the
surface rather than throughout the crystal by infiltration of CO-
into the channels.

Fig. 11 SEM image of Cel-Na(H,0)s indicating the growth of Cel-l} on
the outside of the crystals. Note the appearance of needles of the latter on
the surface of the plate-like crystals of the salt.

Propylene glycol (PG) solvate of Cel-Na

Alternative solvates were sought in an attempt to improve the
physical stability of Cel-Na, both with respect to changes in mass
vs. relative humidity, and to improve stability in air. After an
initial screen yielded a hydrated 2-propanol solvate, it was
ralionalized that propylene glycol might have several advan-
tages: it has two hydroxyl groups that could solvate sodium ions;
it has a high boiling point (187 °C); and it is commonly used in
pharmaceutical formulations, 'T'wo PG solvates were found: an
anhydrous solvate (Cel-NaPG) and a trihydrated PG solvate
(Cel-NaPG(H>0);). Most importantly, Cel-NaPG(H0); was
found to resist conversion to neutral Cel compared to Cel-
Na(H-,0),.; no detectable conversion of Cel-WaPG(H,0); to Cel-
III was observed after 4 days a1 66% RH.

Cel-NaPG(H,0); is isolated from agqueous sodium hydroxide
solutions of Cel containing at least one equivalent ol PG, The
anhydrous form, Cel-NaPG, is prepared from the trihydrate by
removing the water of hydration in a vacuum oven at 45-55 “C
and heating the deliydrated powder to 80 °C for 20-30 minutes.
Cel-NaPG cau also be crystallized from alkaline solutions of Cel
in diethy! ether containing greater than one equivalents of PG.
TGA data show that PG is retained in Cel-NaPG until approx-
imately 80 “C under a flow of nitrogen. Crystals large enough for
structure determination have ot been grown to date.

Conversion between Cel-NaPG and Cel-NaPG(H,(O); was
found to be much less facile than changes in water structure and
content within Cel-Na(H,0),. The dynamic vapor sorplion
proliles were measured starting with Cel-NaPG at 0% RH, and
for Cel-NaPG(H,0); beginning at 20% RH 1o avoid dehy-
drating it prior to the first absorption cycle. The profiles are
shown in Fig. 12 alongside PXRD patterns for sawples of Cel-
NaPG stored in controlled humidity chambers for 1-2 days. The
dynamic profiles differ significantly depending on the starting
material, suggesting that they do not rveflect equilibrium
behavior. Cel-NaPG(H,0); is relatively non-hygroscopic
between 10 and 70% RH at 25 °C, reversibly gaining 1.2%
weight. In contrast, Cel-NaPG shows complex behavior, gaining
nearly 14% weight during adsorption and ending with a partial
loss o PG alter desorption. There are two major dillerences
between the two profiles that must be explained. First, Cel-NaPG
aid Cel-NaPG(H;0); both appear (o be physically stable [rom
10-40% RH in the dynanic profile, while only one of them can be
the thermodynamically stable form at a given water activity.
Second, Cel-NaPG is already anhydrous at the beginning of the
experiment, but it loses an additional 2% weight after going
through the entire profile.

Samples of each form were stored in controlled humidity
chambers at 25 °C and monitored for at least | week to determine
which one is physically stable at each %RH. Cel-NaPG(H,0); is
formed from samples ol Cel-INaPG wlien stored at 18% RH or
higher, showing that the trihydrate is the more stable form over
a wide humidity range, The rate ol conversion to Cel-NaP-
G(H,;0);3is very slow at 18%% RH and increases to the point where
conversion takes less than one day at 54% RH or higher. TGA
shows that Cel-NaPG gains about 2 equiv. of water within one
day when stored in a 38%, RH chamber but peaks associated with
Cel-NaPG(H;0);3 only begin to appear after the second day, as
indicated by PXRD. A sample of Cel-NaPG(H,0);3 showed no
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Fig, 12 DVS protiles of a sample of Cel-NaPG and Cel-NaPG(H,0); at 25 °C (left), and PXRD patterns for samples of Cel-NaPG equilibrated in
controlled humidity chambers for 1 or 2 days at room temperature. Cel is represented as 1 in the figures, Solid symbols in the DVS profile mark the
adsorption cycles, hollow symbols mark the desorption cycles. The labels to the right of the PXRD patterns indicate the form assignment. The vertical
erey lines and labels above highlight some characteristic peaks for each form. The %RH values given to the left of the PXRD puatterns refer to the

liumidiry of the chamber in which the samples were equilibrated.

conversion (0 Cel-NaPG alter 4 days of storage over the 18% RH
sall bath, indicating resistance o dehydration.

The loss of dry-weight from Cel-NaPG during the DVS
experiment suggested that the PG could be lubile, a property that
could contribute to physical instability. Samnples subjected to
multiple humidity cycles were found to lose additional weight
after each cycle, and the profiles began to look more akin to those
of Cel-Na(H10),. However, no detectable loss was seen in Cel-
NaPG({H,0); at 20% RH after subjecting the form to a single
humidity cycle, Increased lability and loss of PG during the
transition from anhydrous to trihydrate was believed to be the
most likely explanation for the weight loss. '"H NMR was used to
determine whether the PG solvate is lost  continuously
throughout the humidity cycle or only during change in the
hydration stale. CelNaPG and Cel-NaPGH,0)3 were exposed
to 0% RH and 40% RH in the DVS and then dissolved in
methanol-d, for NMR analysis, The Cel : PG ratio was stable at
1 : 1 for Cel-NaPG(H,0); after treatment for either four hours at
40% RH or 18 hours at (% RH. However, Cel-NaP’G lost 8.2%
PG equivalents over four hours at 40% RH, while remaining
stable under a stream of dry nitrogen for 18 hours (0% RH) at
25°C. Since the Cel-NaPG(H,0); has a wide range of conditions
supporting physical stability, conversion from the trihydrate to
the anhydrous PG solvate and back to the trihydrate should be
a rare event. In a closed system, such as a packaged tablet, PG
should not be lost as easily as it is in the dynamic environment of
the DVS where gases continuously flow over the sample and
carry away any volatile components.

Conclusions

The celecoxib sodium salt forms that were previously coupled
with excipients to improve oral absorption of the drug have been

studied. Cel-Na exisls as a pentahydrate when suspended in
aqueous alkaline media. Addition of 0.3%% benzyl alcohol lacili-
tated the growth of crysials sulliciently large for structure
determination by single X-ray diffraction, The salt crystallizes in
a bilayer structure having layers of celecoxib and layers of
hydrated sodium ions with channels that hold additional water.
At room temperature, Cel-Na(H,;0), exists as a trihydrate
between 40 and 70% RH, a monohydrate from 10-30% RH, and
a hemi-hydrate below 10% RH; PXRD patterns containing both
forms are found at humidity close to the transition between two
hydration states. The exchange of moisture is rapid and samples
must be protected from exposure to air during PXRD
measurements Lo get reproducible powder patterns. Cel-
Na(H;0), must be protected [rom air in order lo prevent
neutralization of the sall form by carbon dioxide and waterin air.
Propylene glycol forms a solvate and a trihydrated solvate of Cel-
Na. Cel-NaPG(H,0), is physically stable at room temperature
above ~10% R and higher, and the form is resistant 1o reaction
with COs, and water in the air. Overall, Cel-NaPG(H,(3); is the
most shelf-stable form of Cel-Na discovered to date and would
be the best choice for use in formulations combining excipients
with a salt form to potentially enhance the rate and extent of oral
absorption of celecoxib.
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Abstract

Crystal form can be crucial to the performance of a dosage form. This is especially true for compounds that have intrinsic barriers to
drug delivery, such as low aqueous solubility, slow dissolution in gastrointestinal media, low permeability and first-pass metabolism,
The nature of the physical form and formulation tends to exhibit the greatest effect on bioavailability parameters of water insoluble
compounds that need to be given orally in high doses. An alternative approach available for the enhancement of drug solubility,
dissolution and bicavailability is through the application of crystal engineering of co-crystals. The physicochemical properties of the
active pharmaceutical ingredients and the bulk material properties can be modified, whilst maintaining the intrinsic activity of the
drug molecule. This article covers the advantages of co-crystals over salts, solvates (hydrates), solid dispersions and polymorphs,
mechanism of formation of co-crystals, methods of preparation of co-crystals and application of co-crystals to modify physicochemical
characteristics of active pharmaceutical ingredients along with the case studies. The intellectual property implications of creating co-
crystals are also highly relevant.

How to cite this article:
Yadav AV, Shete AS, Dabke AP, Kulkarni PV, Sakhare SS. Co-crystals: A novel approach to modify physicochemical properties of active
pharmaceutical ingredients.Indian J Pharm Sci 2009;71:359-370

How to cite this URL:

Yadav AV, Shete AS, Dabke AP, Kulkarni PV, Sakhare SS. Co-crystals: A novel approach to modify physicochemical properties of active
phammaceutical ingredients. [ndian J Pharm Scl [serial online] 2009 [cited 2011 May 3 1;71:359-370

Available from: http://www.ijpsonline.com/text.asp?2009/71/4/359/57283

Full Text

Chemists and engineers in the pharmaceutical industry generally seek to deliver crystalline forms of their active compounds, mainly
due to the inherent stability of crystatline materials and the well-established impact of crystallization processes on purification and
isolation of chemical substances [1] . Increasing attention is now being paid to the impact of material properties on drug discovery anc
early development {2] as the drug substances tend to be very valuable materials. The pharmaceutical industry's rission is to rapidly
advance development programs with good confidence so that formulation problems are unlikely to arise and to maximize a compound:
potential as a therapeutic. This commentary seeks to raise the profile of crystal form studies and the emerging topic of crystal
engineering in pharmaceutical science by discussing the state-of-the-art relating to pharmaceutical crystals and by expanding on
possibilities that exist for future developments. In keeping with the common goal of making better products, faster and cheaper, we
propose a paradigm of pro-active material design in pharmaceutical research. Rather than settling for the physical forms that the pure
compounds intrinsically display, we should be aiming to identify the physical properties required of the target drug and make
crystalline forms to meet those needs. We are not yet actively engaging in crystal engineering in the industry, and therefore we pose
the question, how can we proceed toward making the crystal form that we want to use?

Pharmaceutical active ingredients (APls) can exist in a variety of distinct solid forms, including polymorphs, solvates, hydrates, salts,
co-crystals and amorphous solids. Each form displays unique physicochemical properties that can profoundly influence the
bioavailability, manufacturability purification, stability and other performance characteristics of the drugs [3] .
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Solid form discovery and design depends on the nature of the molecule of interest and type of physical property challenges faced in it:
development. The preferred solid form ts generally the thermodynamically most stable crystalline form of the compound {3],{4] .
However, the stable crystal form of the parent compound may exhibit inadequate solubility or dissolution rate resulting in poor oral
absorption, particularly for water-insoluble compounds. In this case, alternative solid forms may be investigated. For ionizable
compounds, preparation of salt forms using pharmaceutﬁ:ally acceptable acids and bases is a common strategy to improve
bioavailabitity [3],[5],[6] . Like the parent compound, pharmaceutical salts may exist in several polymorphic, solvated and/or
hydrated forms.

Crystal engineering is generally considered to be the design and growth of crystalline molecular solids with the aim of impacting
material properties. A principal tool is the hydrogen bond, which is responsible for the majority of directed intermolecular
interactions in molecular solids, Co-crystals are multi-component crystals based on hydrogen bonding interactions without the transfer
of hydrogen ions to form salts; this is an important feature, since Bronsted acid-base chemistry is not a requirement for the formation
of a co-crystal. Co-crystallization is a manifestation of directed self-assembly of different components. Co-crystals have been
described of various organic substances over the years [7],[8] and given various names, such as addition compounds [9],{10] motecular
complexes [11],[12] and heteromolecular co-crystals [13] . Regardless of naming convention, the essential meaning is that of a multi-
component crystal where no covalent chemical modification of the constituents occurs as a result of the crystal formation,

Pharmaceutical co-crystals can be defined as crystalline materials comprised of an API and one or more unique co-crystal formers,
which are solids at room temperature.

Co-crystals can be constructed through several types of interaction, including hydrogen bonding, p stacking, and vander Waals forces.
Solvates and hydrates of the API are not considered to be co-crystals by this definition. However, co-crystals may include one or more
solvent/water molecules in the crystal lattice [14] . Co-crystals often rely on hydrogen-bonded assemblies between neutral molecules
of APl and other component. For nonionizable compounds co-crystals enhance pharmaceutical properties by modification of chemical
stability, moisture uptake, mechanical behaviour, solubility, dissolution rate and bicavaitability [15].

Salts, Solvates (Hydrates ), Solid Dispersions, Polymorphs and Co -Crystais

Pharmaceutical co-crystallization, which has only recently gained widespread attention as a means of modifying the physicochemicat
properties of APls, has two inherent advantages over the salt form. First, because co- crystal formation may potentially be employed
with all APis, including acidic, basic and non fonisable molecules and second is a large number of potential ‘counter molecules’ which
may be considered to be non toxic possibly increasing the scope of the pharmaceutical co- crystatlization over the salt forms.

An analogy can be drawn to salt selection in which pKa arguments are used to select acid-base pairs that can be converted to salt
compounds. Chemistry demonstrates that a pKa difference of at least two units (between an acid and a base) s required to form a sat
that is stable in water [16] .

1t is also important to remember that salt formation is generally directed at a single acidic and basic functional group. In contrast co-
crystals can simultaneously address multiple functional groups in a single drug molecule. In addition space is not limited to binary
combinations (acid-base pairs) since tertiary and quaternary co-crystals are realistic one [17],[18] . One very interesting thing was
observed that co-crystals provide a powerful means to tailor the desired solubility and dissolution-pH dependence of APis, even when
the APl is a non-ionizable molecute [19] .

The extent of polymorphism of pharmaceutical is limited to the handful of the different crystal forms. Primary difference between
solvates and co-crystals is the physical state of the individual components {20] . If one component is liquid at room temperature then
the crystals are designated solvates, whereas if both components are solids at room temperature then the crystals are designated as
co-crystals. Solvates are commonplace because they occur as a serendipitous result of crystallization from solution [21] and have the
potential to enhance drug dissoiution rate, as shown for the solvated forms of spiranolactone [22] . Solvated crystals however are
often unstable, leading to desolvation during storage and such solvent loss may lead to the amorphous phase crystallizing into less

~ soluble forms. Solvent levels in solvated crystals are also often at concentrations that are not acceptable to regulatory authorities and
which may also have toxicological consequences. Co-crystats, however, tend to be a product of more rational design and are more
stable, particularly as the co-crystallizing agents are solids at room temperature. As with other crystalline systems, polymorphic co-
crystals are not uncommon. At least 20 have been reported to date, including caffeine and glutaric acid polymorphic co-crystals [23]
whilst co-crystals are defined by a single phase (miscible) multti-component system in the crystalline state, in the amorphous state
they have been referred to as molecular dispersions {24],[25] with interactions between the components distinguishing them from
solid dispersions, Co-crystals are not classified as solid dispersions; nevertheless solid dispersions may occur when attempting to ‘
prepare co-crystats from solution. The generic term solid dispersions refers to the dispersion of one or more active ingredients in an
inert carrier in a solid state, frequently prepared by the meilting (fusion) method, solvent methad, or fusion solvent-method [26],[27]
The solid dispersion approach to reduce particle size and therefore increase the dissolution rate and absorption of drugs was first
recognized in 1961 [26] . In the preparation of solid dispersions, drugs with a poor ability to form the glassy state, and which
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demonstrate notable propensity to crystallize, have generally been made amorphous by deliberately preventing crystallization. Recen
additional preparation techniques have included like rapid precipitation by freeze drying [28] and spray drying [29] and using
supercritical fluids [30] , often in the presence of intrinsically amorphous hydrophitic polymers and also using methods such as melt
extrusion [31] . In these systems, the drug substance is either molecularly dispersed within the polymer matrix to form a solid solution
or distributed as amorphous drug domains and nanoparticulates. Under appropriate conditions of temperature and humidity,
amorphous materials can crystallize when sufficient molecular mobility exists. As the amorphous phase is metastable compared to the
crystalline state, there is some risk that phase transformation will occur upeon storage, limiting their use in pharmaceutical dosage
forms. Now a question arises; are pharmaceutical co-crystals more or less prone to polymorphism than other pharmaceutical phases?

Direct answer of this question is not possible because to prove the absence of polymorphism is tantamount to the proving-the-
negative. If one considers an argument that compounds have a lower degree of self - complementarity than complementarity to a
rationally selected co-crystal former. Initial indications are that polymorphic substances may provide the good candidates for the co-
crystals [18] . For example; carbamazepine can exist as four different well-characterized polymorphs and a dihydrate. Co-crystals of
carbamazepine and saccharin showed one packing arrangement while the co-crystals along with N,N-bis{parabromophenyl) melamine-
diethyl barbital demonstrated how a specific heterosynthon between the two molecules is robust, but packing of the tapes in to a
crystalline arrangement can leads to two discrete polymorphs. Hence there may be opportunity to reduce the practical extent of the
polymorphism of drug compounds specifically by co-crystals formation although there may be some exception [21] .

The key benefits associated with co-crystallization approach to modify properties of pharmaceutical solids are the theoretical
capability of all types of drug molecules, including weakly ionizable and non-ionizable, to form co-crystals, and the existence of
numerous, potential counter-molecules, including food additives, preservatives, pharmaceutical excipients as well as other APis, for
co-crystal synthesis. Major advantage is that co-crystal synthesis may offer for the pharmaceutical industry is an opportunity to
address intellectual property (IP) issues by extending the life cycles of old APIs [32).

Advantages of Co-Crystals

Co-crystals having advantages like stable crystalline form {as compared to amorphous solids), no need to make or break covalent
bonds, theoretical capability of all types of APl molecules (weakly ionizable/non-ionizable) to form co-crystals, the existence of
numerous potential counter-molecules (food additives, preservatives, pharmaceutical excipients, and other APis), the only solid form
that is designable via crystal engineering patentable expanding IP portfolios and can be produced using solid-state synthesis green
technologies high yield, no solvent or by-products.

Design of Co-Crystais

The crystal engineering experiment typically involves the Cambridge Structural Database (CSD) survey followed by the experimental
work. Co-crystals designed on the principal of the supramolecular synthesis; it provides a powerful approach for proactive discovery of
novel pharmaceutical solid phases. Co-¢rystals consist of multiple components in given stoichiometric ratio, where different molecular
species interact by hydrogen bonding and by non-hydrogen bonding.

The use of hydrogen bonding rules, synthons and graph sets may assist in the design and analysis of co-crystal systems. In general
though, prediction of whether co-crystallization will occur is not yet possible and must, at present, be answered empirically. Co-
crystat formation may be rationalised by consideration of the hydrogen bond donors and acceptors of the materials that are to be co-
crystallized and how they might interact. Following the extensive examination of preferential packing preferences and hydrogen bond
patterns in a number of organic crystals, Etter and co-workers proposed the guidelines to facilitate the detiberate design of hydrogen-
bonded solids [33] . All good proton donors and acceptors are used in hydrogen bonding, six-membered ring intermolecular hydrogen
bonds form in preference to intermolecular hydrogen bonds, the best proton donor and acceptor remaining after intermolecular
hydrogen-bond formation will form intermolecular hydrogen bonds to one another (but not all acceptors will necessarily interact with
donors). These observations help to address the issue of competing hydrogen bond assemblies observed when using a particular
cocrystallising agent.

A detailed understanding of the supramolecular chemistry of the functional groups present in a given molecule is the prerequisite for
designing the co-crystals because it facilitates the selection of the suitable co-crystal former. Supramoecular synthons that can occur
in common functional group in order to design new co-crystals and certain functional groups such as carboxylic acids, amides and
alcohols are particularly amenable to formation of supramolecular heterosynthon [34] . The strong hydrogen bond includes (N-H---0),
(O-H-+-0), (-N-H---N,} and (0O-H---N). The weak hydrogen bonds involves the -C-H---Q and C-H---0=C [15] .

Methods of Preparation of Co -Crystals
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Co-crystal formation described in the titerature indicates the notoriously difficult situation these systems present with regard to
preparation it has been known to take 6 months to prepare a single co-crystal of suitable quality for single X-ray diffraction analysis
[35] . This is partly because such a heteromeric system will only form if the non-covalent forces between two (or more) molecules are
stronger than between the molecules in the corresponding homomeric crystals. Design strategies for co-crystal formation are still
being researched and the mechanism of formation is far from being understood [36] .

Co-crystals can be prepared by solvent and solid based methods. The solvent-based methods involve slurry conversion solvent
evaporation, cooling crystallization and precipitation. The solid based methods involve net grinding; solvent-assisted grinding and
sonication (applied to either to wet or dry solid mixtures) 80 o to 85° [37].

Solution co-crystallization:

For solution co-crystallization, the two components must have similar solubility; otherwise the least soluble component will
precipitate out exclusively. However similar sotubility alone will not guarantee success. It has been suggested that it may be useful to
consider polymorphic compounds, which exist in more than one crystalline form as co-crystallising components, If a molecular
compound exists in several polymorphic forms it has demonstrated a structural flexibility and is not locked into a single type of
crystalline lattice or packing mode. Thus, the chance of bringing such a molecule into a different packing arrangement in coexistence
with another molecule is increased. Clearly polymorphism alone does not guarantee the functionality of a compound to act as a co-
crystallising agent, whilst the ability of a molecule to participate in intermolecular interactions obviously plays a critical role [38] .

Small-scale preparation has been described. Scale-up crystallization was performed in a 500 ml water-jacketed glass crystallization
vessel, Temperature was maintained by a circulating water bath. A reflux column, digital thermometer, and overhead stirrer with a
glass shaft and Teflon blade were attached to vessel ports. The drug and co-crystal former were added to a reaction vessel. The solids
were dissolved in ethanol/methanol mixture and heated to 70 O for 1 h under reflux. Temperature was decreased in 10 0 increments
to induce precipitation in a stirred, unseeded system. Observe the appearance of the co-crystal. Literate to enhance solids recovery
decrease the further temperature[21].

Grinding:

When preparing co-crystals, the product obtained from grinding is generally consistent with that obtained from solution. This may
indicate that hydrogen-bond connectivity patterns are not idiosyncratic or determined by non-specific and unmanageable solvent
effects or crystallization conditions. Nevertheless there are exceptions. Whilst many co-crystal materials can be prepared from both
solution growth and solid-state grinding, some can only be obtained by solid-state grinding. An example is that in the co-crystallisatior
of 2,4,6-trinitrobenzoic acid and indole-3-acetic acid, different crystal forms were obtained from solution compared with grinding.
Failure to form co-crystals by grinding may be due to an inability to generate suitable co-crystal arrangements rather than due to the
stability of the initial phases. When co-crystal formation has been successful from solution, but not from grinding, solvent inclusion in
stabilizing the supramolecular structure may be a factor, Although co-crystal formation by solid-state grinding has been established fo
some time and a late 19 th century report is often cited as the earliest reference to such a procedure, the recent technique of adding
small mounts of solvent during the grinding process has been shown to enhance the kinetics and facilitate co-crystal formation and as
lead to increased interest of solid-state grinding as a method for co-crystal preparation [38] .

Sturry conversion: |
|

Slurry conversion experiments were conducted in different organic solvents and water. Solvent (100 or 200 ml) was added to the co- i
crystal {20 mg) and the resulting suspension was stirred at room temperature for some days. After some days, the solvent was i
decanted and the solid material was dried under a flow of nitrogen for 5 min. The remaining solids were then characterized using ’

PXRD.

Antisolvent addition:

This is one of the methods for precipitation or recrystalization of the co-crystal former and active pharmaceutical ingredient. Solvents
include buffers (pH) and organic solvents. For example preparation of co-crystals of aceclofenac using chitosan, in which chitosan
solution was prepared by soaking chitosan in glacial acetic acid. A weighed amount of the drug was dispersed in chitosan solution by

using high dispersion homogenizer. This dispersion was added to distilled water or sodium citrate solution to precipitate chitosan on ‘
drug [39] .

Influence of Process Varlables on Crystal Habit ‘

A crystalline particle is characterized by definite external and internal structures. Habit describes the external shape of a crystal,
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) where as polymorph state refers to the definite arrangement if molecules inside the crystal lattice [40] . Supersaturation, nucleation
and crystal growth are the basic three steps in crystallization, Thermodynamic parameter like solubility, kinetical parameter like
supersaturation, nucleation rate, dissolution rate, antisolvent addition rate, and evaporation rate phenomenon governs the

crystaltization [41] .

From the above described methods such as solution crystallization, solvent change that create supersaturation by increasing the solute
concentration and decreasing the solute solubility, respectively [41} . There are process variables of crystallization like,
supersaturation, rate of cooling and degree of solution agitation, nature of crystallizing solvent, temperature of crystallalizing solvent
and presence of impurity having possible influence on crystal habit, crystal/dosage form performance [40],[42] .

In case of increased saturation, rate of nuclei formation is greater than crystal growth. More growth in one direction produces fine \
needle shaped crystals that exhibit poor folowability, while less saturation leads to platy crystals which exhibit greater dissolution !
rate. Cooling a supersaturated solution of drug or pouring it into crystallizing solvent maintained at low temperature immediately

decreases the drug solubility and results in rapid deposition of drug molecules on the nuclei. Rapid cooling leads to formation of platy

or needle shaped crystals, slow rate of cooling forms compact, symmetric or elongated prisms. The degree of solution agitation has

influence on saturation level, high speed of agitation leads to elongated crystals with small particle size distribution having good

folowability and less sedimentation in suspension. Slow speed of agitation or unstirred solution forms large platy crystals.

The nature of solvent has been found to have a profound effect on crystal habit of ibuprofen. Crystallization of ibuprofen from ethano
and acetone having high surface tension, dielectric constant and less specific gravity were thin, platy, and neatly circular in shape,
while thase abtained from propylene glycol and 2-propancl were rod shaped. When pH was decreased by addition of hydrochloric acid
to sodium hydroxide solution (pH-10) resulted in formation of needle shaped crystals. However, spherical agglomerates were obtained
when ibuprofen was dissolved in acetonitrile because of limited miscibility with water [43] .

Low temperature of crystallizing solvent produces irregular shaped crystals while in case of high temperature nuclei formation is
delayed and fine, symmetric crystals are produced. lons, polymeric molecules, or the other substances present in solute or solvent
acts as impurities for the growing crystals and modify crystal habit. Impurity is known to modify the growing crystals into a morpholog
that is desirable from the viewpoint of dosage form design and performance [44] . Grinding Is well known to create lattice defects anc
amorphous phases, and the formation of polymorphic forms of drugs as a result of these stresses is well documented in the
pharmaceutical literature. Co-crystal formation during co-grinding and storage is mediated by amorphous phase, the rate of co-
crystallization is dependent on the process and storage temperature, glass transition temperatures of reactants and additives, milling

time and mill type [15],[45] .

T

Case Studies of Pharmaceutical Co -Crystals

The earliest example of pharmaceutical co-crystals in the context of APIs relates to a series of studies conducted in the 1950s by
Higuchi and Roy. They studied complex formation between macromolecules and certain pharmaceuticals, However, these would not
be classified as pharmaceutical co-crystals according to the criteria applied herein [46),[47] .

Perhaps the first application of crystal engineering to the generation of pharmaceutical co-crystals was a series of studies reported by
Zerkowski et al,[48] concerning the use of substituted barbituric acid, including barbital and melamine derivatives, to generate |
supramolecular linear tape, crinkled tape, and rosette motifs sustained by robust supramolecular synthons with three point hydrogen |
bonding [47]. Despite their success in cocrystal formation, the focus of these studies was not so much the physical properties of the
resulting co-crystals but rather the supramolecular functionality of barbitals and their complementarities with melamine .
Nevertheless, these studies illustrated very well the potential diversity of forms that can exist for a particular APl as more than 60 co-
crystals were structurally characterized in this series of studies. Clearly, such a diversity of forms could offer an exciting opportunity
to novel and improved crystalline forms of APls. Herein, we have chosen to focus upon several case studies that involve the formation

of pharmaceutical co-crystals with altered physical properties of clinical relevance.

Pharmaceutical co-crystals of carbamazepine (Tegretol® ):

Carbamazepine (CBZ) is an important antiepileptic drug that has been in use for over three decades. Oral administration of CBZ
encounters multiple challenges, including low water solubility with high dosage required for therapeutic effect (i.e. >100 mg/day),
dissolution-limited bioavailability and auto induction for metabolism. in contrast to its simple molecular structure, CBZ exhibits
complexity in its crystal forms [20],[21]. To date, four anhydrous polymorphs, a dihydrate, an acetone solvate, and two ammonium
salts of CBZ have been identified. it is noted that, in the crystal structures of all these forms, the self-complementary nature of the
amide group manifests itself in a predictable manner. Therefore, CBZ has been used as an ideal candidate to demonstrate how APls
can be converted to pharmaceutical co-crystals, and how these co-crystals could offer optimized physicochemical properties over
existing forms of an API [20],[43] . Two strategies have been adopted for co-crystal formation of CBZ. One crystal engineering strategy
is to employ the peripheral hydrogen bonding capabilities that are not engaged in the pure form of CBZ. A second strategy for co-
crystallization of CBZ involves breakage of the CBZ amide-amide dimer and formation of a supramolecular heterosynthon between CBZ
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and a co-crystal former [43] . Both strategies are successful and have afforded a number of CBZ co-crystals that exhibit iI‘nproved
physicochemical properties. For example, the CBZ:saccharin co-crystal shows significantly improved physical stability (i.e. only one
cocrystal form with equivalent chemical stability to the anhydrous polymorph has been identified after sophisticated form screening)
[21] . In addition, the CBZ:saccharin cocrystal possesses favorable dissolution properties, suspension stability, and pharmacokinetics
using dog models. The pharmacokinetic study reveals that the CBZ:saccharin co-crystal exhibits a higher C max and comparable T max
when compared with the marketed form, Tegretol®(21] . In short, the CBZ:saccharin cocrystal appears to be superior to existing
crystal forms of CBZ in the following respects: stability relative to the anhydrous polymorph of CBZ; favorable dissolution and
suspension stability, favorable oral absorption profile in dogs [49] .

Pharmaceutical co-crystals of fluoxetine hydrochloride (Prozac® ):

The availability and marketability of a variety of APis as chloride salts is well recognized, and, recently, an approach to utilize such
chloride salts, specifically fluoxetine hydrochloride (fluoxetine HCl), to generate co-crystals of an amine hydrochloride salt via a
chloride-mediated carboxylic acid supramolecular synthon has been reported. Fluoxetine HCL is the active pharmaceutical ingredient
found in the common antidepressant drug Prozac® . it is a solid under ambient conditions, only one crystalline phase is known, and it
is available in the salt form. It has been demonstrated that co-crystallization of this APl modifies the physical properties of fluoxetine
HCl while still retaining the hydrochloride salt of the API. Fluoxetine HCl was co-crystallized with benzoic acid (1:1), succinic acid
(2:1), and fumaric acid (2:1) via traditional evaporation techniques. For all three co-crystals, the carboxylic acid was found to form
hydrogen bond to the chloride fon, which in tum interacted with the protonated amine, thus generating, in all three cases, amine
hydrochloride salt hydrogen bonding to an additional neutral molecule. Powder dissolution experiments were carried out in water for
the three novel co-crystals resulting in a spread of dissolution profiles. The fluoxetine HCl:benzoic acid cocrystal was found to have a
decrease in aqueous solubility by 50%, and the fluoxetine HCl:fumaric acid cocrystal had only a slight increase in aqueous solubility.
However, the fluoxetine HCl: succinic acid cocrystal exhibited an approximately twofold increase in aqueous solubility after only 5
min. The complex formed between succinic acid and fluoxetine HCL falls apart in solution to generate its pure components after about
1 h. An intriguing aspect of this study is that by simply hydrogen bonding a hydrochloride salt of an APl with similar cocrystal formers,
one can generate distinctively different dissolution profiles [50] .

Pharmaceutical co-crystals of itraconazole {(Sporanox® ):

Itraconazole is a triazole antifungal agent that is prescribed to patients with fungal infections. Itraconazole is extremely water
insoluble and administered both orally and intravenously. The oral formulation of itraconazole is the amorphous form coated on the
surfaces of sucrose beads, and marketed as the Sporanox® capsule. in addition, co-administration of acidified HP-B-cyclodextrin
beverages with Sporanox® capsules is required to achieve the maximal absorption of the AP, even though such a co-administration
can cause diarrhea [51],[52] . Interestingly, no crystalline salt of itraconazole has been reported in the patent literature, even though
salt formation using itraconazole and an acidic salt former would seem to be a logical approach to improve the absorption properties
of the APL. In order to improve the absorption of the APl and maintain the form crystallinity and stability, the pharmaceutical cocryste
approach has been evaluated in the formulation of itraconazole,

Crystalline phases of itraconazole can be engineered by introduction of additional molecules to match hydrogen-bond donors and
acceptors [49],[50] . A number of stable pharmaceutical co-crystals of itraconazole and 1,4-dicarboxylic acids were synthesized and
crystallographically characterized [45] . Each cocrystal contains two APl molecules and one acid cocrystal former, hydrogen- bonded
through carboxylic acid-triazole supramolecular synthons, to form a trimeric assembly. The aqueous dissolution of itraconazole co-
crystals was studied in order to assess their potential impact on bioavailability of the APl, The dissolution of itraconazole co-crystals
was observed to behave more akin to the Sporanox form than to the crystalline form of the pure AP In particular, it was noted that
the itraconazole:L-malic acid cocrystal exhibits a similar dissolutfon profile to that of the marketed formulation {49] . in a further
pharmacokinetic study of itraconazole co-crystals, it was revealed that cocrystal formulation of the API gives similar oral
bioavailability to the Sporanox form in the animal trial using a dog model {50] . In short; this study demonstrates the use of
pharmaceutical co-crystals for the improvement of solubility and bioavailability without compromising crystallinity and stability.

Pharmaceutical co-crystals of sildenafil (Viagra® ) [53] :

Sildenafil is a drug used in the treatment of pulmonary arterial hypertension, congestive heart failure, atherosclerosis, conditions of
reduced blood vessel potency and peripheral vascular disease, as well as male erectile dysfunction and female sexual disorders.
Sildenafil selectively inhibits cyclic guanosine monophosphate (cGMP)-specific phosphodiesterase type 5 that is responsible for
degradation of cGMP in the corpus cavernosum, leading to smooth muscle relaxation in the corpus cavernosum, and resulting in
increased inflow of blood and an erection. Sildenafil citrate, with moderate water solubility, has been commercially developed and
marketed by Pfizer and is available under the trademark Viagra® .

it has been observed that sildenafil in a pharmaceuticat cocrystal form could provide an improved solubility of the APl under acidic
conditions. In addition, such an improvement of solubility of sildenafil could be particularly advantageous for its orally administrable
formulation. Sildenafil has been successfully co-crystallized with acetytsalicylic acid (1:1 molar ratio) by slurry or under reflux
conditions.

The crystal structure of the cocrystal of sildenafil and acetylsalicylic acid has been determined by single crystal X-ray diffraction, and
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in addition, the composition of matter was confirmed by powder X-ray diffraction and infrared spectrometry. Moreover, the
differential scanning calorimetry and thermo gravimetric analyses indicate that the melting point of the cocrystal is approximately
1430, and it remains thermodynamically stable up to 1650[31] . An intrinsic dissolution study in simulated gastric body fluid {pH 1.2)
shows that the sildenafil: acetylsalicylic acid cocrystal exhibits an intrinsic dissolution rate (IDR) of ca. 11.75 mg/min/cm vs, 6.64
mg/min/cm for sildenafil citrate under the same conditions.

Co-crystal of melamine and cyanuric acid;

In early 2007, the FDA received complaints from owners of more than 4000 pets regarding the deaths of animals after taking food that
was later recalled; it was reported that majority of those deadly incidents were caused by acute renal failure. At first, melamine,
which was observed in the tainted products, was the suspected contaminant, since this particular chemical could be intentionally
added to raise the apparent protein content of the food. However, melamine is considered relatively nontoxic with the acute toxicity
of melamine In rats was reported with oral lethal doses 50 (LD 50 ) of 3100 mg/kg for the male and 3900 mg/kg for the female. Also,
the quantity of melamine observed in those incidents was not at levels that would normally kill. In the course of the pet food recalt
investigation, cyanuric acid, another relatively nontoxic compound, was also identified in the pet food as a co contaminant. Although
melamine and cyanuric acid are relatively safe individually, no data could be found in the literature that could determine the
potential toxicity of melamine and cyanuric acid in combination, From the crystal engineering viewpoint, melamine and cyanuric acid
(1:1 molar ratio) form an extensive two-dimensional networks in the solid-state based on the robust three-point molecular recognition
and it was observed that the resulting melamine:cyanuric acid cocrystal is highly insoluble in water.

As reported by a recent investigation, the combination of melamine and cyanuric acid can result in the intra tubular precipitation of
melamine:cyanuric acid co-crystals in the kidney, even though the mechanism associated with renal damage is not fully understood to
date, A study conducted at the Bergh Memorial Animal Hospital in New York revealed that co-crystals blocked the tubes leading from
the kidneys to the bladder in one cat, and a toxicology assessment of melamine and cyanuric acid indicated that a single oral exposure
of cats to the melamine;:cyanuric acid cocrystal at a concentration of 32 mg/kg body weight can result in acute renal failure. It seems
clear that the formation of a low solubility cocrystal of melamine and cyanuric acid is responsible for these incidents. Perhaps this
case study of melamine:cyanuric acid co-crystals are the first example showing how co-crystals can significantly alter the relevant
physical properties in a negative manner [54] .

Co-crystals of theophytline:

Theophylline is useful in treatment of respiratory disease such as asthma. From the physicochemical standpoint, theophylline
represents challenge to formulators in that it is known to interconvert between crystalline anhydrate and monohydrate forms as a
function of relative humidity (RH). The possibility of crystalline hydrate formation complicates design of a consistent, reproducible for
an APl in the drug development process. Reversible hydrate formation is particularly problematic, as it indicates that neither the
anhydrate nor the hydrate is fully stable across the range of common processing condition. Theophylline is structural anatogue of
caffeine. The co-crystals of the theophylline were prepared with oxalic acid, malonic acid, maleic acid, glutaric acid by solvent
evaporation technigue. The relative humidity stability comprised of the storage and subsequent PXRD analysis at four specific RH
levels (0%, 43%, 75% and 98% RH) across four different time points (1 day, 3 day, 1 and 7 weeks}). Over the course of 7 week study it
was found that, at 75% RH and below, theaphylline anhydrate converted into theophylline monohydrate. No formation of theophylline
hydrate was found in any case.

The observed RH stability of theophylline co-crystal demonstrates the physical stability improvement, specifically avoidance of
hydrate formation. The co-crystals formed by oxalic acid found to be more stable. This study demonstrates use of co-crystals in
physical property improvement [17].

Co-crystals of aceclofenac:

Aceclofenac is an orally effective nonsterofdal antiinflammatory drug of phenyl acetic acid group, which possesses remarkable
antiinflammatory, analgesic and antipyretic properties. Aceclofenac exhibits slight solubility in water and as a consequence it exhibits
low bioavailability after oral administration. Mutalic [39] prepared co-crystals of aceclofenac by simple solvent change approach by
using chitosan.

Chitosan has been considered to be one of the most promising biopolymer for drug delivery purpose. Chitosan is a linear hydrophilic
polysaccharide polymer of D-glucosamine, It is non-toxic natural polcationic polymer that is degraded by the microflora in the colon. |
is abundant in nature and is present in the exoskeleton of crustaceans such as crabs and shrimps. Chitosan has been demonstrated to
be a good vehicle for enhancing the dissolution properties and bioavailability of a number of poorly water-soluble drugs [55] .

Chitosan was precipitated on aceclofenac crystals using sodium citrate as a salting out agent. The pure drug and prepared co-crystals
with different concentrations (0.05 to 0.6%) were characterized in terms of solubility, drug content, particle size, thermal behavior
(differential scanning calorimetry, DSC), X-ray diffraction (X-RD), morphology, in vitro drug release, stability and phrmacokinetic
study.

It was observed that particle size of co-crystals was drastically reduced during the formulation process. The DSC showed a decrease in
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melting enthalpy indicating disorder in crystallinity. XRD also revealed disorder in crystallinity. The dissolution study showed that
marked increase in dissolution rate in comparison to pure drug. The considerable dissolution rate of aceclofenac from optimized
crystal formulation was attributed to the wetting effect of chitosan, decreased drug crystallinity, altered morphology and
micronization. The optimized crystals showed excellent stability on storage at accelerated conditions. in vivo study revealed that the
crystals provided a rapid pharmacological response in mice and rat; besides improve in pharmacokinetic parameters in rats [39].

Co-crystal of 5-nitrouracit:

Co-crystals of 5-nitrouracil with solvent molecules, dioxane, pyridine, DMSO, formamide and ethanol as well as with piperazine, N,N'-
dimethylpiperazine, 3-aminopyridine and diazabicyclooctane obtained by deliberate inclusion, have been examined by X-ray
crystatlography. The tape structure found in the parent centric form of nitrouracil is retained with some modifications in the co-
crystals with dioxane, piperazine, diazabicyclo-octane, N,N'-dimethylpiperazine, pyridine and DMSO, with the guest molecules forming
alternate tapes. In co-crystals involving formamide, ethanol and 3-aminopyridine, the molecular tapes exhibit mixed compositions.
The observed bonding patterns have been classified into six schemes. Interestingly, quadruple type hydrogen bonding patterns are
seen in co-crystals containing 3-aminopyridine or ethanol and water, while a network of acyclic tetrahedral pentamers of water is
found in the cocrystal containing diazabicyclo-octane and water, This case study reveals that hydrogen acceptors and donors are

necessary to form cocrystal [56] .

Co-crystals of indomethacin:

Indomethacin, a non-steroidal antiinflammatory drug (NSAID), is widely prescribed for patients with arthritis. It exists as a, y and
amorphous forms, in the solid state a-form being most stable form at room temperature. Indomethacin is practically insoluble in wate
(2.5-4 ~ g/ml; it belongs to BCS class Il) and poses severe chaltenges in the formulation development. Varlous cocrystal formers,
including saccharin, were used in the screening for indomethacin co-crystals in a series of solvents.

Solution evaporation method was used in the screening phase. DSC, TGA, IR, Raman and PXRD techniques characterized the potential
new phases. The indomethacin saccharin co-crystal (IND-SAC co-crystal) structure was determined from single crystal X-ray diffraction |
data. Pharmaceutically relevant properties such as the dissolution rate and dynamic vapour sorption (DVS) of the IND-SAC co-crystal \
were evaluated. Solid-state and solvent-drop co-grinding methods were also applied to indomethacin and saccharin,

The IND-SAC co-crystals were obtained from ethyl acetate. Physical characterization showed that the IND-SAC co-crystal is unique vis-
{-vis thermal, spectroscopic and X-ray diffraction properties. The co-crystals were obtained in a 1:1 ratio with a carboxylic acid and

imide dimer synthons. The dissolution rate of IND-SAC was considerably faster than that of the stable indomethacin a-form. DVS (
studies indicated that the co-crystals gained less than 0.05% in weight at 98% RH. IND-SAC co-crystals were also obtained by solid state |
and solvent-drop co grinding methods. The IND-SAC co-crystal was formed with a unique and interesting carboxylic acid and imide
dimer synthons interconnected by weak N-H---0 hydrogen bonds. The co-crystals were associated with significantly faster dissolution
rate than indomethacin (a-form) in phosphate buffer pH 7.4 and were non-hygroscopic{57] .

Co-Crystals and Patents

"New" refers to anything under the sun that is made by the man, such as new compaosition of matter or any useful improvements., Thus
a necessary condition to claim a new composition of matter is to describe clearly with precision the composition, a great challenge in

the case of co-crystals [58] . i
|
1

Aripiprazole co-crystals [59] , the present invention relates to co-crystals comprising aripiprazole and fumaric acid and processes for

co-crystal preparation. Aripiprazole is a psychotropic drug usefut for the treatment of schizophrenia and is the sixth, and most recent,
of the second generation antipsychotic medications. It is available in the market under the brand name Abilify® in the form of tablets
of 5, 10, 15, 20 and 30 mg strengths. Aripiprazole presents certain challenges for formulation as a rapid-onset dosage form, !
particularly as a rapid-onset oral dosage form. For example, aripiprazole has a very low solubility in aqueous media (being practically {
insoluble) and therefore is not readily dissolved and dispersed for rapid absorption in the gastrointestinal tract when administered
orally, for example in tablet form. Towards this end, it has been the endeavor of pharmaceutical scientists to provide new forms of
aripiprazole, more specifically, a thermodynamically stable form which would have the strengths of the crystalline forms, viz. |
thermodynamic stability, and those of the amorphous form, viz. enhanced solubitity, rapid onset of action and an enhanced |

bioavailability.

Consequently, there is a need for soluble forms of aripiprazole that can be readily formulated for use in various modes of
administration, including parenteral and oral administration. Co-crystal complexes of aripiprazole would add a powerful tool in the ;
treatment of central nervous system disorders. The present invention provided co-crystals of aripiprazole and fumaric acid which are
stable and are reproducible on an industrial scale.

TDFA is the co-crystal of tenofovir disoproxil hemi-fumaric Acid [60] . Tenofovir disoproxil fumarate (DF) is a nucleotide reverse
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- transcriptase inhibitor approved in the United States for the treatment of HIV-1 infection alone or in combination with other
antiretroviral agents. Tenofovir disoproxil DF is sold under the trade name Viread (Gilead Science, Inc.) and present in combination
with other antiviral agents in the Truvada and Atripla. After analysis of several commercially available products containing tenofovir
DF, it was found that these contained mixtures of solid forms of tenofovir DF in varying ratios. Indications have been found by the
present inventors that the solid form of tenofovir DF in cornmercially available products is generally a mixture of at least two forms. It
has atso been found that one of these forms experiences a conversion of its crystalline form into the other form when put under stress
such as increased temperature and/or humidity. it is believed by the present inventors that the presence of water will induce or
enhance the conversion of one form into the ather. This suggests that the solid form currently used in the marketed product is not
stable or at least has a reduced stability. The bulk molar ratio of tenofovir disoproxil to fumaric acid in the commercially available
praducts is generally indicated as 1:1, The TDFA 2:1 co-crystal of the invention is more stable and is less hygroscopic than the
presently known crystalline form of tenofovir,

Theophylline crystallized rapidly from a hot ethylene glycol solution forms theophylline co-crystals [61] . This technique was confirme:
as being functional by testing for a known co-crystal of theophylline and p-nitrophenol. Salicylic acid, p-hydroxybenzoic acid, sorbic
acid, 1-hydroxy-2-naphthoic acid, glycolic acid, and 2,5-dihydroxybenzoic acid were all tested as guest compounds and in each, a co- |
crystal formation had occurred. Raman spectra of the pure guest acid, theophylline, and the co-crystal were obtained and compared 3
to confirm co-crystal formation. This invention provides information regarding a new method for co-crystallization i.e ethylene glycol

based method.

As one aspect, novel co-crystals are provided. The novel co-crystals comprise one or more active agents, particularly of the salts of
such active agents. Novel forms of salts of active pharmaceutical ingredients are provided. For example, the present invention
provides novel co-crystals of fluoxetine HCl and benzoic acid; fluoxetine HCl and succinic acid; and fluoxetine HCl and fumaric acid.
Novel forms or solid state phases of active pharmaceutical ingredients may be prepared for which there are no known polymorphs,
solvates or hydrates, or where such polymorphs, solvates or hydrates were disfavored [62] . Co-crystals fulfill the criteria for patent
eligibility: novelty, utility, and non obviousness.
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The design of binary compds. using complementary mols. represents an example of an
application of crystal engineering. Pharmaceutical mols. are inherently predisposed for such
crystal engineering studies since they already contain mol. recognition sites that bind selectively
to biomols., and they are prone to supramol. seif-assembly. Pharmaceutical mols. that we have
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Journal of Crystallographic and Spectroscopic Research, Vol. 22, No. 2, 1992

Molecular complexes of sulfonamides. 2. 1:1 complexes
between drug molecules: sulfadimidine-acetylsalicylic acid and
sulfadimidine-4-aminosalicylic acid

Mino R. Caira'

Received July 15, 1991, accepred August 5, 1981

The preparation and crystal structures of the 1:1 compiexces sulfadimidine-acetylsalicylic acid (1)
and sulfadimidine-4-aminosalicylic acid (IE) are described. Each complex unit is maintained by
two intermolecular hydrogen bonds, namely N—H - - -
N atom of the sulfonamide group and one pyrimidine N atom of the sulfonamide and the carbox-
ylic group of the acid. Molecular paramcters for protonated complexed aspirin, as found in X, are
reported for the first time and reveal a significanitly different conformation from that of the uncom-
plexed aspirin molecule. The structure of the 4-aminosalicylic acid molecule does not change
significantly on compiexation with sulfadimidine. Variation in the hydrogen bonded N - -- O
distances in these complexes and their anglogs is discussed.

Intreduction

The first article in this series (Caira, 1991) outlined
the relevance of molecular complexes of sulfonamides
and reported the preparation and crystal structures of the
1:1 complexes between sulfadimidine [4-amino-N-(4,6-
dimethyl-2-pyrimidinyl)benzenesulfonamide} and 2- and
4-aminobenzoic acids, respectively. An earlier report on
the structure of the 1:1 suifadimidine-salicylic acid
complex (Patel e al., 1988) prompted the present study
in which two pharmacologically-active salicylic acid
derivatives, acetylsalicylic acid (aspirin} and 4-amino-
salicylic acid (PAS), were found to form analogous
complexes with sulfadimidine.

The important therapeutic properties of these acids,
namely analgesic, anti-inflammatory and antipyretic for
aspirin, and tuberculostatic for PAS are well known.
Both PAS and sulfoamides inhibit bacterial folic acid
synthesis as analogues of p-aminobenzoic acid {PABA),
but the binding sites for PABA on the enzyme dihy-
dropteroate synthetase are quite specific. Thus, sulfon-
amides are ineffective against tubercle bacilli while PAS

' Departiment of Chemistry, Private Bag, Rondebosch 7700, Seouth
Africa,

193

is ineffective against most bacteria (Jawetz, 1984; Wil-
liams and Kruk, 1981). Complex formation between dif-
ferent drug molecules continues to receive attention
because the resultant species may display synergisin and
couid therefore be clinically useful. Representative
examples of complexes containing sulfonamides which
have recently been studied in the solid state include tri-
methoprim-sutfamethoxazole (Nakai et al., 1984), var-
ious antipyrine-sulfonamide complexes (Jeanjean er al.,
1985) and aminacrine-sulfadimidine (Ghose e al.,
1988). Akhough structural data for metal complexes or
salts containing the anionic acetylsalicylato- and p-ami-
nosalicylato-species have been published (e.g., Bandoli
and Clemente, 1981; Greenaway ef al., 1984; Nishioka
etal., 1984; Sabirov ez af., 1982; Sequeina er al., 1968),
no crystallographic results for molecular complexes
containing aspirin or PAS in their unionized forms have
hitherto appeared in the literature (Cambridge Structural
Database, 1991).

Experimental

Colorless single crystals of I grew within 2 days
from a mixture of sulfadimidine and acetylsalicylic acid

Q277-RO6$/92/0400-0193506.50/0 & 1992 Plenum Publishing Corporation
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in 1:1 molar ratio in acetonitrile. Brown prismatic crys-
tals of I were obtained after 3 weeks from a mixture of
sulfadimidine and p-aminosalicylic acid in t:1 molar
ratio in ethanol. Elemental analyses confirmed the 1:1
stoichiometry of both complexes. Preliminary unit-cell
dimensions and space group data were obtained from
precession photographs. Intensity data were collected at
294K in the w-28 mode on an Buraf-Nonius CAD4 dif-
fractometer with Mo Ko-radiation (A = 0.71069 A).
Accurate cell parameters were in each case determined
by least-squares analysis of accurate setting angles in
the range 16° = § < 17°. Reflections in the range 1°
= & = 25° were collected using a variable scan speed
depending on [ and off} with a minimum recording time
of 40 s per reflection. Intensity control was performed
every hour and orientation control every 200 measured
reflections. Both data sets were corrected for Lp-effects
and for absorption (North e al., 1968) using the pro-
gram EAC of the Enmf-Nonius Structure Determina-
tion Package (Frenz et «i., 1982). Data-collection
parameters and details of structure refinements are listed
in Table 1., The structures were solved by Patterson and
fiourier methods. For I, the Patterson-derived S atom
position was nearly idemtical to that in the 1:1 complex
between sulfadimidine and PABA (Caira, 1991) whose
unit-cell dimensions agreed with those for H within 2%.
The nearly isomorphous relationship between the com-
plexes allowed the atoms of the PABA complex to be
successfully used as a trial model for I, atom O(30) of
the PAS molecule being subsequently located from a dif-
ference Fourier synthesis. Refinement by full-matrix
least-squares using the program SHELXT76 (Sheldrick,
1976) involved minimization of T w(|F,| — [&F.[}* with
anisotropic thermal parameters assigned to all non-
hydrogen atoms. H-atoms were located in difference
Fourier syntheses but were generally inciuded in ideal-
ised positions (C—H = 1.00 A). H-atoms which were
refined included those of the amino, phenolic, and car-
boxylic groups and that attached to the N atom of the
sulfonamide group. Location and refinement of H atoms
in the latter two categories were deemed essential to
establish unequivocally the tautomeric form of suifad-
imidine present and the charged or protonated state of
the complexing acid components. Complex neutral
atomic scattering factors (furernational Tables for X-Ray
Crystallography, 1974) were used. Other programs used
were PARST ¢Nardelli, 1983) and pLuTo (Motherwell,
1979). Fractional atomic coordinates and equivalent
isotropic thermal parameters (U, = 9 L T; Uyafala,

Caira

- ;) for nonhydrogen atoms are listed in Tables 2 and
3. H-atom coordinates are listed in Table 4. Structure
factors, U values, torsion angles and mean-plane data
have been deposited.

Results and discussion

Perspective views of the structures of the com-
plexes I and II are shown in Figs. | and 2, respectively.
In each complex unit, molecular association occurs
through hydrogen bonding involving the carboxylic
group of the acid component and two N atoms (one
pyrimidine N atom and the N atom of the sulfonamide
group) of sulfadimidine. The aspirin and PAS molecules
are in their unionized forms, The specific arrangement
of C=0 - -+ H—Nand O—H - -+ N hydrogen bonds
shown in Figs. 1 and 2 resuilts in an eight-membered
ring which occurs invariably, having now been observed
in seven complexes between sulfadimidine and substi-
tuted aromatic carboxylic acids (Caira, 1991, Patel er
al., 1988), including p-chlorobenzoic acid and
o-phthalic acid (Caira, 1992),

Sulfadimidine conformation

Interatomic distances and bond angles in sulfa-
dimidine (Tables 5 and 6) are in the expected range. The
sulfadimidine molecule adopts significantly different
conformations in I and II. The values of the torsion
angles 7,~75 (Table 7) for I are within a few degrees of
those previously found in sulfadimidine-2-aminoben-
zoic acid. Those for M resemble closely the correspond-
ing torsion angles in sulfadimidine-4-aminobenzoic
acid, as expected for nearly isomorphous structures. The
occurrence of both conformations with equal frequency
in these complexes suggests that they are energetically
similar, which accords with the finding (Kilman ez al.,
1981} that rotation about the S—C bond is not hindered
in N-substituted aryl-sulfonamides. The conformation
in which the plane of the phenyl ring approximately
bisects the O0—S8—O angle (as in IL, v, = 160°) is
nevertheless unusual since the reported clustering range
for 7, is 70-120°.

Aspirin and PAS structures

Because of their chemical significance, the crystal
and molecular structures of both aspirin (Kim er al.,
1985; Wheatley, 1964) and PAS (Bertinotti ez ., 1954;

BNESDOCID: <XP, 550328994 L~
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Molecular complexes of sulfonamides

Table 1. Crystal data, data-collection parameters, and details of the structusal analyses

I

It

Formula

M,

$pace group

a/A

biA

ol A

a/deg

Bideg

yideg

vrA®

2

DJg em”

w{Mo Kedem™!

F{Oo0)

Crystal size/tnm

Index range

Standard
reflections

Intensity
variation/ %

Scan width in
wideg

Vertical
aperture/mm

Aperture width/
mm

Reflections
measured

Unigue
reflections

Rim

Abscrption
corrections:
min,
max.
mean

Observed
ceflections T
> 2a(l)

Pararneters
refined

3

T @ mow
E

Max alv for
non-H atoms
ApleA?
min,
max,

CH o NO,8 -+ CoHgO,
4584

Plyfe

7.696¢1)

21.988(7)
13.432(2)

90

102.66(1)

90

2218.1(8)

4

£.373

1.82

960

0.38 % 44 x 44
-%,9;0,26;0, 16

43,2710, 7165
+2.4

0.85 + 0.35 tan §

4

312 +'1.05an @
4185

3485

0.013

0.9887
1.0000
0.9959

2933

316
0.040
0.040
2.859
[o*F )"

0.16

—{.28
0.18

CH NS - CHNO,
431.5

P

8.205(6)

9.449(3)

14,1617

107.02¢2)

92.29(4)

105.85(4)

1001.3(9)

2

1.431

1.94

452

0.13 x .33 x 43
-9,9; ~11, 140, 16

1119,642,271
-0.5

0.85 + 0.351an §
4

112 + 1.051an @
3667

3179

0.02%

0.9741
0.9997
0.9848

2679

302

0.051

0.055

1.703

[o*F,) + 1.545
x (07

0.21

~0.60
.53
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Table 2. Fractioral atomic coordinates (X 10%) and thermal
parameters (A? x 10°) with esd’s in parentheses for Complex I

Caira

Fable 3. Fractionat atemic coordinates (X 10°) and thermal
parameters { A% X 10%) with esd’s in parentheses for Complex XE

Arom xfa b zle Uy Atom xla yib e 12
(1) Ta0(3) 2823(1) 7722} 40¢1) (1) 2492(3) 7033 150202) 32D
C2) -~ 1005(3) 2904¢1) 4940(2) 48(1) (2 1377(4) 622(3) 220002} 40(1)
C(3) ~24867(3) 2694(1) 4243(2) 35¢13 C3) -343(4) -~ $55(3) 1944(2) 418
) —224%(3) 2393(1)y 3353(2) 531 Cdy —971(3) ~1189(3) 1002(2) 381
(%3] —543(4) 2307(1) 3218(2) 331 [8(6)] 163(3) ~ 14743y 3172 40(1)
{6y 919(3) 2525(1) 3002(2) A7) (8} 1886(3) ~686(3) 564(2) 26(1)
N(T -~ 3696(4) 21732y 267342) 83¢1) N ~2706(3) - 1982(3} 747(3) 49(1)
5(%) 2523(1} 30970 566440) 470 S5(8) 4682(1) 1318(1) 1788(1) ERI(0)]
[35)] 2164(2) 3040(1}) 6664¢1) 59{1} O 3502(3) 407(2) 2178¢2) 490
O A109(2) 2831¢1) 3475¢1) &2(1) 0(10) 5292(2) 1713(2) 945(1} 42(1)
N(1{} 2557(3) 3837(1) 5502¢2) 53(1) N{11) $908(3) 2866(2) 2728(2) 351)
C(i2) 2833(3) 41331y 4642(2) 46(1} C(?) £738(3) 4268(3) 2665(2} 30(1)
N{13} 3255(3) 38021 3905(2) 51(t) N(13) 3824(3) 4252(2) 1872(2) 3D
Clid) 35473 4111{1) 3083(2) 34(1) C(14) 3740(4) 3644(3) IB52() 371y
C(15) 3392(4) 4740¢1) 3043(2) 6O(1) (15 4563(4) 6976(3) 2615(2) 45(1)
C(iey 2540(3) 5043¢1) 384402} 56(1) C(16) 3482(4) 6889(3) 341402y 40(13
N¢L7) 2653(3) 4742(1) 4661(2) 49(1) N(1T) §557(3) 545142 3443(2) 34(1)
C(18; 4054y 3746(1) 2254(2) 75(1) CUs) Z749(5) 5687(4) 961(3) 552y
C(i9} 2719(4) 5725(1) 3844(3) T4(1) C(i9) 6447(5) 2268(4) 4266(3) 60(1)
Ceo 1465(3) 5505(1) T8ES(2) 300 CR20) 815D 4479(3) 5981(2) 38(1y
C21) 1637(3) F2THL 8845(2) 33(1) CR21 S685(4) 59113y 6637(2) 401}
C(22) 1365(4) 5622(1) 9641(2) 63(1) ©@22) 10733(4) 60353(4) T458(2) 43(1)
C(23} 818(4) 62201} 9456(3) 7001y <023 10898(4) 4720¢3) T646(2) 41
C{24) 666{4) 6467(1) 8498(3) TO(1) C(24) 10002(4) 3283(4) B6995(2) 49(1)
C(25) 936(3) 6115(1) 7712(2) 58(1 25 $950(4) 3145(% 5168(2) 451
C(26) 1728(3) S127(1) 69952) 54¢1) C(26) 16253 4349(3) S126(2) 40(1)
0T 1938(3) 5437(1) 6202(2) 69(1} @7 T491(3) 5661(3) S053(2) 531
Q28) 1717 4573¢1) 1082(1) 74(1) 028) 6822(3) 3089(3) 4511(2) 53¢1)
[s]1)] 2075(3) 4662(1) 9083(1) 60(1) N{29) 11924(4) 4869(4) 8475(2) 55D
C30y 374144 4475(1) 9027(2) 3D O30} 81234 1729¢3) S567(2) 80(1)
0O31) 4837(3) 4812(1) $840(2) 68(1)

C(32) 3957(5) 381a(1) 9229(3) 82¢2)

Lin ef af., 1978) have been studied in some detail. Fur-
ther reference to either of these compounds here cites
data from the more recent structure redetermination.
Crystals of both aspidn and PAS contain centrosym-
metzic dimers hydrogen bonded through their carboxylic
groups. In aspirin, the carbonyl group of the —COOH
function is anti-periplanar to the acetoxy group. For
aspirin complexed to sulfadimidine in E, the relationship
is  syn-periplanar  with the torsion angle
O(28)—C(26)—CRY—C(21) 16.7(4)° compared with
—178.8(1)° in uncomplexed aspirin. The acetoxy
groups in uncomplexed and complexed aspirin have a
high degree of planarity but conform differently. In
complex I, the acetoxy group is folded towards the car-
boxylic group with CQRO)—CEZ1I~029)—C{30)
67.2(3)°, while in free aspirin the corresponding torsion
angle is 85.2(2)°, i.e., a nearly perpendicular relation-

SEQ3IZ898A__ 1 >

ship between the phenyl ring and acetoxy group mean
planes in the latter case. This conformational difference
may be traced to participation by keto oxygen atom
0O@31) of I in a weak intermolecular hydrogen bond to
sulfadimidine, O@L® - -+ H{15)—C(15) (Table 8).
The corresponding O atom in uncomplexed aspirin is
not hydrogen bonded. Distances and angles for aspirin
in the two enviroaments are generally in excellent
agreement, the largest difference being that for
C(26)—0(28), which is 1.218(3) A in I and 1.239(2)
A in uncomplexed aspirin. Since the carboxylic acid
groups are engaged in different hydrogen bonding pat-
terns in the two cases, a difference of this magnitude is
not unexpected. Accurate parameters for protonated
aspirin hydrogen bonded to a molecule other than itself,
as in complex I, have not been reported previously.
Aspirin molecules included as guests in S-cyclodexirin
are probably present as carboxylate anions (Nishioka ef
al., 1984).
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Molecular complexes of sulfonamides 197

Table 4. Fractional atomic coordinates (X 10" for idealised H
atoms, x 10% for refined B atoms) and isotropic thermal parameters
(A% x 10° in Complexes I and IT with esd’s in parentheses -

Atom xla /b e Ui
Complex I
H(2) 1173 3119 5570 69(4)
HG) —3689 2757 4367 69(4)
H(5) -372 208t 2600 69(4)
H(6) 2139 2468 3771 69(4)
H{7Y) 3715 213 203(3) 132(11)
H(72) —474(5) 232(2) 277(3) 132(11)
H(1b 219(4) 404¢1) 398(2) 83(11) Fig. 1. Motecular structure of . C atoms are labeled with numerals
H(15) 3605 4968 2436 128(5) only. Dotted lines indicate hydrogen bonds.
H(181) 4221 4005 1679 128(5)
H(182) 3247 3407 2004 128(5)
H(183) 5235 31574 2617 128(5)
H(191) 3102 5888 3230 128(5)
H(192) 3477 5905 4474 128(5)
H(193) 1445 5835 3805 128(5)
H(22) 1426 5443 10338 104(5)
HE3) 569 6478 o022 104(5)
H(24) 316 6903 8373 104(5)
H(25) 297 §299 7021 104(5)
HEZD 2113 514(2) 565(3) 155017
H(32L) 5234 3687 932] 104(5)
H(322) 3225 3585 B636 104(5)
H(323) 3528 3709 9860 1043y
Complex [
H(Z) 1819 1363 2886 54(4} Fig. 2. Molecular structure of IL C atoms are labeled with sumerals
HEY) —1147 31 2447 $4(4) only. Dotted lines indicate hydrogen bonds.
H(S) ~268 —2254 —358 54(4)
H(6) 2693 —&879 64 S4(4y
H(T1) ~298(5) —-231(4) 13(3) 54¢4)
H(72 —323(5 -157¢4 LE4(3 5444
H((fil; 5 4954; 292§4§ 327§2; 43§9; ular O—H - - - O hydrogen bond locks the pheny? and
H(15) 4491 2003 2587 110(5) carboxy planes into near coplanarity. The least-squares
H(I8) 2865 6807 1068 HO(5) planes through these sets of atoms intersect at 1,5° in
H(182) 1516 5100 508 116¢6) PAS and 2.9(2)° in IE. Complexation with sulfadimi-
H(183) 3zl 5256 332 110¢6) dine thus has no remarkable effect on the dimensions or
H{191) 6230 9212 4171 H10(6) .
H(192) 7695 3380 4285 110(6) conformation of the PAS molecule.
H(193) 6063 §148 4507 110(6)
HED 9586 6871 6508 53(4) Hydrogen bonding and crystal packing
B(22) 11375 7103 7924 63(4)
H(24) 10118 2327 7124 63(4) Hydrogen bond data are listed in Table 8, One
H(27) 686(5) 557(4) 444(3) 63(4) objective in investigating the series of 1:1 complexes
gggg gg?g; %ég; gzzgg ggg; between sulfadimidine and variously substituted aro-
H(30) 7475) - 19204) 033) 6304) matic carboxylic acids was {0 seek possible correlations

between the N - - - O distances for the hydrogen bonds
N—H -+ Oand N -+ H~O and the acid pKa val-
ues. The former distance parameters may be taken as a
measure of the strength of molecular association between

Molecular dimensions for PAS in complex H arc
very similar to those in uncomplexed PAS. The only
noteworthy difference i in Ehe bond length
C(25)—0(30), which is 1.329(2) A in Il vs 1.361(2)

sulfadimidine and the carboxylic acid and might there-
fore be expected to depend on acid strength. Significant
variations in the distapces N(11) - - - O@28) and N(17)
v+ » O(27) do occur in this series. The respective ranges

A in uncomplexed PAS. In both cases, the intramolec- are 2,779(3)-2.841(4) A and 2.639(3)-2.724(4) A for

BNSDOGID: <XP _55032899A__| >

UMO00017120
NOVARTIS EXHIBIT 1517
Novartis v. Regents, IPR2023-01347
Page 3977 of 4460



BHNSDGCID: <XP.

‘Lable 5. Bond lengths (A ) with esd’s in parentheses for Complexes I and H

{a) Sulfadimidine I il {b) Acetylsaticyclic acid )
CeL -~ C(2) 1.382(4) [.387(4) Cm—C(26) 1.484(4)
C{—Li6y 1.382(4} 1.382(3 CRL—C22) 1.386(4)
C)—S@&) 1,742(2) 1.745(3} CEn—-029) 1.401(3)
23— C(3y P37 1.378(4 C(22)—C(233 1.3768¢3)
CE3y—~C(4)y 1.389(4) L33 C(23y—C24y 1.378(8}
Cedy—C{5) 1.385(4) 139244 C(24)—C{25) L377¢5)
Cedy—N(T) 1.377(4) 1.392(3) CL26) O 1.304(4)
CE5y—C6)y 1.374(3) 1.380(3) C(268)~0(28) 1.218(3)
R(B)— O £.436¢2) 1.437(3) 0029 —C30H 1.365(4)
SO 1.425(2) £.424(2) CRH—-03L 1.18%(4)
3(8)—N(1 D) 1.643(2) 1.62442y CAnH—CEY) 1.490(3)
NET D —C(12) 1.382(4) 1.397(4)
CU23—N(L3) 1.325(4 13194 (e} p-Aminosaticyclic acid {10
C23-NUTy 1.347(3} £.331(3)
N3 —C(14) 1.345(4) £.345(8) CEH—C@2Y 1.385(3)
C(14y—C(15) 1.389(3} £.373(3) C(0)—C25) 1.408(5)
C(14)—C(18) 1.494(4) 1.491¢6) C@RM—C(26) {.452(4)
C(15)—C(16) 1.373(4) 1.370(5) CREH~C2) [.376(4)
C{i6)—NLT) 1.341(4) E.351(4) C(22)—C(23) £.4Q0(5)
CLIe)—CUP) L5093 1.490(4) C3)y—C(34) 1.379(4)
C23)—N29} 1.366(4)
(&) Acetylsalicyclic acid [£3} C24)—C25) 1.379(5)
C(25)~~O(30} 1.329(3)
CRO-C21) L3914) C26) Q2N 1.307(5)
C(20)~C(25) 1.393(3) C26)—028) 1.236(3)
Table 6. Bond angles (") with esd's in parentheses for Comptenes [ and 11
(a} Bulfadimidine I i by Acetylsalicyclic acid [¢8]
C{6y—C{1y—8(8) §25.142) 118.3(3) CE—CRy-~C25) 117.7¢2)
CyC(H)—S(8) 119.4(2) 121.6(2) C(20) —C21y—QQ29%) 122.5(2)
CE23—C(1)—C(6) 119.5(2) 120. 1(4) CROH—CEH—CE) 121.9(2)
CH—CER—C3) 120.4(2} 119.7(3) C22)~C{21)y —~0R2% 115,602y
T —C(3) ~C{d) 120.2(2) 120.8(4) CE )~ CED—CE2ZDH 118.8(3)
T3 —C— N 120.8(3) F20.8(3) CE—CR—CE4S) 120.6(3)
COR—Cid— ) 118.9(2) 119103} C23) €24 —CRS) 120.2(23
CL5y—Cl4)—N(T} 120.3(2) 120.1(3) C20 —C25)—C24) 120.9(3)
Cedy—C3)—C46) 121.2(3) 120.4(3) C(20)—C(26)—O(28} 122.8(2)
C{1)—CB) —C{5) 119.8(2) 119.9¢3) CEO)-C(26) 027} 114.4(2)
CH—S8E N 106.6(1) 106.3(2) O@ET—C26) —O&8) 1227735
C{H—S8(B)—000) 109.2(1) 108.6(2) CRN—OR)—C30) 117.2(2)
C)—SB)— O 108.9(1) 109.3(2) G2~ CENH—C(32) 110.7¢3)
O —S{Ry— N1 1) O 110.7(2) Q29— CEH—03B1 122_8(3}
H—SE)—N(1 1) 102.9(1) 104.0(2) AEH—-CER—C(32) 126.5(3)
O~ 5(8)—0O(10) 118.6(1) 117.4(3)
SBY—MNI—C(12) 125.9(2) 125.3(2)
N D~—C(I2)—N(1H 11472 HA.8(%) (c) p-Aminosalicyclic acid I}
NCEH3—C(12)—N(13) 118.3(2) L18.6(3)
N3y —CU2)—NAD 127.1(3) 127.6(3) C25)—C203-- C26) 120.8(3)
12y N(13) = C(14) 116.1¢2) LES.4(3) C@ 1)~ CR0) —C(26) 121.3¢3)
N(13y~—C(14)—C(18) 116.8(2) 187.3(3) CEH—CRO)—CES5) 117.9(3)
N(13)—Ci4)—C(15) 121.0(2) 121.3(3) CRO—-CRn~CE2) 1220033
C(L5)—C(14)~C{18) 122.2() 121.4(3) CEDH—CED—CER3 119.7¢3)
CH)—CI5—C6) 118.6{2) 119.6(3) C(22)—C (23— N(29) 119.4(3)
CUSHY—C8Y-C(19) 122.0¢2) 123.6(3) C(22)—C23)—C(24) £19.2¢3
C{HS)—CUe)—NO1T) 21.1(2) $19.4(3} C24)—C23)— N(29) 121.4¢3)
N7y CUgy—C(19) 116.9(2) 117.0(3) C(23)—C(24)—C(25) 121.003)
T2~ NUT)—C(I6) £16.1(2) 116.7(3) CEO~CRS—C24) 120.2(3)
C24y~CEZ5— 030 118.1(3;
(B) Acetylsalicyctic acid I¢5) CR)—C(25)~ OG0} 121.6(3)
CR0)—C(26)—OR8) 122.8(3}
C23)— €20y C(26) 119.902) CERE—CREy— 27} 115.4(3)
CEH—C20—C26) 122.5(2) ORD—CEAB)—OEH 125.9(3)
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Table 7. Selected torsion angles (°) with esd's in parentheses for Complexes §

and JL

I 1
T CEy~C()—SE—N(EL) 104.2(2) 159.8(3)
7 CH—SB—MN(IDH—COD —64.7(33 ~§2.8(d)y
L2 S@ N1 H—C12y—N(13) —-5.9(4} 23.0(5)
CR1yCEO—CREe)— 027} -~ 164.5(3) —-3.0(5)
CEN—CEO—C26)—0(28) 16.7(4) 177.7(4)

€20}~ CQ 1) —0(29)—C(30) 67.2(3) -

CE—029H—CEH—00G0 4.0{(d} —

Table 8. Hydrogen bond data

D—-H - - A
D—H - - A D-HA)Y Do AR H - AL )
Complex
N(ID—H(ID - - - OR8) 0.88(3) 2.779(3) 1.91(3) £71(3)
QEN—HET + -+ NI 1.02(4) 2.724(4) 1.72(4) 169(4)
N(T~HT -~ O0Y 0.84¢4) 3.065(3) 2.40(3) 137(%)
C{S—H(15) - -« O 1.00(4) 3.276(4} 2.35(4) 154(3)
i ==1+4x05—y ~05+z7 (y=1-x1~31~z
Complex H
NOD-H(1L - - - 028) 0.87(4) 2.842(4 1.97(4) 179(3)
OEN—HET) - - NOTD 0.97(4) 2.664() 1.71¢4) 172¢4)
QGO —HEB - - O(28) 1.00(5) 2.603(5) 1.68(5) 153(4)
N(Ty—H(T2) - -+ Oy 0.79(%) 32774 2.51(4) 163¢4)
NE2OY—H291) - - - O(10)  D.79(3) 3.251¢4) 2.49(4) 160(4)

@B = -1+, 7z G =2 -x,l—y1l-z

seven complexes, with acid pKa values spanning the
range 2.89-6.97. When all the available data are con-
sidered, however, no systematic change in either of the
N - -+ O distances with pKa is found. It is concluded
that any subtle variations in N - - - O distance that may
arise from differences in acid strength are overshadowed
by the requirements of crysial packing. This was recently
confirmed by the finding (Caira, 1992) that in the 1:1
complex sulfadimidine-p-chlorobenzoic acid (space

group P2,/c, Z = 8), the crystallographically indepen-
dent but chemically eguivalent N - - - O distances in
the N—H -+ + O hydrogen bonds differ by as much as
Bo, compared with a difference of 12¢ for the observed
distance range quoted above.

Figures 3 and 4 are stercoscopic views illustrating
the molecular packing in § and H. For clarity, the
hydrogen bonds indicated include only the N—¥# - - -
Oand N - - + H~O bonds referred to above, the C—H

Fig. 3. Swereoview of the molecular packing and principal hydrogen boads
in .
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Caira

Fig. 4. Sterecview of the molecular packing and principal hydrogen bonds in 11

-+« O bond which stabilizes the conformation of the
acetoxy group of aspirin in I, and the intramolecular
O~H -« -+ O bond of PAS in TL. There are additional
weaker intermolecular N—H + + - O {(sulfonyi) hydro-
gen bonds involving the — NH, functions in both com-
plexes (Table 8).
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Molecular complexes of sulfonamides. 3. Structure of
S5-methoxysulfadiazine (Form II) and its 1:1 complex with
acetylsalicylic acid

Mino R. Caira™®

Received August 1], 1994

The X-ray structure of the biologically most active polymorph (Form If) of 5-methoxysulfadiazine
(1) and that of the 1 : | complex between this sulfonamide and acetylsalicylic acid (2) are reported.
The polymorph 1 is monoclinic, space group P2,/¢ with 2 = 13.086()A . b = 5584 DA, ¢
i7.222(3)£x . B = 99.98(1)°, Z = 4 and occurs as centrosymmetric hydrogen honded (N—H- - - Ny
dimers in the crystal. This arrangement differs from that observed in other polymorphs of the
diug. Comptex 2 is triclinic. Pl.a 802(1)A . b = 12.033(DA. ¢ 12,170 A, «
1LL6T(H°, 8 = 93.7H1)°, v = 103.82(1)°, Z = 2. Complexation involves linear intermolecular
hydrogen bonds, N—H- - -O==C and N- - -O—H, between the amide group and pyrimidinyl N
atom of the sulfonamide and the carboxylic group of the acetylsalicylic acid. On complexation to

form 2, neither molecular component undergoes any major structural change.

KEY WORDS: Key Words: Molecular complexes, sulfonamides, acetylsaticylic acid,

Introduction

In earlier parts of this series we described the struc-
tures of 1: I complexes between sulfadimidine {4-amino-
N-(4,6-dimethy!-2-pyrimidinyl)benzenesulfonamide]
and various aromatic carboxylic acid derivatives includ-
ing 2- and 4-aminobenzoic acids,' 4-aminosalicylic acid
(p-aminosalicylic acid or PAS) and acetylsalicylic acid
(aspirin).” These studies have been extended to an in-
vestigation of the complexing behaviour of the related
drug 5-methoxysulfadiazine {4-amino-N-(5-methoxy-2-
pyrimidinyl)benzeneulfonamide] (hereinafter SMD).
Only one molecular complex containing SMD has been
structurally characterized.® Various aspects of the poly-
morphism of this drug have also been reported during
the last 25 years, including the identification of various
polymorphs,*” their interconversion,® and the X-ray
crystal structures of two polymorphs designated Forms
1 and I11."°

Reaction between SMD and aspirin producesa 1: 1

") Department of Chemistry, University of Cape Town, Rondebosch
7700, South Africa.

695

molecular complex, analogous to that formed between
sulfadimidine and aspirin. However, in our attempt to_
obtain a complex between SMD and PAS, large single
crystals of a polymorph of SMD were obtained instead.
We identified these as Form II, the biologically most
active form of the sulfonamide,” which when prepared
by the usual method involving recrystallization from
ethanol by rapid cooling to ~12°C, is obtained as small
particles with little or no geometrical form.® This prob-
ably accounts for the fact that the crystal structure of
this important polymorphic species has not hitherto been
determined.

We report here the crystal structures of (1) SMD
Form Il and (2) the 1:1 complex between SMD and
aspirin. The results allow several useful comparisons:
the conformation and hydrogen bonding scheme for
SMD in Form II with corresponding features in Forms
I and Iil, the conformations of uncomplexed SMD and
SMD complexed with aspirin, and finally the structures
of the SMD-aspirin complex and its sulfadimidine ana-
log. A possible reason for the crystallization of SMD
Form [I during the attempted preparation of a SMD-
PAS complex is also discussed.

$074-1 542494/ 5000-0695307.00/0 @ 1994 Plenum Publishing Corponation
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Experimental

Crystal preparation

SMD was purchased from Aldrich-Chemie, Stein-
heim. X-ray powder diffraction analysis of the unground
material matched the published pattern for Form 1.5 A
solution containing 0.05 g of SMD in 6 cm® CH,CN
was mixed with a solution containing 0.027 g PAS in 2
¢ CHLCN and the mixture heated to 323K with stir-
ring for 10 min. On evaporation, the residue consisted
of unreacted PAS and several large columnar crystals.
The latter were tentatively identified as SMD Form [
from the resemblance between the unit cell data ob-
tained photographically with those reported in the lit-
erature.” Confirmation of this assignment was obtained
after the single crystal X-ray analysis had been per-
formed, by calculating the XRI) pattern and finding that
it corresponded with that published for Form 11.% A so-
lution made by mixing 0.05 g SMD in 6 cm® CH,CN
and 0.032 g aspirin in 1.5 cm® CH,CN and heating to
323K with stirring for ten minutes yielded, after slow
evaporation, yellow prismatic crystals of (2) the 1:1
SMD-aspirin complex. Preliminary unit cell data for 2
differed from those reported for the starting materials,
confirming that a compound had been formed. The 1:1
complex stoichiometry was confirmed by singte crystal
X-ray analysis.

Single crystal X-ray analyses

Analogous procedures were used for the crystal
structure determinations. Preliminary unit cell dimen-
sions and space group data were obtained from preces-
sion photographs. Intensity data were collected on an
Enraf-Nonius CAD4 diffractometer with MoKa-radia-
tion (A = 0.71069 A). Accurate cell parameters were
determined by the least-squares analysis of accurate set-
ting angles in the @-range 16-17°. Reflections in the
f-range 1-25° were collected by the w-28 scan mode
using a variable scan speed depending on [ and o{J)
with a maximum time of 40 s per reflection. A variable
scan width « of {0.85 + 0.35 tan )° and a variable
aperture width of (1.12 + 1.05 tan #) mm were used.
Intensity control was performed every hour and orien-
tation control every 200 measured reflections. Both data
sets were corrected for Lp-effects and for absorption'
using the program EAC of the Enraf-Nonius Structure
Determination Package.'” Data-collection parameters
and details of structure refirements are listed in Table
1. Intensity statistics indicated that PT is the correct
space group for the complex 2. The structures were
solved by direct methods using program SHELX86'® and

Caira

Tabie 1. Crysw! data. details of data-coliection and refinement

1 2
Formula € H N, 058 C1H | 3NO,8-CoHyO,
MJ/g mol™! 280.3 460.5
alA 13.086(2) 8.102(1)
biA 5.583(1) 12.033(1)
clA 17.222(3) 12.170(2)
el ® 90.0 L6
B8 99.98(1) 93.77(1
¥i° 90.0 193.82(1)
Wi A 1239.2¢4) 1055.0(3)
Z 4 2
Space group P2/ Pi
w{MoKayem™ 2.59 1.94
F{O00) 584 480
Dfgem™ 1.502 1.450
Crystal size/mm 0.28 x 0.34 x 0.41 0.28 x 0.34 x 0.34
Index range -~ 15,15, 0, 6: 0, -9, 9; ~14, 14; 0,
20 14

Standard intensity

variation/ % +{.5 +1.4
Absortpion correction

factor range 0.9899, 1.0000 0.9934, 0.9992
Reflections measured 2519 3896
Unique reflections 2064 3391
R, 0.015 0.033
Observed reflections,

I > 2a(l} 1905 2971
L. § variables 188 318
Mean shift/error 0.0t 0.01
Weighting scheme [ F ! e F1!
R 0.041 0.037
R, 0.041 0.038
S 3.9i8 2.764
Final Apfe A ™%, min,

max 0.4, 0.27 -0.34, 0.20

refined by full-matrix least-squares using SHELX76'
and minimizing Ew(|F,| —~ 1kF.])?. All H atoms were
located in difference Fourier maps. Those attached 10 O
or N atoms were allowed to refine freely while the rest
were added in idealized positions with C—H 1.00 A,
Anisotropic thermal parameters were employed for
non-H atoms and common variable U, values were as-
signed to H atoms in different chemical groups. The lat-
ter refined in the ranges 0.046-0.090 A2 and 0.054-
0.103 A? for 1 and 2, respectively. Complex neutral
atomic scattering factors'” were used. Program PARST'®
was used for geometrical calculations and PLUTO'? for
molecular drawings. Fractional atomic coordinates and
equivalent isotropic thermal parameters (U, = (1/
IHLE, (Jgaf aj*a,-'aj} for nonhydrogen atomns are listed
in Tables 2 and 3. Hydrogen atom positions, U; values,
torsion angles and structure factor tables have been sub-
mitted to this journal.
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Table 2. Fractional atomic coordinates ( X 1Y, % 10" for §) and TFable 3. Continued
equivalent isotropic thermal parameters (A x 109 with esd’s in
parentheses for I Atom sl b e Uy
Atom xla yib /e Uy C(8y 37793 9253(2) 6664(2) 49¢1)
C 4702(3) 104682} TITHLY A2(1)
S(1y 2884905 15494013} 53683¢4) CRE{}] [ gin)) 5761(3) 10652(2) B398(23 39(1)
O(i) 2TI% -~ 309(4) 5956¢1) 414D C(11) 5323(4) 12623(2) 7795(3} 65(1)
002y 2815(1) 3961(4) S61811) 42¢1) C{i2) 9642(3) N 11990(2) 39(1y
013 —92%¢2) T023¢5) 282%(2) L) C(13; 981043 884442} 12460(2) 42(1)
N{h 1366(2) 1251(3) 4966(1) 3B(1) C(14) 10914¢3) G843y 1351002y 341
Ni2) 1266(2) 4468(5) 40871} 451 C(15) 11906(3) 10401(3) 14102(2) 60(1)
N(» ~230(2) 2321(4) 4293{1} sl 16y 11796(3) HI278(2) 13653(2) 52(1)
Ni4y 5198(2) —813(5) 2097(2) 43(1) COFy 10668(3) 10944(2) 12607(2) 46(1)
Ci 3314(2) 862(5) 4639¢(1) 29D Ct18) 840043} 9374(2) 10887(2) 4101
<@ 31822 = 1305(5) 4242(2) 35¢1y C(19) 9230¢3) 6832(2) 10946(2) 46{1)
R IR0 -~ | 851(5}) 3695¢2) 36(1) C20)y 7886(3) 5605(2) 10391(3) 58(1)
Ciay 4582y =293(5) A359¢1) EXT83]
C{5)y 4718(2) 1858(5) 3970(2) a5(1)
C{6) 4086(2) 244 1¢5) 450602 33
C{h TR3(2) 2775¢5) 4425(2)° 3y i
8y 655(2) S834(6) 3570(2) 56(1) Table 4. Bond lengths { A} with esd’s in parentheses
C{9 - 401{2) 3520(6) 3380(2) 48(1)
folsTh) —~820¢2) 3714(6) 3759(2) 421 1 2
cay - 1984¢2) 6628(8) 257N 63(1)
St~ O} 1.439¢2) 1.435(3)
S(H 02 1.4302) §.437(3)
Sghy-N(h 163402y 164H(Q)
. . S{E—C(h 1.746(2) 1.741(2)
Results and discussion ot~ 1.362(4) 1.349(4)
GH—CIE) 1.393(4) $.424(3)
Bond lengths and bond angles for 1 and 2 are listed N(1)—=C(7) 1.388(4) 1.392(4})
in Tables 4 and 5; hydrogen bond data appear in Table N2y C(Ty 1.3264) 1.325(3)
6 N{23— Ct8) £.329{4) 1.327(4)
i NG —C(T 1.330(4) £.327(3)
N3y C{10) £.342(4) 1.342(4)
N(4)—Ci4) 1.394(4) 1.372(%)
C1)—C(2) 1.386(4) 1.3834)~
Table 3. Fractional atomic goordinates ¢ % 10%) and equivalent - Cib) 1.389(4) £.IB3)
isotropic thermal parameters (A x 10%) with esd’s in parentheses 2y~ Ci3) {381(5) 13733
for 2 C33—Cidy 1.390(4) 1.395(3)
Cid)~C{$) 1.390(4) 13904
Atom xta viE ele Uy C(5)~C(6) 1.38145) 1.367(3)
C(8Y—C{H 1.375(4) 1373
S(h 4639¢1) - 6i52(1) 73831 41 CO—CI0) 1.367(5) 1.382(4)
Qi 5298(2) 5604(1) BLIT(D S58(1)
QL2 5398(2} G082(2) 6334(2) S4(1)
O3} 4496(2) 11363(2) T004() 83(1) .
014 7540(2) 8323(1) 10275(2) 60(1) Acetylsalicylic acid molety in 2
OL5) 8275(2) 10339(2) 10656(2) S} O(4)—C{B) }.206(2)
O6) 8§774¢2) T613(h) 11933(1) 46(1) OIS~ R 1.316(4)
[81)] 10542¢2) Ti35(2) {0606¢2) 6%(1) 06y —C(13) 1.394(2)
N(1) 4967¢2) 7608(2) 831142) 40(1) (e —C(19) 1.365(3)
N2y 3853(2) 82922} GR36(2) 42(1} on— U 1.191(3)
N(3) 5859¢2) 96942} 8688(2) 36(1) CUD—~C{L3) 1.392(4)
N¢d) —2830(%) 3783(2) 5784(2) 35¢1) CU2~CUD 1.399(3)
C(y 2413(3) 5522(2) 6949(2) 37 C—C) 1.484(3)
C(2) 1249(3) 5968(2) 7648(2) 43(1) C133—C(14) 1.374(3)
C3) ~485(3) 5384(2) 7267(2) 47(1) C(14)—C(15) 1.376(4)
Cid)y — 1096(3) 4349(2) 618142) 41D C{I5)~CU16) 1.373(5)
C(3) 99(3) 3893(2) 3508(2) 44(1) CLi6)~—Cin 1.382(3)
Ci6) 1826(3) 447H2) SB78(2) 43 Cl19)—C20) 1.490(3)
Ch 4886(3) 8368(2) 7950(2) 34(1)
BNSDOCID: <XP______ _55032900A__t >
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Table 5. Bond angles () with esd's in parentheses

Caira

1 2 |4 2
N(~S{1—C(1) 106.7(1) 106.3(1) O(3)—C(M—C(8) 117.1(3) 117.6(2)
O2—S(H—Ch) I08. 1) 108.6(1) CBY~CH—C(D 116.8¢3) H16.4(2)
O2)—S(H—N) FEE3(D 110.802) O3~ CEH—Cd 126.2¢3) 126, 1(2)
O(D~—8(1)~—C(1) 109.4(1) 110.5¢1) N3 —C(10}~C(9) 121.6¢3) 121.3(2)
Q(—8(1)—N() 1H2.5(1) 103.4(1)
O(1)~5(1)-0@2) 1n8.ah H6.7(1) Acetylsalicylic acid moiety in 2
CO—0E)— (1) 118.7(3) 117.142)
SN —C( 127.2(2) 124.1(2) CH—OH —C(IN 117.1¢2)
C{N N2}~ C(8) 115.2(M 115.7(2) CN—C12y—Cii8) 120.1(2)
ATy~ NE@—-C(M [16.4(% 117.642) C(13y~C12)—C{18) 122.1(2}
S(H—CH—C(6) F18.9(2) 116.8(2) CN—-CU~CUND 117.8(2)
S(H—CH—C@ 120.6¢2) 123,10 oG —CUN—CHiy 121.3(2)
C2y—CHy—C(6) 120.3( 119.9¢2) CAN-~CUZ)~C(14) 121.4(3)
C(H—C2)—C(3) 119.5¢3) 119.6(2) OB —CU—C(14) 1.3
C2)—C(H)—Cé) 120.8(3} 126.142) CUNH—CL4)—CUS) 119.7(3)
N¢dy—C(d)y—C(3) 121,142y 121.242) Cad)y - CLisi—C(16) 120.4(2)
C(3y—C(4)—C(5) 119,32y 118.4(2) Ci15y—CU16)—C{IN 120.0)
Nig)y—Ctd)y—C(5 119.6(2) 120.5(2) CH2—CUN—CL6) 120.6(2)
C)y—C(5)—C(6) 120.3(3} [20.712) O —CUH—C(12) 113.6(2)
C1)—CBy—C(5) 119.8¢3) 120.2¢2) O~ C{18y—C(12) 123.8(2)
N2)y—C(MH— N 126.7(3) 126.3(3) OEd)—C8)—O(5) 122.6(2)
N~ C(T)~N(3) 114.4(3) 115.2() O6)—CUNH—ON 122.3¢2)
N(H—C(7)—~N(2) 118.9(3) 118.5(2) O~ CO8) -~ L(20) 126.9(3)
NE2)—C(E3)—CH) 123.3(3) 123.4(2) O~ C(193~C20 110.9(2)

Table 6. Hydrogen bond data with ¢sd's in parentheses

D—H --A D—H(A) D---AlA) H- - -A(A) D—H- - -A(%)

Compound 1

N{1~H(1): - -N@3Y 0.86(3) 2.911¢4) 2.05(3) 176(3)

N —H(d1)- - "N 0.85(4) 3.269¢4) 2.48¢4) 156(3)

N(4)—H{42)- - -O(1Y* 0.92(3) 3.061{3) 2.22(3) 152¢3)

) =~z =y b=z ()= ox 124y 2~z (=1 —x =y |-z
Compound 2

O5)—HG -+ -N3) 0.86(3) 2.730(3) 1L87(3) 178(3)

NU—H(D- - - 0@ 0.9242) 2.787(3) 1.87(2) 178(2)

M)~ HE 1) - -0y 0.91(3) 3.290(4) 2.48(3) 149(2)

N{d)—H@42) - -O(2)* 0.88(3) 3.281(4) 2.72(3) 123(2)

N{4)—H(42)- - -NQY" 0.88(3) 3.230(3) 2.38(2) 162(3)

(i) = ~1 +x, ¥ 2 (iiy = —x, 1 —y, { -2

Polymorphism of SMD

The nomenclature used here to designate different
polymorphs of SMD is that of Bettinett ¢7 al.® The mo-
lecular conformation adopted in 1 (SMD Form [I) is
shown in Fig. 1. Bond lengths and bond angles for 1

BNSDOCID: <XP,

55032900A__1 >

(Tables 4 and 5} are generally in excellent agreement
with those reported for SMD Forms I and H1.'° The
overall conformation of 1 is described by the torsion
angles 7, CE)—C(H~—S()—N(1) 130.12Q)°, 7
C(H—S(Ly—N(H)—C(7Ty — T73.51H°, and
S(H—N(LD—C(7)—N{(2) 11.6(4)°, which differ signif-
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Molecular complexes of sulfonamides

Fig. 1. Conformation of the SMD molecule in 1, {SMD Form 1I),

icantly from those observed in the other known poly-
morphs of SMD. This is due to the different hydrogen
bonding arrangements occurring in Forms I, 11, and 1.
In each polymorph, SMD forms dimeric hydrogen
bonded motifs (non-centrosymmetric in Form i, centro-
symmetric in Forms Il and [H}. These motifs, shown
schematically in Fig. 2, involve different combinations
of N—H:* - ‘O and N—H- - - N hydrogen bonds. It has
long been recognized that the tendency for sulfonamides
to form polymorphs is due to the variety of hydrogen
bonding possibilities afforded by the presence of the sul-
fonyl (S=0), amide (N —H) and pyrimidinyl (N) func-
tions.'®'? The SMD dimer reported here for 1 contains
two identical N—H- - - N hydrogen bonds and also oc-
curs in three solvates of SMD.%° The crystal packing in
1 is shown in Fig. 3. A distinctive feature for this poly-
morph is the formation of a hydrogen bond
N{(4)—H- - -N(4') which links the amino groups of
screw-related molecules. Repetition of this interaction
by the 2,-axis (parallel to the short unit cell b-axis) gen-
erates an infinite chain (- - *N—H' - N—H- -} in
which each N atom is both hydrogen bond donor and
acceptor. There is significant pyramidization at N(4) as
a resuft of this interaction (Fig. 1).

We have confirmed by X-ray powder diffractome-
try that the raw material used in our experiments is SMD
Form I. We have also noted that when this form is re-
crystallized from acetonitrile, the same form results.
However, in attempting to prepare a complex between
SMD and PAS in acetomitrile, no complexation oc-
curred and the vnreacted SMD consisted of Form I,
whose structure is described above. These observations
do not explain the failure of SMD and PAS to complex
under the conditions described, but it can be inferred
that the presence of PAS induces crystallization of SMD
Form 11 rather than Form 1. A possible ¢xplanation is
that the growth of nuclei of Form I are inhibited by pref-

BNSDOCID: <XP, 55032900A__1 >
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Fig. 2. Hydrogen bonded dimers in SMD polymorphs. Yop: Form
' Middie: Form II {present study), Bottom: Form 1l

x iy

Fig. 3. {010] projection of the structure of 1 showing prin&ipai by
drogen bonds {(dashed lines).
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erential surface adsorption of PAS, thus favoring the
crystallization of a different polymorph. Further exper-
iments are necessary to confirm this hypothesis. Such a
mechanism is likely, however, since Ebian et al.,® who
studied the effect of additives on the interconversion of
SMD crystal forms, have shown that molecules which
are structurally related to SMD (e.g.. p-aminobenzoic
acid) retard the transformation of Form I1 to Form III in
aqueous suspension by their ability to fit onto growing
sites on nuclei of Form ITI. Attempts are being made to
obtain a complex between SMD and PAS using differemt
conditions from those described above.

Structure of the complex 2

The structure of complex 2 is shown in Fig. 4. The
carboxylic acid group of the aspirin molecule engages
in complementary hydrogen bonding with the SMD
amide group and pyrimidinyl N atom. This mode of
complexation is identical to that previously reported for
complexes of the related drug sulfadimidine with sub-
stituted aramatic acids, and in particular, with acetyl-
salicylic acid.” There are no significant changes in bond
lengths and bond angles in SMD upon complexation
(Tables 4 and 5). The torsion angles for SMD (defined
above} in the complex are 7, 157.9(2)°, v» — 78.4(2)",
and 7, 28.9(3)°. Molecular parameters for the aspirin
molecule are identical to those for aspirin in its 1:1
complex with sulfadimidine’ and the carbonyl group of
the —COOH function is again syn-planar to the acetoxy
group. The intramolecular N—H: - -Oand N - ‘H~0O
hydrogen bonds in 2 are identical in length to those in
the sulfadimidine complex but are more linear in 2. Ta-
ble 6 lists these and other hydrogen bond data for 2.

Fig. 4. Structure of the complex 2.

Caira

Complexation by solid-solid reaction

Thus far, all of the 1:1 sulfonamide-aromatic car-
boxylic acid complexes reported in this series have been
recovered from reactions occurring in solution, using
either acetonitrile or ethanol as common solvent for the
reacting components. However, we have recently ob-
tained evidence for complex formation on co-grinding
the solid reactants in a 1:1 molar ratio. These results
will be published shortly.

Appendix

Hydrogen atom positions, anisotropic thermal pa-
rameters, torsion angles and structure factor tables for:
1 5-methoxysulfadiazine (polymorphic Form 1I) and 2
1:1 complex between 5-methoxysulfadiazine and ace-
tylsalicylic acid.
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Selective Crystal Growth of the Anhydrous and Monohydrate Forms of
Theophylline on Self-Assembled Monolayers
Jason R. Cox, Marta Dabros, Jeanne A. Shaffer, and Venkar R. Thalladi*

Polymorphs and soivates of pharmaceuticals frequently
exhibit differences in physicochemical properties such as
bioavailability, cormminution, and sheilf iife. The control of
polymorphism® and psevdopolymorphism® is, therefore,
critical to pharmaceutical formuiation and distribution.
Classical methods for the screening and selective growth of
polymorphs or pseadopolymorphs involve altering conditions
such as the solvent, temperature, and rate of evaporation.”
Crystallization, however, is often mediated by heterogeneous
nucleation, which can occur on the surfaces of dust particles,
glass vials, or other foreign templates.”! It has long been heid
that crystal growth can be influenced by the structure of the
macleating surface.”) Accordingly, Langmuir monolayers,®
thiol self-assembled monolayers (S&Ms)! silane monolay-
ers™ single-crystal substrates?!! and polymer particles!™
have been used in the growth of organic and inorganic
crystals”™ Herein, we report the effect of the hydrogen-
bonding ability of thiol SAMs on the crystal growth of the
anhydrons and monohydrate forms of theophylline,' a drug
widely used as a bronchodiiator in asthma therapy. We show
that the disparity in the number of hydrogen-bend donors and
acceptors in theophylline and the geometric complementarity
at the growth interface are critical to the observed selectivity
in the crystal growth.

The monohydrate (space group P2y/n) and anhydrous
(space group Pra2;) forms of theophylline crystallize con-
comitantly’™ from ethanol at 70% relative humidity.?
Figures 1 and 2 show the calculated and experimental mor-
phologies of the two forms. The thiol SAMs used i this work
were fabricated on gold-coated glass slides by immersing the
slides in ethanol solutions of w-functionalized alkanethiols."”
Hydrophobic SAMs were made from i-dodecanethiol (1) and
1-hexadecanethiol (2), and hydrophiic SAMs from 11-
mercaptoundecanol (3), 1l-mercaptoundecanoic acid (4),
and 16-mercaptohexadecanoic acid (5).

Crystallizations were carried out in ethanol solution at
20°C and approximately 70 % relative humidity.') A nearly

[¥] i. R. Cox, M. Dabros, ). A. Shaffer, Prof. V. R. Thaliadi

Department of Chemistry and Biochemistry
Worcester Polytechnic Institute
Worcester, MA 01609 (LUSA)
Fax: (+ 1) 508-831-5933
E-mail: thalladi@wpi.edu

§§§3 Suppuorting information for this article {characterization of the SAMs
by cortact-angle goniometry, ellipsometry, grazing-angte IR spec-
troscopy, and cyclic voltammetry; characterization of the crystalline
forms of theophylline by ATR-IR spectroscopy, thermal methods
(DSC and TGA), and powder X-ray diffraction; structural and epitaxial
analysis} is available on the WWW under http://www.angewandte.
org or from the author.

Figure 1. a} The chemical structure of theophylline. Morphologies of
b) the anhydrous farm and ¢} the monohydrate form of theophyliine
calculated using the Sravais-Friedel-Donnay—Harker (BFDH) theory
Symmetry-independent faces are labaled,

saturated ethanol solution of theophylline was heated at 60°C
for 30 min to ensure complete dissolution. After cooling, the
solution was transferred to vials containing SAM substrates
and allowed to evaporate fo yield crystals. Al the experi-
ments were performed at least five times, and the results from
the repeated trials were qualitatively similar.

Substrates bearing hydrophilic SAM-3, SAM-4, or SAM-S
selectively nucleated the anhydrous form of theophyliline,
Figure 2a shows the crystal growth on carboxy-terminated

Figure 2. Optical micrographs showing a) the selective growth of the
anhydrous form of theophyliine on carboxy-terminated SAM-4, and
b) the growth of the monohydrate form on methyl-terminated SAM-2.

SAM-4. We found that crystals of the monohydrate form of
theophylline grew on the inner surfaces of the glass vial
containing SAM-4. Similar results were obtained with SAM-3
and SAM-5. In the case of SAM-1 and SAM-Z, crystals of the
monchydrate grew on the SAMs, as well as on the surfaces of
the glass vials. We note that the conditions under which the
crystal-growth experiments were performed were indistin-
guishable, save for the differences in the SAMs. These results
suggest that SAMs with exposed hydrogen-bonding fanc-
tional groups act as templates for the selective growth of
anhydrous theophylline. In the absence of a SAM, under
stmilar conditions, the crystallizations yielded both the
monohydrate and the anhydrous forms, with the monohy-
drate being the predominant form.

1988 © 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. zooy, 46, 1988 ~1991
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Noting the influence of hydroxy and carboxy groups on

Ang

anhydrous menehydrate
the crystal growth, we evaluated the hydrogen-bonding 1 calcutated saiculated
characteristics of theophylliine in both crystailine forms. I )
Theophylline has two acidic hydrogen-bond donors (the A__L
imidazole NH and =CH groups) and three acceptors (the two- _.L__“_ﬁ.ﬂa,._,___,,«_u}u‘i.,l,;.w_. A J L, 115..;:.}' \rs
coordinate imidazole nitrogen atom and the two carbonyl a anhydious monohydrate
oxygen atoms). Given that each carbony! oxygen atom can act & g experimental experimental
as an accepior to two hydrogen bonds, there is a shortage of ? I growe an SAM-G grown on SAM-2
donors in the theophylline molecule. In the anbydrous ! J g1 2 U | 4
crystalline form, the two donors interact with two acceptors, D e WL Mt Pt

forming hydrogen-bonded bilavers (Figure 3). These bilayers

né}

Figure 3. The crystai structure of the anhydrous form of theaphyiline.
a) The hydrogen bonds around a single moiecule; the red and blue
arrows indicate two distinct hydrogen bonds. b} A malecular bilayer
parallel to the be plane; C gray, 4 yellow, N blue, O red; the green
dotted lines indicate hydrogen bonds. Note the presence of exposed
non-hydrogen-bonded carbonyl groups at the (200} plane.

are parallel to bc plane and expose the third acceptor at (200},
Figure 1 b shows that the {200} faces are among the fargest on
the crystals, and Figure 2a shows that the crystals lie on the
{200} faces on the SAM substrates. We surmised that hydro-
gen-bond donors, such as hydroxy and carboxy groups on
SAMSs, interact with the carbonyl acceptors exposed at the
{200} faces of the crystal nuclei. These interactions lower the
aucleation barrier and promote the selective crystallization of
the anhydrous form, though it is thermodynamically less
stable than the monohydrate form under the experimental
conditions."® Powder X-ray diffraction analysis of the crystals
showed that the intensities of the (200) and related higher
index reflections are increased compared to those of other
reflections (Figure 4), indicating that SAM-3, SAM-4, and
SAM-5 nucleated the {200} faces of the anhydrous form.

To test whether the geometry (that is, the two-dimensional
periodic structure) of the SAMSs played any role in the
observed selectivity in the crystal growth, we performed
erystallizations of theophylline (under similar experimental
conditions) using glass slides with exposed hydroxy groups.’”)
Untike hydrogea-bonding SAM-3, SAM-4, and SAM-5, the
hydrophilic glass slides consistently yielded a concomitant
mixture of the anhydrous and monohydrate crystalline forms.
The hydroxy groups on the glass slides promoted the growth
of the anhydrous form, but not as exclusively as SAM-3,
SAM-4, and SAM-5. These resuits show that the geometry of
the thiol SAMs enhances the selective growth of anhydrous
form of theophylline.

We evalnated the geometric complementarity between
the SAMs and the orystal faces of both crystalline forms of
theophyliine using the lattice-matching program EpiCale

Angew. Chers. Int. Ed. 2007, 46, 1988 —1gx

@ 2007 Wiley-VCH Verdag Grb# & Co, KGaA, Weinheim
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Figure 4. Top: powder X-ray diffraction patterns of the anhydrous (left)
and monohydrate (right) forms of theophylline calculated from their
crystal structures.® Boltam: experimental powder X-ray diffraction
patterns of the anhydrous form grown on SAM-3 (left) and the
manochydrate form grown on SAM-2 {right). Note the differences in the
relative intensities of various peaks, particularly those labeled, in the
calculated and experimental patterns of the anhydrous form.

All the SAMs used herein have the same two-dimensional
lattice (&, =a,=4.97 A and a = 120°).%1 The program deter-
mines the lattice registry by rotating an overlayer lattice (b,
bs, B) on a substrate lattice (a,, @,, &) through a series of
azimuthal angles (&; see the Supporting Information, Fig-
ure $7). For each azimuthal angle, the program calculates a
dimensionless potential (V/V,}, whose value depends on the
type of epitaxy between the two lattices {Table §2). Analysis
of the results shows that the {200}, {201}, {111}, and {011} faces
of the anhydrous form, and only the {011} and {101} faces of
the monohydrate form exhibit ideal coincident epitaxy; other
faces deviate from the ideal value of V/V, = 0.50 (Table 83 in
the Supporting Information). Of all the faces that show the
ideal VIV, value, the {200} faces of the anhydrous form have
the smallest supercell area; that is, these faces exhibit the best
epitaxial match with the SAM substrates.

Unlike ip the anhydrous form, all the donors and accept-
ors in the monohydrate form of theophylline are involved in
hydrogen bonding. The water molecule provides the missing
hydrogen-bond donors; that is, there is no shortage of donors
within the crystal structure of the monohydrate. In terms of
geometric epitaxy, the [101} faces displayed the smallest
supercell area (Table 83). Figure 5 shows that the molecules
are arranged in a corrugated pattern at the (101) plane, such
that =CH and CH, groups are exposed. Hydrogen-bond
acceptors are not eastly accessible at this plane; that is, the
{101} faces are less likely to be nucleated by hydrogen-
bonding SAM-3, SAM-4, and SAM-5. Further analysis
showed that all the growth faces in the monohydrate display
structural features (corragated packing or inaccessible
donors, Figure 89) that are not conducive to template-
induced nucleation by the hydrophilic SAMs. The exclusive
growth of the monochydrate form on hydrophobic SAM-1 and
SAM-2 is difficuit to rationalize. As noted above, the (101)
and other planes expose =CH and CH, groups, which can
interact favorably with CH,-terminated SAMSs. In addition,
the growth of the anhydrous form is probably hampered in the
presence of hydrophobic SAMs, leading to the enhanced
growth of the monohydrate form. Powder X-ray diffraction

www.angewandie.org
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Figure 5. The crystal struciure of the meonohydrate form of theophyl
line.' a} The hydrogen bords around a single molecule; the red,
yellow, and blue arrows indicate three distinct hydrogen bonds, Note
that all potential donors and acceptors parkicipate in hydrogen bond-
ing. b} The corrugated packing of the maolecules; C gray, H yetlow,

N blue, O red; the green dotted lines indicate hydrogen bonds. Note
the absence of exposed acceptors at the (101) interface. One of the
hydrogen atoms of the water molecule is disordered.

analysis showed that the relative intensities of the exper-
imental and calculated (with no preferred orientation of
crystals) patterns are similar in the case of the monohydrate
(Figure 4). This observation indicates that face-selective
crystal growth does not occur in the case of the monohydrate.
In other words, all faces of the crystals of the monohydrate
form exhibit similar growth rates on hydrophobic surfaces.

We showed that hydrogen-bonding SAMs act as templates
for the selective growth of the thermodynamically less stable
anhydrous form of theophylline. We believe that several
propertics inhereat to the anhydrous form led to this
selectivity: an imbalance in the numbers of hydrogen-bond
donors and acceptors, a layered arrangement of molecules
that exposes the excess acceptors at the largest growing faces,
and a serendipitous coincident epitaxy with the hydrophilic
SAMSs. Polymorph selection by surface templates is currently
in the discovery phase. We hope that our work and the recent
work by others will enable future research in this area to enter
the design phase, where templates can be created for the
growth of a desired polymorph, We discovered a previously
unidentified or unnocted problem in the surface-induced
crystallization of polymorphs: the growth of unwanted
polymorphs on adventitious templates. Crystallizations are
typically performed in a container, and the surface of the
container is always a potential nucleation site for polymorphs.
We are currently exploring several approaches to minimize or
eliminate this problem of polymorph growth on surfaces other
than the desired templates.
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PHARMACEUTICS, PREFORMULATION AND
DRUG DELIVERY

intermolecular Contacts Influencing the Conformational
and Geometric Features of the Pharmaceutically Preferred
Mebendazole Polymorph C
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ABSTRACT: Mebendazole (MBZ) is a common benziinidazole anthelmintic that exists in
three different polymorphic forms, A, B, and C. Polymorph € is the pharmaceutically
preferred form due to its adeguated aqueous solubility. No single crystal structure
determinations depicting the nature of the crystal packing and meolecular conformation
and geometry have been performed on this compound, The crystal structure of meben-
dazole form C is resolved for the first time. Mebendazole form C crystallizes in the
triclinic cenbrosymmetric space group and this drug ks practically planar, since the least-
sopuares methyl benzimidazolylearbamate plane is much fitted on the forming atoms.
However, the benzoyl grouyp is twisted by 31(1)” from the benzimidazole ring, likewise
the torsional angle between the benzene and carbonyl meieties is 27(1)°. The formerly
deseribed bends and ether inleresting intramolecular geometry features were viewed as
eonsequence of the intermolecudar contacts occurring within mebendazole C structure.
Among these features, a conjugation decreasing through the mine nitrogen atom of the
benzimidazole core and a further resonance path crossing the carbamate one were
described. At lagt, the X-ray powder diffractogram of a form C rich mebendazole mixture
wag overlaid to the calculated one with the mebendazole erystal structure. ©® 2008 Wiley-
Liss, Ine. and the American Pharmacists Association J Pharm Sei 98:2336-2344, 2009
Keywords: crystallography; erystal structure; polymorphism; erystallization; X-ray
powder diffractometry; mebendazole; polymorph C; benzimidazole decivative; anthel-
mintic drugs

INTRODUCTION

Mebendazole [(5-benzoyl-1H-benzimidazole-2-y1)-
Correspondence o1 Felipe 1. Marting (Telephone: earbamic acid methyl ester, MBZ] is a potent,

1633739333; Fax: 183372-4218; . N X . .
orally active, broad-spectrum anthelmintic which

E-mail: felipetmariins@yahoo.com.bi e _ . Lo
Journal of Pharmaceuiical Sciences, Vol, 88, 28362344 (2009) 15 inten"ﬂvely used in the treatment of AsCarinsls,

© 2008 Wiley-Liss, Inc. and the American Pharmacists Association uneinariasis, oxyuriasis, and trichuriagis. As with
§ GwiLeY .
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CRYSTAL §TRUCTURE OF MEBENDAZOLE POLYMORPH C 2337

other benzimidazole anthelminties, MBZ primary
mechanism of action is consistent with tubulin
binding.

MBZ belongs to class II of the biopharmaceuties
classification systems (BCS), polymerphisma stu-
dies being then essential for this compound.
Several authors have investigated the polymorph-
ism and physical stability of MBZ solid phases.*™
Three polymeorphie forms (A, B, and C) displaying
significantly different solubilities and therapeutic
effects have heen identified and characterized.®
Diverse techniques have been applied to feature
particular polymorphie forms in samples, infrared
spectroscopy heing the most commonly used
method in the literature to identify MBZ solid
state phases, whereas X-ray powder diffraction is
preferred to quantify MBZ polymerphic mixtures
and references.®®”

Ewven though some discrepancies are reported in
the literature concerning the relative solubility of
forrms B and C, all the authors agree that form A s
the most sbundant and stable and then the least
soluble one.® Thus, form C is pharmaceutically
preferred since its solubility is enough to ensure
optimal bicavailability without exhibiting the
toxicity associated o form B.»%® Furthermore,
it was determined that at least 30% of form A in
the formulation is enough to suppress the desir-
sble pharmacological activity,*>*! thus indicating
the high palymorphism dependence of the anthel-
mintic efficacy of MBZ.

Regarding physical properties, the three poly-
morphs have been mainly studied in relation to their
thermal stability and dissolution behavior in several
solvents. In addition, some MBZ solvates deter-
mined by single crystal X-ray diffraction have been
reported. Mebendazole hydrobromide was found to
crystallize in a monoclinic space group, P2yc!?
whereas recrystallization of MBZ in propionie acid
vields a 1:1 moleculsr complex erystallizing in the
noneentrosymmetrie triclinic space group, P1.%°

Complete erystal structure data of MBZ poly-
morphs are not found ko the literature because
single crystals seem to be hard to obtain. In an
attempt to obtain adequate crystals for single
erystal X-ray diffraction we have recently
reported a new stable sall, mebendazole hydro-
chloride which was also fully characterized by
structural, vibrational and thermal analysis.™

In the present work we report the crystal
structure solved by single crystal X-ray diffraction
of MBZ C, which was cbtained by recrysiallization
of the commercially available corresponding
polymorph. Finally, the elucidation of the crystal

DO110.1002/ps

structure of MBZ form C can contribute to
approach the erystal structures of forms A and
B, that still remain unknown, and the structure—
property relationships of MBZ will be stated.

EXPERIMENTAL

Materials and Preparation of MBZ Polymorph C

Polymorph C single crystals were obtained hy
recrystallization of microcrystalline MBZ C from
methanol at 15°C. The methanolic golution (20 mg
MBZ C in 100 mL) was let to stand in the dark for
about 15 days until extremely thin, colorless
prismatiec crystals suitable for single erystal X-ray
analysis were obtained. However, the crystals
seem to be twinned by optical microscopy, due to
the individual thin plates growing nearly. After
the erystal structure solving, this mebendazole C
behavior was related to its characteristic crystal
packing. The mebendazele polymorph A was
prepared from a glacial acetic acid solution
according Lo a recrystallization protocol described
in the literature® All used chemicals were of
analytical grade. Concerning the X-ray powder
diffraction analyses, the used samples, a raw
material which is an MBZ form C rich mixture and
a polymorph A sample, were obtained from the
Instituto Nacional de Controle de Qualidade em
Batde, Fundacio Oswalde Cruz (FIOCRUZ,
Manguinhos, Rio de Janeiro, Brazil), and from
the Fundacio Ezequiel Dias (FUNED, Gameleira,
Belo Horizonte, Brazil}, respectively. Both MBZ
materials arve certified as reference standard
chemicals by the drug manufacturers. Never-
theless, the X-ray powder diffractograms of these
samples were previously compared to that
reported in the Hterature for the different MBZ
polymorphs in order te ensure the expscted
coutents.

Singie Crystal X-Ray Diffraction Experiment

Recrystallizations of raw mebendazeole (MBZ) in
methanolic solution yielded a crystalline material,
from which a well-shaped clear single crystal was
selected for the X-ray diffraction experiment.
Intensity data were collected at low temperature
{150(2) K) kept by a cryogenic device (Oxford
Cryosystem) and with graphite monochromated
Mo Ka radiation (A== 0.71073 A), using the Enraf-
Nonius Koppa-CCD  diffractometer. The cell
refinements were performed using the sofiware

KGURNAL OF PHARMACEL THCAL SCIENCES, VOL. 98, NOL 7, JLLY 2009
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Colleet™® and Scalepack,’® and the final cell
parameters were obtained on all reflections. Data
for MBZ were measured up to 50.90° in 20, totaling
4498 Bragg reflections. Data reduction was
carried out using the software Denzo-SMN and
Secalepack?®® and XdisplayF for visual representa-
tion of data. A negligible absorption coefficient of
0.103 mmn ™' was observed, Although the Interna-
tional Union of Crystallography (IUCr) states that
there is no need of abzorption correction if the
produet px, where p is the absorption coefficient
value (0.103 mm™~Y) and x is the medial crystal size
(0.10 mm for the measured MBZ crystal, Tab. 1), is
pelow 0.1," irial refinements were employed
considering this procedure. However, significant
statistical improvements were not obtained and
we have preferred to comply with TUCr recom-
mendations, ruling out the absorption correction
since the product pux was 0.0103 for the experi-
mented mebendazole C crystal,

The structure was solved using SHELXS-97%8
and refined using SHELXI-97 software.'® The C,
N, and O atoms were clearly solved and full-
matrix least-squares refinement of these atoms
with anisotropic thermal parameters was
carried out. The C-H hydrogen atoms were
positioned stereochemically and were refined

Tahble 1.

with fixed individual displacement parameters
(UseolH) = 1.2Uq(CY) or 1.BU,(CE)] using a
riding model with aromatic C-H bend length of
€.95 A and methyl C~-Hone of 0.98 A. The amine H
atoms were located by difference Fourier snalysis
and were set as isotropic (U(H) = 1.2U.q(N).
Wherefore, the positional parameters of these H
atoms were not constrained during refinements.
An attempt was made o consider the twinning
with the ROTAX procedure, which is able fo
identify possible twin laws using trends in the
indices of the poorly agreeing data group wherein
the observed structure factor values are quite
greater than the ecaleulated ones?® The twin
orientation matrix and the refined twin ratio
(defined as the fractional contribution of each twin
commponent) allowing the structure solving are
found to he (100, 1,-1,0, 10,—-1) and 0.17,
respectively.

Table 1 presents a swmnmary of data and
structure refinement that was prepared with
WinGX (version 1.70.01).%' ORTEP-322 and
MERCURYZ3 were also used in order to prepare
the erystal data for publication, as well as the
MOGUL,? a useful program to check the mole-
cular conformation and geometry. This last tool
performs substructure searches for chemicals

Crystal Data and Structure Refinement for Mebendazols (MBZ)

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

Unit cell dimensions

Volume (A%

zZ

Dengity (caleulated) (Mg/m®)
Abgorption coefficient (mm 1)
F(O00)

Cryatal size (mm)

¢-Eange for data acquisition (°}
Index ranges

Reflections collected
Independent reflections
Completeness to §-=25.45"
Refinement method
Datafrestraints/parameters
Goodness-of-fit on F2

Final B for I > 26D

& for all data .
Largest diff. peak and hele (8.A7%)

Cr6H;2M:0;

295,26

150(2)

Q71073

Triclinic

Pml o -3 o

a=5.1480(8) A, 6 =T.877315} A, ¢ = L7.907(3) A,
@ = B2.425(8)°, B=82.743(7)°, = T1.081(13)°

B878.3(2)

2

1.446

0.103

308

0.25 % 0,10« 0.06

4. 2025.45

~B<hA<E, -9k, ~21<I<21

4498

2434 [Rint) = 0.1502}

96.7%

Full-inatrix leas-squares on F*?

2434/0/207

1.548

R1=0.1325

w2 =0.4089

€.281 and ~0.373
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CRYSTAL STRUCTURE OF MEBENDAZOLE POLYMORPI (0

deposited at Cambridge Crystallographic Data
Centre (CCDCY*? that are composed of moieties
similar to those of the query compound inputted
either manually or by another computer software
via an instruction-file interface.

The crystallographic information fle (CIF)
loading the data sets (excluding the structure
factors) lor MBZ form C has been deposited with
the Cambridge Structural Data Base under
deposit code CCDC 690724 (copies of these data
may be obtained {ree of charge from The Director,
CCDC, 12 Union Road, Cambridge CB2 1EZ, UK,
fax: +44-123-336-033; e-mail: deposit@cede.cam.
ac.uk or httprwww cede.cam ac.uk).

X-Ray Powder Diffraction (XRPD) Matching

The X-ray patterns of the mebendazole raw
material, a form C rich mixture of polymorphs A
and €, and form A were recorded at room
temperature (293 ¥) on a Rigaku Denki diffract-
ometer using Cu Ra radiation (4 = 1.5418 A), 50 kV
and 400 mA generator settings, RINT2000 wide
angle goniometer and continuous scan mode, The
samples were finely ground, mounted on a grooved
glass slide employed as sample holder and exposed
to the X-ray beam with scan speed 1.000 */min,
sampling width 0.020°, scan axis ¢ - 26, 26 rangse
3-40°. It is keyv to highlight that polymorphie
transformations surely did not oceur due io
grinding precedure and that significant particle-
size effects were not obhserved in the powder
diffraction patterns; the measured diffractograms
of a form A sample and raw material are in good
agreement with those reported in the literature.®
Furthermore, there is a need of a simple care not to
introduce a preferred orientation of MBZ crystals.®

The experimental X-ray powder diffraction
(XRPD) patterns of mebendazole raw material
and polymorph A were indexed with the data base
PDF-2 Release 2006 (International Center for
Diffraction Data®-ICDD), entries number 00-039-
1606, 00-037-1627, and 00-034-1570 utilizing the
program MATCEH! a software for phase identifica-
tion from X-ray powder diffraction data,*!

The theoretical XRPD peak positions were
simulated with MERCURY™ inputting the MBZ
CIF file created after the structure refinement has
been finalized. The unit cell parameters from the
singla erystal structure were slightly adjusted with
the use of PowderCell software,”® in an attempt to
avoid hias due to the temperature discrepancy
between the experimental powder analysis (room
temperature} and single crystal measurements

0O 10,1602 jps

2339

Figure 1. The ORTEP view of MBZ. Eipsoids repre-
sent 50% prohability level and an atom {abeling scheme
is arbityarily adopted. The hydrogen atoms are shown
as spheres of arbifrary radii.

(150 K). Afterwards, the subtly shifted X-.ray
diffraction peak positions from the erystal strue-
ture were then used for comparisons with the
experimental Xwray powder diffractograms, which
were also performed with PowderCell.®®

RESULTS AND DISCUSSION

The asymmetric unit of MBYZ is depicted in
Figure 1, an ORTEP-3 view.* Among all the
likely taumeric forms iflustrated in Figure 2 for
MBZ, it was concluded by XRBRD analysis that
tautomer MBZ1 is predominant in the cerystalline
state. Such specific tautomer plays a decigive role
in the erystal packing due io its intermolecular
hydrogen bond pattern. As it can be seen in
Table 2, where the details of the classical and
nenclassical hydrogen-bond contacts in the net-
work of MBZ are presented, and Figure 3§
exhibiting the scolid-state packing representation
of MBZ onto the plane (123), a strong inter-
moelecular hydrogen hond involving the atoms
N(I-HL)- - N{2) contacts twe inversely related
molecules in the lattice fo form a dimer in which
the nitrogen atom of the carbamate moiety is the
hydrogen donor and the imine nitrogen one of the
henzimidazole group is the acceptor, into this
same plane, the dimers are bonded to each other
by a weak nonclagsical hydrogen bond involving
the atoms C(B)-H(8) . -0(2), which gives rise to
the infinite one-dimensional chains along the
(2,~1,-3] direction (Tab. 2). These chains form
stacked plane layers that explain the crystal
morphology in aggregated thin plstes and the
tendency for the lattice twinning. Furthermore,
the erystal structure sclving and the final R
factors of the refinement were just possible if a
twinned structure medel is faken, as it was
described in the Experimental part. The previcus
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Figure 2.

Tautomers of MBZ. The XRD structural determination has proved to be the

tautomeric form MBZY present in the polymorph C crystal.

contact is shown in Figure 4, together with the
nonelassical C(1)-H(1C) --O(8) H-bond connect-
ing the 3.5 A distanced parallel layers (Fig. 5).
Another important interaction between two mole-
cules of adjacent layers is the charge transfer from
electron~-fich ((6) carbon atom of the benzimida-
zolyl group to the electronically depleted C(2) one
of the carbamate moiety. A key observation
provides evidence for this contact and itg impor-
tance for crystal packing: the geometry of the sp*
hybridized C{8) carbon atom is partially {etra-
hedral as result of the intermolecular bond
formation between C(2) and C(8), which can be
affirmed accounting the marked contraction of the
valence angle C(B)-CE)-C(T) (1154(7)°). An

Table 2. Hydrogen-Bonding Geometry (A, °) for MBZ

expected corresponding value for a perfect trigo-
nal geometry is 120(2)°, as it was found by
MOGUL analysis of 1160 hits in CSD.

The O(2) oxygen atom also acts as an intramo-
lecular hydrogen acceptor from the amine N(3)—
H(B) greup present in the benzimidazole core
(Tab. 2, Fig. 3). The classical moderate N(3)—
H(8) --0(2) hydrogen bond closes a chelating six-
membered system composed by O(2)-C(2)-N(1)-
C(E-N(3)-H3) atoms. The highest deviation
from the least-sguares plane passing through
the six eyclic atoms above mentioned is 0.11(3) A
for H(3) (root mean square deviation (rm.s.d.) of
fitted atoms is 0.0636 A), showing that such
system is appreciably planar. However, since the

BH- A D-H H- A DA D-H---A
N(8}-H(3)- - {2} 0.82(0) 2.3KD 2.720(9) 112(6)
N(LD-F(L - N2y 0.81(7) 2.08%7) 2.877(9) 165(6)
C(6)>-H{B) - @) 0.95 2.51 3.35(1) 147
CAMH(10) - -O@) 0.98 290 3.56(1) 147

The symbals “D" and “A” mean hydrogea donor and acceptor, respectively.
“Symmetry: —x, 1 -, —2,
‘Bymmetry: 8-x, -y, -2
‘Symmetry: 1--x, —y, 2.
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CRYSTAL STRUCTURE OF MEBENDAZOLE POLYMORPH C 2341

Figure 8. MBZ dimer prujected onto the plane (123)
showing the strong intermolecular N{I-FH(1)-- -N(®
hvdrogen hond connecting the molecules, likewise the
moderate ntramelecular N(@)H(E)- . .O2) interaction
can be evidenced. Double dotted lines illustrate the
hydrogen bonds. The H-atomg involved in the hydrogen
honds are shown ag spheres of arbitrary radii. Symume-
try code: (i) —x; 1—y) —=.

noncovalent interaction between the amine and
carbonyl groups is not strong (N(3)- - -0{2) separa-
tion and the N(3-F(3)- - -O(2) angle ave 2.720(9) A
and 112(8)°, respectively), a planarity decrease
wag already expected in a chelating ring wherein
an amine sp®hybridized nitrogen atom, the N(3),
is present. The highest deviation from the least-
squares plane fitted on this cycle for HED
hydrogen atom reveals that the geometry of the
nitrogen atom bonded to it, N(3), les between
trigonal-planar and trigonal-pyramidal, distort-
ing slightly the planarity of the intramolecularly
hydrogen bonded system. Furthermore, this
chelating system is also weakened because the
intermolecular C(6)-H(6)- - -O(2) hydrogen hond-
ing contributes to take the carbonyl O(2) oxygen
atom away [rom the six-membered moiety.

2 5
a OGH s
Yoy H(1C)
& p
G g

The carbonyl group of the benzoyl moiety is
twisted from the benzimidazole plane, which can
be noted by leoking at the C(7)--C(8)-C(10}-0(3)
torsional angle value, 31(1)°, a value thatl is
significantly greater than expected for a perfectly
conjugated w-system, about 0°. Similarly, the
carbonyl group is noncoplanar with the phenyl
ring, since the dibhedral angle C(12)-C(11)-C{10)~
{H3) measures 27(1)° instead 0°, an approximate
value that is required to consider them as
coplanar. Strengthening the statement concern-
ing the absence of planarity between the carbonyl
bridge and the two cyclic systems bonded to it, the
O(3) oxygen atom deviates 0.60(1) and 0.61L(1) A
from the least-squares benzimidazole and phenyl
planes, respectively. Therefore, there are no
resonance effects between the C(10)=0(3) carbo-
nyl and benzimidazolyl groups, likewise this
carbonyl motif is not conjugated with the phenyl
one. A cause for these interesting conformational
features is in the oceurrence of the intermolecular
C{1L-H(1C}- - -O(8) hydrogen bonding that bends
the O3} oxygen atom to accept the donated
hydrogen by the side chain methyl group of a
adjacent molecule packed along the layer over-
lapping direction {12 3]. Indeed, the C(10):=0(3)
carbonyl twisting is a consequence of the C(1)~
H(1C) bhydrogen donor pulling the O{8) oxygen
atom to optimize the hydrogen bond erientation.

The determined intramolecular geomeiry of
compound MRBZ was analyzed using MOGUL,*
and all bond angles and distances are in agree-
ment with what is expected for good structural
solving and refinement. However, the MOGUL
evaluation showed some notable deviations from
the expected values for intramolecular bond
distances that can be rationalized taking in

Figure 4. Weak nonclassical hydrogen honds contributing to MBZ crystal packing
along the directions [12 3] (symmetry operator: () 1—x; —v; —2) and [2,-1,-38] (sym-
metry operator: (i) 2--x; 4 ~z). Double dotted lines represent the intermolecular
hydrogen bonds. The H-atoms involved in the hydrogen bonds are shown as spheres of
arbitrary radii,
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Figure 5. Mebendazole lavers separated by 3.5 Ain
the polymorph C crystal packing.

account the influence of the intermolecular
contacts on the MBZ electronic properties. The
N(2) nitrogen atom accepling hydrogen in the
strong intermolecalar N(1)-H(1)---N(2) interac-
tion has its free electron pair hindered te be
donated to the C(4) carbon atom in a resonance
path passing through the benzimidazole ring,
once these two electrons are directly implicated in
the hydrogen acceptance from the amide N{1)-
H(1) group. So, the conjugation is decreased
through the N(2) nitrogen and carbon atoms
bonded to i, C(3) and C(4). The detached double

bond character of the N(2)=C(3) binding (1.30(1)
A} and the N(@2)}-C(4) one (1.42(1) A) with an
enhanced single bond feature have allowed us to
get this insight, since the N(2)=(C(3) dislance is
markedly shorter than the average value in query,
1.33(2), and the single bond N(2)-C(4) is longer
than the measurement 1.39(2) A averaged on 1266
MBZ-like compounds returned by MOGUL sur-
veys in the Cambridge Structural Database
C8M.? In Tgure 6, a MOGUL histogram
exhibits the comparizon of the N(2)-C(4) single
bond distance with equivalent N--C bond lengths
of MBZ-like structures deposited in the C8D. In
an oppeosed behavior, the mono-substituted amide
N(1) nitrogen has a tendency to conjugate the free
electrons since this atom is a hydrogen donor in
the N(1)~H(1) - -N(2) intermolecular interaction.
In this way, a further conjugated system oecurs
through the carbarnate moiety, which was
revealed by the double bond feature of the single
N(1-C(2) bond that is shortened in MBZ (1.33(1)
A compared to a MOGUL mean value of 1.37(2} A)

Regarding the polymorphism of MBZ, at least
three true polymorphs are known to exist, that is,
erystalline forms A, B, and C.47 In this context, we
bave analyzed s,amples of purified form A and
polymorph C rich mixture by X-ray powder
difraction (XRPD) at room {emperature to

lﬁnﬁuﬂm . 4
Rooserue pesresife 4, 288 &

. iis_a;sciwum' 380
CEpestarm b o $

. Watan $.302 A_

Bona taogtih A}

Figure 6. Histogram comparing the N(2)-C(4) bond length of MBZ with the equiva-
lent distances of resernbled corapounds found in CSD.
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{CRYSTAL STRUCTURE OF MEBENDAZOLE POLYMORPH C

Normalized intensity (arb. uniis)

Figuve 7. Comparison among the X-ray powder peak
positivns from MBZ single crystal structure (vertical
bars) and diffractograms (full line) of a form C rich
mixture containing the mebendazole pelymorphs A
and C () and raw mebendazole polymorph A (b). The
aslerisks represent the most intense Bragg refiections
of phase A that appear in the form C rich mixture.

identify which one was determined using single
crystal Xeray diffraction. Affer the struecture
refinement end, an MBZ CIF file was then
generated. From this file, the theoretical
XRPD peak positions were simulated with
MERCURY.?® They were compared with the
experimenial diffractograms of: (a) a mixture of
MBZ forms A and C containing the polymorph Cin
higher proportion (Fig. 7a), and (h) a pure
polymorph A sample (Fig. Th). Al simulated
diffraction peaks were overlaid to those of the
form C rich mixture diffractogram. Just two Bragy
reflections detected in the mixture XRPD profile
were absent in the theoretical diffractogram.
These diffraction peaks are the most intense ones
of phase A (asterisk marked). It is important to
emphasize that MBZ crystal transformations do
not oceur at low temperatures® and therefore the
ealoulated XRPD peak pesitions have been ftted
with PowderCell program™ by adjusting the
crystallographic unit cell parameters. With this
procedure, peak position discrepancies potentially
caused by temperature differences (erystal strue-
ture diffractogram is at 150 ¥ and the experi-
mental measurements are at 298 K) are avoided.
Coneluding, the XRPD profile matching has
assigned the MBZ single erystal structure deter-
mined here to be the pharmaceutically preferred
form €.

20110100240

2343

COMCLUSIONS

The erystal structure of mebendazole polymerph
C was determined for the first time in this work,
resulting in a complets characterization of intra-
and inter-molecular geometries. In the solid state
of mebendazole form C, the featured tautomer
shows an intermolecular contact pattern with
nonclassical and clagsical hydrogen bonds, includ-
ing a strong hydrogen bond involving the amide
and imine groups of the carbamate and benzimi-
dazole meieties, respectively. Such intermolecular
interaction connects two iaversely related mole-
cules to form dimers that are repeated infinitely
inte layers hydrogen bonded by the methyl group
and carbonyl one of the benzay! portion. Further-
more, the supramolecular assembly noncovalent
bonds have influenced the mebendazole C electro-
nie properties and structure conformation. The
availability of this full crystallographic analysis
et us to go deeper into the vibrational-structural
relationship of MBZ C. Additionally, a more
reliable assignment of the IR and Raman spectra
is currently on progress.
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1163. The Crystal and Molecular Structure of Aspirin.
By P. J. WHEATLEY.

"The crystal strocture of aspirin (acetylsalicylic acid) has been determined
by three-dimensional X-ray diffraction methods. The erystals are monoclinic,
space group P2ifc, with a = 11-448, b == 6596, c = 11.388 A, B = 95° 83", The
final parameters were obtained by a least-squares refinement of 2056 intensities
collected with a Hilger—Watta linear diffractometer, The eight hydrogen atoms
were located from a three-dimensional difference synthesis and included in the
refinement. The final X factor, including 287 planes of zero intensity, was 10-89,.

THE crystal structure of aspirin (I) has not previously been determined, although it is known
that a number of attempts have been made.? This investigation was undertaken to provide

COeH
OAc

it

adequate structural knowledge which might form a basis for an interpretation of the mode
of operation of this remarkable drug.

Experimental—Ce¥HgO4. M =~ 180-2. Monoclinic. @ = 11-440630-013, & =6-596 1+ ¢-008,
6=11-388+0-000 A, B = 05°33' 2. U.=8557A% D,=140. Z=4. D, =1.398. F(000) =
378. Space group P2/s (Cy,8, No, 14).

Excellent crystals (m. p. 143°) can be obtained from many common organic sclvents with [3]
as the axis of glongation. Those used in the present analysis were grown from benzene. The cell
dimensions, obtained from oscillation photographs (Cu-Ky, A = 1-5418 A}, yield the axial ratio:
a:bie:1-7538: 1: 17265, B == 95° 33'. They may be compared with the optical results of Niini: 3
@:bis::1-7322:1:1.7328, § = 86° 42-5%, and with those of NWitta and Watanabe obtained by
X-ray8:3 @ es 11-37, & = 854, ¢ = 11-37 kXK, a1 b:6:: 1-7885:1:1-7388, § = 08° 27",

Theintensities were collected round [b] with Mo- K, radiation on a Hilger—Watts linear diffracto-

1 Private communication from Dr. J. H. Robertson.

2 R. Niini, Z. Krist,, 1881, 79, 532,
8 I, Nitta and T. Watanabe, S¢i. Papers Fnst. Phys. Chem. Res. {Tokyo}, 1887, 81, 1256,
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[1964] Molecular Structure of Aspivin. . 6037

meter equipped with SrO-ZrOg balanced flters.4 On the h0-A2! layers, each reflexion was
measured three times, and on k3[-A8] five times, with sach filter, The k045! intensities were
collected with a 3°, and the A8L-A9! with a 4° oscillation angle. About thirty reflexions had to be
hand-measured. For these,a 4° oscillation wasused. The maximum recording angle was 0 = 30°.
A halfeminute motor was used. The scale of the intensities so obtained was such that, when
corrected for Lorentz and polarization factors, the resulting observed structure factors wereon a
scale slightly greater than absolute., In these circumstances it was felt justified to include all
planes with the actual corrected count abitained, except when such 4 count was negative, in which
case the reflexion wag allotted zero intensity., In this manner 2058 independent reflexions (ex-
cluding 0k0) were obtained, of which 2687 (13%,) were zero. The analysis is based on these 20565
planes, and all values of B and R’ include the zero reflexions. ' ’

The structure was solved from a sharpened three-dimensional Patterson synthesis. The

Tapre 1.
Final atomic co-ordinates in A. Standard deviations are givert as units in the last place.
Atom . X Y &
Of1) 01209 (27; 1.2377 {28; 1-10604 (28)
O{2) 1.3784 {26 0-8148 (28 - BTG {27}
o(3) 3:2838 (23) 27176 {26) ~1-0070 (23}
Ofd) 48127 (29) 1-4508 {33) 0-3908 (27}
CEl} 17518 {31) 28768 ém 07679 (33}
ol - , 2.2180 (33) 33762 (34 01047 (33)
Cia) 3.4249 (38) 4.5825 {39) 04774 {40}
C{4) 2-0848 (39) 5-3082 (40) 1-5338 (43}
C{5} 1-9428 (39) 4-8280 (40 22077 {40
cle) 13357 (34) 36315 (37 1-8242 aeg
C’;’% 10279 {32} 1-6944 {34} 04241 (33)
{8 4-1796 (88) 17226 (39) ~ (7189 {36)
(9 45424 45; 1.0878 (B2) we 19781 (42
F{1} 38160 (690 — (3188 (794 — Q8200 (887
H{3 4-1336 (446) 48674 (401 001868 (447}
H{d) 34349 {4406) 6-1985 (501) 1-8538 (448)
Héﬁ} 1-6477 (448) 6-3158 (488) 2-0276 {448
Fi(8) (-8387 {(444) 3.3448 (484) 22671 443}
EE(7 35432 (578) 07086 (88T7) — 28885 (574}
(8 49306 (572) 0-2440 {646} —1:9832 (573}
g 4-3193 (666) 1-5189 (643) — 2:4623 (573)
TasLe 2.
‘Thermal parameters in A%, Standard deviations are given as units in the last place.
Atom Ui Usgs L2E T 2Uya 23 2Uys
0?3 00501 (15} 0-0458 (15) 00562 (18)  —0-D372 (26)  —0-0180 (26) 0-0418 (25)
O{2) 00485 (14} 0-0480 (15 00518 (16) — 3189 (26) —0-0285 (26) - 0283 (24)
023} 0-0392 (12) 0-0416 (18 00359 {19) 0-0018 {21} 0-0094 (21 00138 (19)
Ol4) 0-0589 (17) 0-0729 {21 0:0413 (14) 0-0582 32; 0-0125 {293 0-0040 (25)
c 1; 0-02082 (16} o~0332£m) 00384 {18) 0-0005 (26 0-0082 {27 00032 (26)
<2 0366 (16 $-0382 (16} O-0875 (17) 0-0127 (27) (-0084 27} @-0020 (28)
C{3} 0-0388 (18 (0884 {18} O-0847 (22) - (131 (31} 0-0127 (34) 00119 {32
Ccl4) 0-0471 (20 0-0380 19; 0:0808 (24) -~ 00040 533} ~— §:0036 (36) 0-0068 (asg
cis} 0-0483 (21) 0-0403 {10 0-0510 (21) 0-0080 {38)  —0-0184 (34} 0-0124 (33)
C(8} 00341 (186) 00308 118 0-0438 (18) - Q022 (20) - (30030 (30 0-0128 (28)
C{TY 0-03356 IB; 0-03388 (16) 20368 (18) 000587 (26) Q0078 (27 0-0027 (26
C(8} 0.0308 {16 0-0476 520; 00431 (19)  —0-0020 (30) 0-0087 (32 0-0112 27;
C(8) 0-0682 (25) 0-0721 {30} 0-0481 (28) 0-01567 (45) - 0-0199 (43 ¢-0234a (38}
Hélg 012 {(6) 0-12 () 012 (8) 0-0 (1) 0:0 (1) 0025 (99)
H{3 0-04 %3) 0-04 (8) 004 (3) 0-0 (5) 0:0 (8) 0008 55{))
Hid} 004 (3) 0-04 {3} 004 (3} 00 (8) Q-0 {8) 0-008 (50}
H 6; 0-04 (3 0-04 (3) 3-04 (8} 00 {8 00 {8} 0008 {(80)
Hi{8 004 {3 0-04 (3) 3-04 {3) -0 (8 0-0 (8) (-008 {80)
HE‘?} 0-08 {6 0-08 (5) 0-08 {5) 0-0 (& 0-0 (8) 0018 {76}
H{8} 008 éﬁ) G-Q8-(5) 308 éﬁ} 0-0 (8 0-0 8; 018 (75)
¥i(3) 0-08 {5) 0-08 (5) 0-08 (& 0-0 (8) 00 (8 0015 {15}
4 U. Arndt and D. C. Phillips, Aota Cryst., 1861, 14, 807.
wwwwwwwww Q08542448 1>
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TasrLe 3.
F A B Fa Fe A P B Fo Fe A A A ¢ Fo A
s 6 12 283 -2s9 ~26 4 ¢ =313 -aun ~Bd 1 3 - -13e  ~1210 «38
0 6 12 12 1] g 4 3 & 11 ~11 1 T =3 zgaa 2-4;8 ga
8 6 10 =75 ~gig -32 a 6 6  -aky =4 21 1 1 -4 61 435 ~34
] g g =2533  =2585 - 8 o 4 =12% 1308 T 1 q “2371  =RIH2 3
2 o & ~53%  =B27 38 & o a2 4 ?7; -2l 3 1 = 1114 §68 12
3] [+ 4 =324 w141 -1843 8 o o 3109 J60 1046 1 1 =7 =2904 -2738 13
g ¢ 2 9561  1oBO4  ~1243 g 0o -2 2z 2091 131 1 L 185 172 13
14 14 158 8 a -4 367 362 S 1 t -y a ~41 63
k] 6 12 ~354 =236 =13 8 B -B 65% Baz 1 t 1 -10 ~ti8 154 a3
1 ¢ 19 -89 =113% i & o -8 a 50 =54 1 1 =11 170 168 2
1 ¢ B -2588 -da7d ~g & 9 -a -3t cBg  -230 b 1 =12 =203 -160 -3
3 4 & -i538 =25i% ~5Y & 8 -2 ] 103 -10% 1 1 =13 ~1%1 ~118 -7
1 a 4 34 2347 -33 8 9 ~ts =153 -299 146 1 1 =14 225 269 ~%5
1 6 2 -1661 ~-iged ~60 g o 12 =243 43 =170 1 1 -15 I 44 -y
1 a 0 331 9628 34 g o 10 a 68 ] 2 1 14 ] -4 43
k! a -2 24 :121 91 9 o ] 77 1035 =58 2 1 13 135 11 16
1 8 4 - -3ied 131 g o & 141 1555 ~iad 2 1 12 [ & -5
1 a ~§ -2 =237 ~qa F o 4 058 1061 -2 2 1 $1 174 FL -q
b g -8 152% 1991 -3¢ g a 2 =147 ~226 239 2 10 114 ¢ 37
1 g =0 1267 1429 3 2 @ g -84 502 1 2 El 132 204 -1
1 o -1z B8 204 =41 9 g =2 854 545 2 8 =235 ~355
1 0 =14 iR 43 -4 ] g -4 ~103 1100 67 2 1 151 11 <76
2 a 12 a =145 14 2 g ~& 194 ~1538 - 2 i 530 57 wif
2 o 1a 1224 1253 -3 g g ~B =403 =33 -5} 2 1 5 %5 ‘a 54
2 g o 631 &8 55 o -~ -6 ~bj0 4 2 1 3 =3263 =3l20  -142
2 4 6 14 ~§42 v g & o 8 - z 1 g 536 eI ~33
2 a 4 2654 250 149 L] a & 198 493 =9 2 F] «§Ba «55{q 55
2 o 2 =§704  ~HB5D 146 30 a 4 =385 “Zu0 =105 2 4 1 %444 7653 =209
2 6 0 ~&b3f =abdy wgd 1 g 2 =14 =2 =114 2 L] a 834 2844 -~
2 9 -2 4023 3913 1io b 479 104 n ; 2 i =1 2975 204 13
2 0 =4 =389 -3;23 {74 g -2 926 365 1 2 1 -2  #3s3  26%5 Ed
2 [ ~1000 =542 =58 e a -4 s g 3 2 i =3 -1484 1510 16
2 6 =~ =118) ~121d 35 39 o b 615 by 26 2 1 -3 2628 529 69
2 0 =10 1940 w1342 2 2 o -8B -tg4  -BY4 -1 2 1 =% =Zdgz wges7  *165
2 o -1 -3p1 -37 76 v o o-18 -781 -bbd ~38 2 1 = 1322 1305 1
2 g =44 ~22 -2, 31 11 o -288 361 iy 2 4 - -1586 =~1367 -1
3 o 4 w2f ~458 =&Y 1% a & =141 =180 -1 2 L ~742 380 38
3 e 1o 329 37 a n o 4 8 =32 3z 2 3 -9 592 41 -3
3 0 & Lty 557 ~42 11 g2 ' gdg €43 64 2 1 =1b 13 béF -5
0 § -ty -t fzz ~156 # o 9 u2 _b58 ~31 2 T =11 1262 1294 =30
o 4 =3222 =31} -5 11 o -z 43 41 -6 H 3 =42 71 3% 5y
o 2 2934 2ood 26 11 o ~4 102 =102 o 2 4 ~13 423 a3b =g
o 2E44 zmg 1 13 2 & 1137 ~113 =7 2 1 14 405 353 52
g -2 2671 £56 } ug 11 g~ Q 1 ~167 3 1 143 i 150 ~150
4 - “20% -t =15 +H g =ig £03 49 4 3 i 42 365 322
3 [ =52 =1034 -1 12 o 1a2 112 ~78 g 1 11 -620 ~&i0 -2l
3 o9 -8 183 128 11 2 o & (767 842 ~125 1 10 964 g a1
3 g -0 (4] wZ ] ~28 12 O 4 1260 1324 “G4 k] E g g2 - 4
3 g =12 46 35 11 12 ] ] 123 ig &3 3 1 a 1E08 122 =15
3 9 -14 321 208 113 12 o4 9 93 ~33 3 12 312 ag
4 g 12 271 A45 w3 Td 12 o =2 3 =24 24 3 4 w5 ..553 L-¥1
4 O W 1144 1194 wSey 12 g -4 -&3y3  -812 335 3 1 5 493 -5
4 0 B 1371 1433 -4 12 9 -8 G -7 272 5 1 4 o -¥3 13
4 8 & -233  ~34 112 12 o =B §32 543 T8y 3 1 2 554 43 7
2 2 4 835 s a5 12 g =10 gn gsz ~35 3 1 2 w8381 ~4813 »18
4 ¢ 2 ~g18 218 43 0 A ~362 =348 =14 § 4 1 401 3370 3
s 8 3  ~4148 =405 iy 1 G & ~350 &3 13 1 g ~36h =334 531
4 g -2 =171 ~1694 -37 1 Q a 233 230 "13 3 1 =1 -288 2884 -4
4 O =4  ~4253 =405 ~23% i g =z a4t 1235 - 5 1 =2 =333 3353 -
4 g - ~1822  ~1807 - 13 g ~& 1116 1265 89 ] 1 -3 -374 358 ~155
4 o =8 4096 4165 -8 13 g =~& ] 25 -94 3 1 =4 =P28KE  -2EES =181
4 9 -0 zgb2 2758 103 4 ¢ 4 -9 ~674 134 i - ja08 583 28
4 0 -12 445 59 14 o 2 177 48 129 1 = ~1g8¢  -197 -14
4 Q9 -4 333 223 110 14 a o =141 »3d 107 3 i - 211 24 -3%5
5 0 42 [ T4 122 4 0 =2 5;0 L3 40 3 1 - 432 502 33
o 1g  -121 =121 a 14 0 =4 433 316 183 3 1 =y 503 a8 17
& 8 =653 -7i 4 i 4 0 b =43z =44 3 3 1 =43 125% 1481 ]
[+ & 2 3 4 15 2] 4 g w617 122 3 4 wit 433 903 LT
5 ] 4 =121% =15 -17 135 g 2 =215 =273 L] 3 1 12 1464 141% 53
5 6 B =1583 ~1885  ~104 33 a a =241 -3 54 3 1 ~13 23% 2219 44
5 g @ ~1114 =04 Lt 1 o -2 50 30 ~44 3 1 12 a 59 59
g g -2 =10%1 =39 13 a *+4 334 232 113 4 1 11 ] 38 Ly
5 6 w4 1896 1700 115 i o o g «29 2 4 1 10 386 450 -£4d
5 g w=b 981 420 ] 16 Q ~z g 119 =139 4 1 3 158 235 33
6 -5 111 1115 -i % o -4 453 535 =132 4 1 ] %7 872 23
g -0 147 16887 =14 a 1 1% =263 ~180 =01 4 3 7 507 446 63
5 G ~12 16 17 -ty o M 14 w267 »244 - 4 4 4585 595 (]
g g - 233 =200 ~73 a 1 13 =785 ~N6 =4 4 1 §  =1308  ~-1160  ~14%
o 12 334 ~27 -5% 2 112 =530 =502 ~28 4 1 4 1060 100 )
5 a 19 a 11 -115 0 1A% ~BBZ =126 44 4 4 q =340 =415 187
8§ 0 ] Q 11 -114 0 1w -6 -1305 29 4 4 2 -zga ~4d 159
[ 9 & =181 ~1660 =13 0 1 L4 —le3 ~212 B3 4 1 1 -p5Za  ~2BY ~25
3 a 4 =245 ~25%4 15 0 i B 185 27 128 4 k] 2] 37 ~13a 7
& g 2 ~180% +i450 =55 Q 1 ,:;’ 267 25% & & 1 -1 wa55 =534 » 23
5 ¢ & ~i73d =754 2 0 1 4593 538 4B 4 1 -2 2848 28673 178
& o =2 ~2oB5 w1719 =306 0 1 5 132 a4 48 & 1 =3 =050 ~1ii&
& 0 w4 3 53 ~398 o 4 4 =2782  =28Y5 w35 4 4 w4 263 250 wg
& 4 -6 ~2358 ~2330 ~28 g 1 3 w53 -igh3 10 4 1w =114l ~983 16
& 0 -8 -g262 -2200 62 g 1 2 27 45;13 «150 4 1 - 1116 1155 -
& 4 =10 005 5% 19 Q 1 T vdoRd -1 21 ] 1 =7 .-B3 =58 =134
& o -2 792 VG2a -13 1 1 15 - g 4 7 =5 =462 «105 43
& 4 -4 406 413 -3 1 12 8 4 E =1yd2  ~41)2 =g
-7 & 12 310 35 a5 1 1 13 258 =33 vj6 @ 1 =10 =1835 ~43%0 1
7 & 0 339 552 -47 k] ] 42 ~1H2 ~R13 a1 a 1 =1 wd b ~g51
7 o 4 565 £y G2 1 k)| =244 313 [ 4 4 =12 -7y «23% =43
i 9 6 w1325 =137 3 | 1 1 10 B87 u53 18 4 i +13 33 275 -183
0 4 =308 -4300 g 13 3 i3 L b+ 5 1 1= -2 b
g p
; g é‘.’ 45‘35‘ 4523 13:5 1 1 ‘2 a3 1305 "30 g 1 10 uegz »h23 Ag
2 0 =2 655 1174 116 k| 1 2837 2768 9 5 4 3 2 305 78
7 G =4 1308 w120 =402 1 1 5 =123 *gg‘l 12 5 4 8 i} ~123 127
b O -6 -5y -y ¥ k] 4 4 «1837 «1591 154 % + Z 167 ']‘g 94
7 g w8 =122 wa B EQ 38 k| 1 3 225 21%9 1310 1 =54 =45 ~54
i s ] -8 774 ~1 k| 1 2 +734 ~7613 2638 4 5 ~559 B2 =77
4 8B g 4y 4 1 1 3 3§53 igsd 37 1 4 w33 -7 ~1d
708 =14 =51 ~506 =5 1 1 D ~z643 ~36bg 29 1 3 -315 —J‘szs =3
B & 42 523 534 =11 1 1 =3 3082 ~10¥7 Fl E 1 2 -8 =a6h =124
BNSDOCIHY: <XP QOBE424A_1 >
UMO00017146

NOVARTIS EXHIBIT 1517
Novartis v. Regents, IPR2023-01347
Page 4003 of 4460



XP009085424

- >
[1964] Molecular Structure of Aspirin. 6039
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Tagre 3—continued.
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Molecular Siructure of Aspirin.

TABLE J—coniinued.,

A I £ Z £ P A %
-4 g 3 2 271 28 31 1
-6t 2 2 1 149 166 23 T
14 g 3 ~23& -2 ~& 1
~& 9 F =1 =112 =12 1
113 g 3 -2 ~-1g85 B k3 243 +
6k g 3 -3 117 =114 - 1
167 E 3 -4 - g ~44F ~13 1
4 g - ] 325 ~53 1,
& g N ~69§ -0 52 2
404 o 3 :z' 14 25 -8 2
~20 3 3 ~45 —~ 4 ~21 2
I B e B A
= A B
18 1G 3 Z ﬁ;a 118 g“f -3
oy 10 ) 3 518 53 3
232 10 3 5 ~312 ~Za 45 &
~91 10 g 4 231 29 =65 2
12z 10 3 285 3.@ 3 2
=13 1 3 2 301 ie 23 k1
2% 19 3 1 164 234 =30 3
—~23 w0 3 e 470 503 33 2
&6 10 3 = 7] =3 31 2
£l 1g 3 -2 -1360 ~{383 33 2
g 10 3 =3 72 97 8 2
25 1y 3 ~4 =132 -135; 81 2
~t24 0 3 «2 &7 - B2 i 2
=3 10 3 - ~453 =136 -47 2
-84 0 3 -1 542 sug 34 1
11 0 2 -8 [4] 2 ~2f El
48 19 I 491 462 2% 2
L) 10 g ~30 670 515 25 3
-3 hiid -11 32 ~208 184 3
R3 11 3 i “374 =315 ~%3 )
=60 11 3 2 ~331 ~2 88 ~13 k]
74 11 3 43 ~43 3
B 11 3 5 1] »73 673 3
[+ 11 3 4 4 -49 3
134 11 3 3 =12% =160 55 3
e " 2 2 ~321 =369 AR 3
8 11 3 1 [+ 38 =34 3
'-%g 11 'j) aq 269 19 E-g 3
11 -4 -4 17 =17 3
-88 i1 3 =2 —446 «418 2 3
4% 1% 3 -3 g2 3;7 15 3
*Zg. 11 32 -4 - ZO =534 64 3
11 3 o~ 61 38 ! 3
=G 11 3 - 442 438 w3 2
~135 11 3 0~ ] k1 12 3
5G 11 3 - 183 138 55 3
38 11 ] a -3 3 5
54 12 & 2'1; 184 A3 3
18 12 5 28 ~303 22 3
163 i2 4 87 48h Ki 3
~dq 12 3 3 =132 =215 83 3
12 12 2 2 = 24 "Ez 4
-3 12 3 1 =15 32 G 4
464 42 3 ] 15 14 —gg P
w2 12 g =% =354 -1 1 4
~25% i2 3 324 i 2 4
164 iz -3 ~454 ~44 w45 4
~3& 12 ~d ~458 =418 ! 4
-8 12 3 -g 445 443 4
- 12 3 . =361 »366 4
-53 12 3 ~7 ~219 w3 ~{47 4
. 13 3 4 g7 5 1 4,
13 13 3 2 245 14 9 4
=5 13 3 2 221 23 -1; 4
A 13 F 4 167 3 & 4
& 12 3 5 Bug 350 43 4
-8 32 3 -1 12 -2 o
~38, 13 3 -3 836 B4 25 4
=18 i3 3 =3 ~526 -43h -30 4
14 13 3 =4 260 304 ~44 A
-1 1 3 -5 -2, -1% ~104 4
=21 Q 4 13 ~296 1B ~111 4
21 ] 4 42 - ~20 -4 4
49 o 4 11 75 40 =31 4
~1% 4 4 W ~114 L -9 &
15 ] 4 8 a - 1
~24 '] &4 8 ] =B (14
159 o & Z 367 b3 &
~19 ] 4§ . 983 1339 ~5g
-4 o 4 5 1913 2085 =5 5
~7q g 4 4 1367 1408 301 5
Bz ] a g 878 946 ~58 5
47 [4] 4 $30 385 ~§5% 5
13 ] 4 4 ~ab7 =20 33 1
1 4 12 =432 L) i g
16 1 4 11 281 2 % 5
~ . t 4 10 [¢] 21 -431 5
-3 4 a g =181  =ti0d 27 5
= 3 4 B =3iug - g 23 g
~20 1 <& 3 ~2204  ~ERY a2 5
=10 q 4 -354 ~a33 73 2
-igﬁ 1 4 5 =372 ~353 45 g
154 1 4 2 »J85 ~B3§ 51 g
3 1 4 3 1638 1783 - a‘z g
gﬁ 1 4 2 =mby  -2038 ~B5 H
-~63 9 4 1 2473 2539 +56 5
23 1 4 ] “3%3 =234 20 g
441 1 4 =1 1373 1269 4 5
~5% ki 4 =32 533 & 48 =15
110 ‘t 4 =3 égl: Pre] 44
=63 * 4 -4 1 133 -8 6
~163 1 4 =5 ~$54 -237 26 &

S

bbhbbhbabbbhhbbabhababobbh bbb bbbt bh b lbAALLALAALAAALDOBRASAM R ALbbbbbAbhihbbhbhbbbbbhibhbbhrihabhbhbbhobbhpbbbabbbbbbhbbad

ki

Ak Pk £ b PO B AT B AL,

13
IS RERER
O G PAR B

[EYTETI-gi-ay

o pokal Do AR L 00D et Dot

-1

kit}

O pod!

-3

B b 02 o8 N B

XP002085424

P F A
1458 153% &1
A
5 z 1 ~64
a3 343 —51
434 5ﬂ2 75
s B8 58
-21§ ~2 B b
2 ~hb
4 2 ~50
a =434 134
=159 & ~351
~587 ~627 4
~1505  ~190% =4
~1527 1855 58
~4%5 =13 By
=108  =1400 11
1442 1953 ~111
~789 =32 ~60
5986 10 “i4
=180 ~{1d -&h
=354  ~1343 45
1164 1058 131
=1040  ~1125 85
256 221 3
=374 358 s |
% 3H] -m;
Q 45 ~55
Joz 343 =43
=340 -273 ~38
a5 3%
I B
24 53 65
=078 ~1348 + 30
48 497 1
~t41y =442 31
425 44 -
1 ;a £ 1gi
131 508 17
1084 1016 8
B%d G2 -2t
118 2 116
30 462 B
4823 1514 5
T
[} 258 2 3
443 512 ]
a1g 23 ~18
9 &3 ~38
=304 =4 102
~375 ~378
=336 ~3ae 34
2% 221 54
a bt ] 155
88 4 &
wom
o ‘-193 136
Zxa ny
~1237 =128
“327 =178 r]
97 106 -5
233 240 -7
780 ?16 &4
a =153 163
165 181 4
240 259 ~13
979 587 ~8
1086 1139 =39
138 66 e
451 £B5 26
~£5 ~125 &G
azy 343 -28
447 442 g
145 132 13
153 238 -4&
245 57 1588
a 5Q ~50,
tg 37 537
-2H ~227 “5d
'-g‘sr g 428 51
e 486 50
843 i 155
i B B
4
561 580 -l?v
518 537 -59
1492 147 a5
=549 =113 64
76 810 56
~1545  ~1§22 57
362 1915 -5%
=435 ~337 ']
=984 833 32
570 . '2)25 -126
172 -3 5
443 521 ~78
EFERE L R
g‘i -‘2;
w1 Z'; ~228 5%
~423 ~538 B1

UMO00017149
NOVARTIS EXHIBIT 1517
Novartis v. Regents, IPR2023-01347
Page 4006 of 4460



XP009085424

6042 Wheatley: The Crystal and

TaBLE 3—continued.
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[1964] Molecular Structure of Aspirin. 6043
TABLE 8—continued.
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TABLE 3—coniinued.
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7 oz [ 21 w313 -3 1 8 ~5 143 16 2 5 & -2 193 20 173
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fourteen peaks within 2-8 A of the origin due to the salicylic acid residue 5 were resolved and identi-
fied. This gave the orientation of the molecnle. Itwas then assumed-that the molecules would be
linked into dirers across centres of symmetry by hydrogen boads of length 2:65 A, ‘This assump-
tion, which proved to be justified, yielded positions for ten of the thirteen heavier atoms, and the
chosen co-ordinates gave R == 45% for the 182 0! reflexions, A Fourier synthesis with the A0/
phased structure factors showed plausible positions for the three heavier atoms of the acetyl
group, and this projection, was then rapidly refined to R = 159% by Fourier and difference syn-
theses. The v co-ordinates could be chosen from a model of the molecule, and immediately gave
satisfactory agreement for the 300 planes with sin 8/) < 0-35, The structure was then refined by
2 least-squares procedure which uses the block diagonal approximation. At first only the nine
carbon and four oxygen atoms were included until R for the 2055 planes fell to 13:3% and
R = S w(|F,| —|F|)3 X w|F,|*] to 1-33%. A'three-dimensional difference map was then cal-
culated with the 300 low-order planes and yielded positions for all eight hydrogen atoms, though
the hydrogen atom involved in the hydrogen bond was a low peak showing considerable elongation
towards the oxygen atoms with which if interacts. The hydrogen atoms were included in the
refinement until R finally dropped to 10:89; and R to 0-75%,, Refinement was concluded when
the maximum value of Afo for a co-ordipate of a hydrogen atom had fallen t0 0-83. By thistime the
heavier atoms had stopped moving completely. Constant weights were used, 2s we have found
them more satisfactory for diffractometer intensities than a Cruickshank weighting scheme, which
was devised for photographic intensities.® In all twenty-one three-dimensional least-squares
refinement cycles were perfarmed. :

The least-squares programme necessarily refines the hydrogen atoms with anisotropic thermal
factors if the heavier atoms are so refined. As might be expected, the thermal factersof the hydro-
gen atoms were often meaningless, merely reflecting the inadequacy of the data. Consequently
a final set of structure factors was calculated with anisotropic thermal factors for the carbon and
oxygen atoms, and mean isotropic thermal factors for the three different types of hydrogen atoms.
The final value of B was 10:-89,. Thescattering factors were taken from International Tables. Ail

5 ¥, Lipson and W. Cochran, ' The Determination of Crystal Structures,” 1853, G. Bell and Sons

Litd., London, p. 180. . } K
& D.W. J. Cruickshank ¢f al., "’ Computing Methods and the Fhase Problem in X-ray Crystal Analysis,”

19681, Pergamon Fress, London, p. 44,
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Tapig 4.

Analysis of observed and calculated structure factors as a function of the index of the
layer line. All figures are on an absolute scale.

B B} Fol TIFof £A| N R SIAIN
0 1957-35 1958-25 142-02 182 0073 0-780
1 9843.60 286888 229-90 332 0081 0-693
2 247489 240010 221-04 398 0-089 0-674
3 189009 1873-04 170-53 304 0-095 0-591
4 13%7-80 1405683 16508 289 0184 (-84
5 921-21 988+13 154-60 231 0-168 0-669
8 711-04 649-85 13268 181 0-187 0-753
7 41808 40714 91-04 140 0-218 0-650
8 163-78 1567-69 48.87 73 0-298 0-870
9 15-00 20-65 8-19 156 0546 0-548
Al 1272275 1273048 1872:07 2055 0-108 0-068

calculations were carried out on an Eiliott 8§08 computer with the programmes of Daly, Stephens,
and Wheatley.”

Results —The final atomic co-ordinates are given in Table 1, and the final thermal parameters
in Table 2. Table 3 gives the observed and calculated structure factors obtained from the para-
meters given in Tables 1and 2. In Table 4 an analysis is given of the structure factors in terms of
the index of the layer., It will be seen that, altbough R increases substantially at higher equi-
inclination angles, the absolute error in a structure factor remains approximately constant
throughout. :

TaBLye 5.

Analysis of observed and calculated structure factors as a function of the magnitude of
the observed structure factors, All figures are on an absolute scale.

Range of |Fa] | Fol B\ Fof =|A| N R ZIA|N
¢ Q 241568 241-58 287 e 08086
0-0— B0 278164 283772 81660 1032 0.228 0-598
B0 10:0 2880-01 2B888.18 212-81 405 0074 0528
16-0— 15-0 2021-92 2004-49 9439 168 0-047 0-569
15:0— 20:0 12680-88 123735 8381 73 0-050 0-879
20-0— 950 713-18 705-00 21-73 32 0:030 0-679
265:0— 30:0 969-72 038-46 8744 85 0-039 1:070
300w 36-0 448-23 440-28 12-38 i4 Q-028 0886
85-0— 40-0 228-33 219-30 802 8 0-089 1-487
400— 450 410-57 404-03 14-32 10 0-034 1432
48 0ome B0 188-48 189-47 8-7'% 4 {-088 1.893
50-0— 550 210-80 200-82 10-04 4 0-048 2510
58-0— 80-0 57-02 54-04 208 1 0-036 2-080
80-0-— 850 a81-23 5805 3-18 1 0562 3-180
88-0-— T70:0G 67:04 6860 1-48 I 0022 1-460
00— 756G 147-89 152.68 477 2 0-032 2-385
75-0— 80-0 — - — - —_ —_
80:0— 850 — eanme e — e : s
BB Qe GO0 175-43 183-49 8-D8 2 0051 4:480
90— 8950 o —e —— — e s
86-0—100-0 95-81 108-04 12-43 1 0-130 12.430

In Table b z similar analysis is given, but in terms of the maguitudes of the observed structure
factors, K is poorfor the very weak reflexions (and, of course, infinite, for those that are accident-
ally absent), buat again, in terms of absolute errors, there is no reason to reject these weak planeas.
Indeed the svidence suggests that the twenty or thirty strongest planes should be down-weighted
with respect to the weak planes. Wae feel that such satisfactory results for the weaker planes can
be achieved with the diffractometer only if thesize of the crystal or the counting time is so adjusted
that the intensities yield structure factors that ave on about absolute scale.

The bond lengths are given in ¥Fig, I, which also shows the labelling of the atoms, The bond
angles are given in Table 8. Fig. 2 shows the structure as it appears when projected down the [)

? J. 1. Daly, F. 8., Stephens, and P. J. Wheatley, 1883, MRSA Final Repors, No, 562,
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6046 Wheatley: The Crystal and

axis. The bond lengths are in fair agreement with those found in salicylic acid by Cochran,®
though there are some very significant differences, The results for the two molecules are com-
pared in Fig. 3, There are some very definite angular distortions within the molecule, both in the
benzene ring and the carboxyl group, but, more particularly, in the acetyl group. The benzene

Fie. 1. Bond lengths in aspirin with their standard deviations, and the labelling of the
. atoms.

Fre. 2. The structure of aspirin as it appears in projection down [b].

8 W. Cochran, Acfe Gryst., 1953, 8, 260.
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[1964] Molecular Structure of Aspivin. 6047

Taprz 6.
Bond angles (®). Standard deviations are given as units in the last place.

H(LO{2)CT) 120-7 (37) O(8)C(8)O(4) 1228 (D) cizac(sﬁcm) 110-8 (4)
OIC(NO(L) 122-5 (3 02330 8)C 9; 1107 (3 Ea;cmﬂ(‘;g 121-6 (26)
omicmea  Tlea (3 Oyl 1100 (3 Netoe 1300 a
c(nc 1}(.:52) 1246 (3 C8iC(n HEB} 119-4 (38 c& Cs H 5 120-0 29}
C{1YC(1)C8 1177 {3 c $1C(8)H(9) 1159 (44 C{BYC(BIEL(S 1201 {29)
Cleyo(nC(2 1177 (3 (7 CI9)H(8) 987 (48 0(4 C 5§C(ag 1199 (4
CHIC{203 1216 (3 H 7TVCLBYEL{0} 100:9 (52) cis C{a)E 1185 (29
C{3)C(2)0(8 117-8 (8 H{8)Clo)H ) 108-9 (58 g YC(B8)EIL6) 119-9 (29)
C{13C{23C(3) 121-0 (8} Ez)c BH 118:0 (29 C{5)C(6 (1; 1216 (8)
C{2)0(3)C(8) 1167 (8) C{4)C(a)H 122.2 (29

¥i1a. 8. Comparison of the bond lengths and angles in aspirin (above) and salicylic
acid (below).

ring has the appearance of being pulled out by the carboxyl group so that the internal angles at
C(2) and C(6) are greater than 120% and that at C{1) isless. The carboxyl groupis bent away from
the acetyl group, possibly by repulsion between O(3) and O(2), so that there is a substantial
increase in the angle C(2)C{1)C(7}, and a decrease in C{B}YC(1)}C(7). The angle O{L}C{NO(2} is
greater than 1207, again suggesting repulsion between oxygen atoms., The angular distortions at
the central atom of the acetyl group are enormouns, the angles being 110-7, 122-9, and 126-4°,
instead of the expected 120° ‘Theres appears to be no siraple explanation for these digtortions in
terins of intramolecular contacts.

Except for hydrogen atoms on the methyl group, the molecnle is composed of atoms lying
approximately in two planes. The weighted least-squares equation for the plane of the four atoms
in the acetyl group, referred to orthogonal axes @, b, and ¢, is

407818 X 4 0-6677 V- 0-08684 2’ = 4-3680.

The departures of the atoms from this plane are Q(3), 4 0:0007; ©{4), -+ 0-0009; C{B), - 0-0030;

C(9), -+ 0-0011 A, none of which is significant. Thus, despite the large angular dxstortxons w:thxn
the plane of this group, there is no out-of-plane bending. On the other hand no satisfactory plane
can be constructed throngh all ten of the heavier atoms of the salicylic acid residue. A nnmberof
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6048  Wheatley : The Crystal and Molecular Structure of Aspirin.

planes were calculated, starting first with the benzene ring, and then adding one or more of the
remaining four atoms. Assoon as any other single atom was added, the departures from the plane
increased, and these departures grew worse as more atoms were added. There seems to be no
question that significant out-of-plane distortions do occur in the salicylic acid residue. It was
particularly noticeable that one of the oxygen atoms of the carboxyl group always lay above the
plane, and the other below, leading o the conclusion that the plane of the carboxyl group was
twisted with respect to the plane of the benzene ring. In view of these various distortions it was
felt that the most representative plane was the one through the six carbon atoms of the benzene
ring, the equation of which is

4 059486 X — 0-4840 ¥ 4-0-6418 Z° = 0:0041,

The departures of the atoms from this plane are given in Table 7, It will be seen that none of the
carbon or hydrogen atoms of the benzene ring departs from this plane, whereas the other atorns,

TasLe 7.
Departure in A of the atoms of the salicylic acid residue from the plane of the benzene
ring.

Atom Atom Atom

o(1) —0-0031 (1) w0138 o +0-1018
C{2} -+ 0-0050 H(3) + 0012 O ~—0-0555
Ci3) -—0-0028 Hi4} + 0010 OE‘S - (:0588
C(4) — 00018 H(6) +0-009 G -~ 0-0097
C(5) + 00034 H{8) —0-G2L

C(6) —0-0011

with the exception of C({7), do. The angle between the plane of the benzene ring and that of the
acetyl group is 84° 45",
The equation of the plane through the carboxyl group is

+ 0-8081 X - 0-5022 ¥ 4-0-8139 Z° = 0-0598,

H (1) departs from this plane by — 0-064 A, which is not significant. The angle between the plane
of the benzene ring and that of the carboxyl group is 2° 27,

Molecules of aspirin are, as expected, dimerized by hydrogen bonds across a centre of symmetry,
The length of each hydrogen bond is 2-645 A. The perpendicular distance between the two planes
defined by the carboxyl groups in the dimer is 0:118 A, which places aspirin roughly halfway down
the table given by Jeffrey and Sax.? The weighted least-squares plane through the six heavier
atoms of the eight-membered dimer ring is

+0-5801 X — 08348 Y+ 08084 2" = 0.

‘The departure of the atoms from this plane are O(1), +0-0088; O(2), + 0-0077; C{7), —0-0181;
H(1), —0-013 A. Thus the eight atoms are very nearly coplanar, as would be expected from
Robertson's arguments,19

Allnon-bonded intramolecular contacts were caloulated inorder to discloseany unnsual features
within the molecule, If hydrogen atoms are excluded, the two shortest intramolecular contacts
are Q1) O(2), 2-218; O(8)--- Of4), 2-239 A, Other distances of interest in connexion with the
possibility eI repulsionare O(2) - O(3), 2:674; O(3) - C(8}, 2:384; O(4)---C(8), 2-398; C(2} -+ C(8Y,
2-342 A. Inclusion of the hydrogen atoms resulis in 2 number of contacts of slightly less than 2 A
between hydrogen atoms on the benzene ring and next-nearest carbon atoms, and three shorter
contacts between hydrogen atoms on the methyl groug.

All van der Waals's contacts up to a Hmit of 4 A were calculated both with and without
hydrogen atoms. There is a large number of these distances, but no unusual features appear. If
hydrogen atoms are excluded, the shortest contact, apart from the hydrogen bond, is 8:308 A
between two oxygen atoms. The shortest contact between hydrogen atoms is 250 A.

Monsanto ReEszarch S A, BinzsTrasse, 39, 3048 ZUricE, SWITZBERLAND,
fRecefved, July 8lst, 19847

9 G, A, Jeffrey and M, Sax, dcfa Cryst, 1863, 18, 430,
0 7,

H. Roberxtson, dcta Cryst,, 18684, 17, 318.
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