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Abstract—Co-crystal formation of 4,7-phenanthroline and various carboxylic acids allows a study of the effect of supramolecular
synthon competition. © 2002 Elsevier Science Ltd. All rights reserved.

The ultimate goal of crystal engineering is to pre-design
solid-state structures based only on a knowledge of
molecular structure.? The supramolecular synthon
approach, in which desired supermolecules are formed
and/or assembled using previously identified robust
intermolecular interactions, is advantageous in that it
offers a considerable simplification in the design of
crystal structures.® In the co-crystal structures of car-
boxylic acids with 4,4-bipyridine and phenazine, for
example, O-H--N strong hydrogen bonds and weak
C-H--O interactions create synthons I and Il, respec-
tively (Scheme 1).* For other bases (building blocks),
however, a competition between choices of synthon
may arise. In the case of 4,7-phenanthroline (Ph),’
for example, hydrogen atoms on two chemically differ-
ent sp? C atoms can be used to form C-H-O
interactions (Scheme 1), giving rise to either synthon I
or . A search of the Cambridge Structural Database

HOIO
HO' (o]
OA

Scheme 1.

(CSD)® reveals that no organic Ph co-crystal structure
has been reported to date, so that the preference for
synthon I or II in carboxylic acid/Ph co-crystals is
unknown.

A semi-empirical quantum mechanical calculation to
determine the preferred synthon in carboxylic acid/Ph
co-crystals was therefore undertaken. The AMI1
approximation, successfully used elsewhere in studies of
hydrogen bond arrangements in organic complexes,
was adopted.” In order to simplify the calculation, a
model structure of oxalic acid (OA) and Ph (QA+Ph)
was built and geometrically optimised, using the
Cerius? program.® Several restraints were applied: (1)
both molecules were constrained to be planar; (2) the
H-bond angle of the strong O-H:-N interactions was
fixed at 180°, with the value of the O--N distances
varying between 2.45 and 3.25 A; (3) the angle between

CTA . NDA
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two molecules () was fixed at 0° (synthon 1), 50 or
180° (synthon II), as shown in Scheme 2. Hydrogen-
bonding energies (HBE) were calculated for each possi-
ble supramolecular entity using the MOPAC
interface®—details are given in Table 1.'° For all three
values of 7, an increase in the O--N distances results in
the HBE values decreasing. Only small HBE differ-
ences, for the same O--N distances, are observed
between formation of t=0° (synthon I) and that of
7=90°, while the HBE for r=180° (synthon II) sug-
gests that this arrangement is significantly less stable.

T=0°
Scheme 2.

Table 1. Hydrogen-bonding energies (HBE) of oxalic acid/
Ph dimers (kcal/mol) (OA + Ph)

Do..n (A) Ajear of formation rAnu‘g of Apicar of formation
T 0° {synthon I) 90° 180° (synthon k)
245 8.267 10.137 82.389

2.55 3.616 5.493 58.793

2.65 0.639 2427 41.377

2.75 —1.079 0.576 - 28.488

2.85 —1.961 -0.457 18.812

2.95 —2.369 -1.016 11.486

3.05 —2.551 -1.339 6.04

3.15 —2.637 —1.551 2.203

3.25 —2.67 —~1.694 —0.287

Synthon 1, therefore, would appear to be thermody-
namically preferred over synthon II in carboxylic acid/
Ph co-crystal structures.

To compare the theoretical prediction with actual crys-

~ tal structures, an aliphatic dicarboxylic acid, OA, an

aromatic dicarboxylic acid, terephthalic acid (TA), as
well as a tricarboxylic acid, cis, cis-cyclohexane-1,3,5-
tricarboxylic acid (CTA), were each separately co-crys-
tallized with Ph. The resulting co-crystals, OA-Ph,
TA-Ph (both molar ratio 1:1) and CTA-2Ph (molar
ratio 1:2), were obtained by slow evaporation at room
temperature from a 1:1 acid/Ph solution in dimethylsul-
foxide (DMSO), tetrahydrofuran (THF) and methanol,
respectively (Scheme 1).

In agreement with the HBE calculation, a/l acids and
bases interact via synthon I. In the structure of
OA-Ph,"! zigzag tapes are formed via synthon I, involv-
ing O-H:~N and C-H--O interactions [O-~N, H-N,
O-H-N: 2.657(4), 1.64 A, 1758° C-O, H-O,
C-H--0: 3.259(4), 249 A, 127.3°.'21* The torsion
angle between carboxylic acid group and aromatic ring
is ca. 12.8°. Fig. 1 shows the supramolecular sheets
formed by the linkage of adjacent tapes. Zigzag
supramolecular tapes formed using synthon I also exist
in the structure of TA-Ph [O--'N, H-~'N, O-H-N (x—
0.5, y, —z+0.5): 2.724(2), 1.71 A, 171°; C-+O, H-O,
C-HO (x+0.5, y, —z+0.5): 3.234(3), 2.59 A, 117°]. In
TA, the torsion angle between the carboxylic acid
group and the aromatic ring (C-O-N-C) is ca. 38.5°,
and results in significantly buckled infinite supramolec-
ular sheets, generated by inter-tape C-H-+O hydrogen
bonds. In the structure of CTA-2ZPh, the three car-
boxylic acid groups on the CTA molecule interact with
three Ph molecules using synthon I. With the linkage of
synthon I, a two-acid-four-base unit is produced and
adopts a ‘chair’ conformation (Fig. 2). These
supramolecular units pack forming stacks along the
a-axis in a close packed manner. These three structures,
therefore, support the idea that synthon 1 is indeed
preferred to synthon II in these acid:base co-crystals.

Figure 1. Projection onto (100) showing the supramolecular sheet in the structure of OA-Ph involving synthon L.
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Figure 2. Projection onto (100) showing the two-acid-four-base unit in the structure of CTA-2Ph. These units stack along the

a-axis in a close packed manner.

The crystal structure of Ph with 1,4-naphthalenedicar-
boxylic acid (NDA) has also been studied. Interestingly,
when co-crystals of NDA and Ph (NDA-2Ph) are
obtained by slow evaporation at room temperature
from a 1:1 (acid:base) molar ratio solution in N,N'-
dimethylformamide (DMF), synthon II is observed
with one carboxylic acid group [O-'N, HN, O-H-N:
2.649(2), 1.64 A, 173°; C---O, H---0O, C-H--0: 3.319(2),
2.62 A, 122°], whilst the other carboxylic acid group
adopts synthon I [O-N, H-N, O-HN (-x, -y+2,
—z+1): 2.626(2), 1.62 A, 169°; C---O, H--O, C-H--O
(=x, —y+2, —z+1): 3.638(2), 3.21 A, 105°] (Fig. 3).

In order to rationalise the presence of synthon II in
NDA-2Ph, further AM1 calculations were carried out
using models of TA+Ph, CTA+Ph and NDA+Ph, with
similar criteria to those used in the case of OA+Ph.
For TA and CTA molecular pairs, similar results to
that of OA+Ph were obtained. In the case of NDA+Ph,
however, for the same O--N distances, smaller HBE
differences are observed in all cases between models
of 7=0° (synthon I) and t=180° (synthon II} in
NDA+Ph (Table 2). This would suggest that, in the
case of NDA-2Ph, the energy difference between syn-

thon I and II is likely to be less important during
crystallization.

We are not aware of a systematic study having been
made of  the choice of supramolecular arrangement
among two or more possible synthons with the same
functional groups, and we describe this as synthon
competition. In this study, the hydrogen bond arrange-
ments adopted in the majority of carboxylic acid/Ph
crystal structures, synthon I, can be regarded as the
result of synthon competition. The actual results of the
various competing synthon units determine the specific
geometry of supramolecular assemblies in the structures
and hence the overall packing arrangements. Our
results, furthermore, demonstrate good agreement
between experiment and calculation, suggesting that the
AMI]1 approximation can be a practical way to predict
the results of synthon competition.
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Table 2. Hydrogen-bonding energies (HBE) of 1,4-naphthalenedicarboxylic acid/Ph pairs (kcal/mol) (NDA +-Ph)*

Do-w/A Abieas of formation Aticat of formation Akeat of formation Atieat of formation Aicat of formation
T 0° (synthon I) 90° 180° (synthon II) 0° (synthon ) 180° (synthon II)
"o HO,
KO o VD H 0 0
o el

Scheme P‘?.) " N;o 'H,o s Hp S =
2.45 10.026 12.347 31.927 9.338 30.877
2.55 5.148 7.101 120.12 14.923 19.005
2.65 1.863 3.5 11.538 2.022 10.37
2.75 -0.187 1.187 5.674 0.278 4.465
12.85 ) -1.39 -0.235 1.953 -0.691 0.712
[2.95 -2.085 -1.113 -0.246 -1.214 -1.509
3.05 -2.504 -1.687 -1.472 -1.514 -2.752
3.15 -2.771 -2.084 -2.125 -1.705 -3.417
3.25 -2.933 -2.356 -2.44 -1.822 -3.741

“Note relative positions of naphthalene rings.
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HBEs have been calculated by subtracting the heats of
formation of the two monomers from that of the pair.
Even though a large amount of this energy is due to
H-bonding in the pair, the contributions of other types of

interactions, e.g. van der Waals interactions and induced
and permanent dipole-dipole interactions, can also be
significant. Thus, these intermolecular binding energies
are collectively termed as the HBE.

. X-Ray diffraction data (Mo-Ka 4=0.7107 A) were col-

lected at-180(2) K using a Nonius Kappa CCD diffrac-
tometer equipped with an Oxford Cryosystems system.
Data reduction and cell refinement were performed with
the programs DENZO (University of Texas, Southwest-
ern  Medical Center at Dallas, HKL Denzo and
Scalepack, USA, 1997) and COLLECT (Nonius, B. V.
Delft, The Netherlands, 1998) and multi-scan absorption
corrections were applied with the program SORTAV
{Blessing, R. H. Acta Cryst. 1995, A51, 33-38). Structures
were solved by direct methods using SHELXS-97 (Uni-
versity of Gottingen, Germany, 1997) and refined on F?
against all data using SHELXL-97 (University of Géttin-
gen, Germany, 1997). All non-hydrogen atoms were
refined with anisotropic displacement parameters. Hydro-
gen atoms bonded to C or N atoms were placed geomet-
rically and were allowed to ride during subsequent
refinement with an isotropic displacement parameter
fixed at 1.2 times U,, for the atoms to which they were
attached. Hydrogen atoms bonded to O were located in
difference Fourier maps and refined isotropically without
restraint.

Crystal data for OA-Ph: C;H;NO,, M=135.12, colour-
less plate, monoclinic, space group P2,/m, a=3.7136(7),
b=23.455(5), c="6.7199(13) A, §=92.57(3)°, V=584.7(2)
A Z=4, Dgia=1535 Mgm?®, u=0.115 mm™,
F(000)=280, crystal size 0.30x0.10x0.04 mm?®, 3477
refiections collected, 1048 independent reflections (R, =
0.0783), R,=0.0751, wR,=0.2059 for I>24(l), R, =
0.1085, wR,=0.2335 for all data.
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Crystal data for TA-Ph: C,(H,NO,, M =2346.33, colour-
less block, orthorhombic, space group Pnma, a=
13.3988(9), 5=30.798(3), ¢=3.7657(2) A, V=1553.9(2)
A3, Z=8, D.w=1480 Mg/m? px=0.105 mm™,
F(000)=720, crystal size 0.16x0.10x0.10 mm? 5129
reflections collected, 1639 independent reflections (R, =
0.0596), R,=0.0489, wR,=0.0935 for I>20(I), R,=
0.1038, wR,=0.1103 for all data.

Crystal data for CTA2Ph: Cy3H,N,O, M=576.59,
colourless block, triclinic, space group P-1, a=7.2332(4),
b=12.3119(9), ¢=16.4902(13) A, o=108.891(3), B=
100.998(4), y=93.412(4)°, V=135223(16) A}, Z=2,
Deara=1.416 Mg/m? u=0.099 mm~', F(000)=0604,

b=12.1035(5), ¢=30.1798(11) A, F=90.074(2, V=
2696.14(17) A, Z=4, Doyy=1420 Mg/m’, 1=0.095
mm~', F(000)=1200, crystal size 0.40x0.18x0.07 mm?3,

- 14929 reflections collected, 5527 independent reflections

(R,,=0.0522), R,=0.0500, wR,=0.1032 for I>2¢(l),
R, =0.0994, wR,=0.1213 for all data.

Crystallographic data have been deposited with the Cam-
bridge Crystallographic Data Centre as supplementary
publication numbers CCDC 190657-190660. Copies of
these data can be obtained free of charge on application
to CCDC, 12 Union Road, Cambridge, CB2 1EZ, UK
(fax:  +44(0)1223-336033 or e-mail: deposit@ccdc.
cam.ac.uk).

Crystal size 0.12x0.12x0.05 mm3, 11327 reflections col- 12. Intermolecular bond distances and angles to H atoms
lected, 4731 independent reflections (R;,,=0.0851), R, = were normalised to standard neutron-derived distances
0.0580, wR,=0.1090 for /1>20(I), R,=0.1344, along the bond vectors derived from the X-ray results.

wR,=0.1364 for all data. 13. Allen, F. H,; Kennard, O.; Watson, D. G,; Brammer, L.;

Crystal data for NDA-2Ph: C,;H,,N,O,, M=576.59, yel-
low plate, monoclinic, space group P2,/c, a=7.3810(2),

Orpen, A. G.; Taylor, R. J. Chem. Soc., Perkin Trans. 2
1987, S1-S19.
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Abstract

The X-ray structures of four co-crystals of 4,4’ -bipyridyl (Bipy) with two dicarboxylic acids
and two tricarboxylic acids are described. A coupling (I) involving O-H--‘N and C-H---O
interactions, previously seen in co-crystals of carboxylic acids with other heterocyclic bases,
is again shown to be involved in the formation of supramolecular structures. Bipy with isoph-
thalic acid, 1,4-naphthalenedicarboxylic acid and 1,3,5-cyclohexane-tricarboxylic acid forms
1:1 complexes. Tapes of acid:base components are formed via coupling I; these tapes extend
to form supramolecular sheets via O-H---O and/or C-H---O interactions. With tricarballylic
acid, a co-crystal with stoichiometry 3:2 (acid:base) is generated, with a four-acid-four-base
cyclic motif (involving coupling I) as the elementary supramolecular unit. Two previously
reported co-crystals of Bipy with trimesic acid and 2,5-di-n-hexylterephthalic acid are also
discussed, as well as a CSD search for coupling I in mono-and poly-carboxylic acid/Bipy
complexes. © 2002 Elsevier Science Ltd. All rights reserved.

Keywords: Crystal engineering; Supramolecular tapes; Hydrogen bonding; 4,4'-Bipyridyl; Dicarboxylic
acid; Tricarboxylic acid; Co-crystals

1. Introduction

This work forms ]Sart of a continuing study of the design of organic acid:base co-
crystals and in particular the. role of hydrogen bonding in the creation of specific
supramolecular structures. As with most studies of this type, the long-term objective

= Corresponding author.
E-mail address: wjl0@cam.ac.uk (W. Jones).

1463-0184/02/$ - see front matter © 2002 Elsevier Science Ltd. All rights reserved.
PII:S1463-0184(02)00002-3
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is to define robust procedures for the design of organic crystals possessing desirable
chemical and physical properties [1,2]. Crystal engineering and/or supramolecular
design requires the efficient creation of molecular assemblies by means of specific
intermolecular (i.e. non-covalent) interactions [3].

Synthons and couplings are terms frequently used to describe groups of non-coval-
ent interactions linking together molecular units. Crystal engineering, therefore,
requires identification of those synthons or couplings that may be considered reliable
and robust [4]. The hydrogen bond is among the most reliable of intermolecular
interactions and several reviews have addressed the role of hydrogen bonding in
crystal engineering [5,6]. In the case of acid:base co-crystals, Batchelor et al. [7]
have recently used a strong/weak hydrogen-bond coupling based on O-H---N/C—
H---O interactions to create supramolecular tapes using carboxylic acids and phena-
zine.

Various papers have reported the use of Bipy as a design component in crystal
engineering [8]. When co-crystallised with carboxylic acid groups, the pyridy! nitro-
gen atoms can interact with the carboxyl -OH to form O-H---N hydrogen bonds.
Additionally, the pyridyl ortho-H may form a C-H---O hydrogen bond with the
carbonyl oxygen, leading to the formation of coupling I (Scheme 1). The Cambridge
Structural Database (CSD) [9] has 14 examples of Bipy and carboxylic acid co-
crystals to date. Here we examine further the robustness of coupling I in Bipy co-
crystals with di- and tri-carboxylic acids. Specifically, two dicarboxylic acids
(isophthalic acid, IPA and 14-naphthalenedicarboxylic acid, NDA) as well as two
tricarboxylic acids (1,3,5-cyclohexane-tricarboxylic acid, CTA and tricarballylic
acid, TCA) are used (Scheme 2). The packing of some other co-crystals of Bipy
with di- and tri-carboxylic acids existing in the CSD are also included in the dis-
cussion. Finally, a CSD search of Bipy co-crystals with general carboxylic acids has
been carried out and the results are discussed. '

2. Experimental

The starting materials with purity of ca. 98% were obtained from Aldrich and
‘were used without further purification. Mixtures of Bipy and the acids were prepared
from either N,N-dimethylformamide (DMF) or methanol. The input ratios of acid

O—H--N N /
<\ /
O---=--H
Coupling I
Scheme 1.
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Scheme 2
== == H 0O
N N .

\ 7/ \ 7 0 OH

4,4°-bipyridyl

(Bipy) Isophthalic Acid (IPA)
H O
1,4-Naphthalenedicarboxylic Acid (NDA) o OH
HO 0
OH
2,6-Di-n-hexylterephthalic Acid (HTA)
OH O
Tremesic Acid (TMA)
' HO. O
o) o]
0 0O
HO OH
HO OH

HO

O ] Tricaballylic Acid (TCA)

Cyclohexane-1r,3cis,5cis-
tricarboxylic Acid (CTA)

Scheme 2
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and base were 1:1 for the di-acids and 2:3 for the tri-acids. The solutions were left
to evaporate slowly at room temperature in air. X-ray diffraction data were collected
using a Nonius Kappa CCD diffractometer equipped with an Oxford Cryosystems
cryostream. Data were collected at 180(2) K for 2a and 3a, but crystals of 2b and
3b were observed to crack at this reduced temperature, and data were collected for
these at 230(2) K. Data reduction and cell refinement were performed with the pro-
grams DENZO [10] and COLLECT [11], and multi-scan absorption corrections were
applied with the program SORTAV [12]. Structures were solved by direct methods
using SHELXS-97 and refined on F? against all data using SHELXL-97 [13] The
crystallographic data are summarised in Table 1. All non-hydrogen atoms were
refined with anisotropic displacement parameters. Hydrogen atoms bonded to carbon
were placed geometrically and allowed to ride during subsequent refinement with
an isotropic displacement parameter fixed at 1.2 times U,, of the atoms to which
they are attached. Hydrogen atoms bonded to O or N were located in difference
Fourier maps and refined isotropically with the O-H and N-H distances restrained
to 0.84(2) and 0.88(2) A, respectively. These bond distances are intended to provide
the best fit to the X-ray data, but do not reflect the true position of the hydrogen
nucleus. For discussion of intermolecular distances and angles involving hydrogen
atoms, the positions of the hydrogen atoms were normalised to standard neutron-

Table 1
Crystallographic data for the various complexes

Identification code 2a 2b 3a 3b

CCDC Deposit No. 179739 179740 179741 179742
Empirical formula CisH N0,  CH N0, CioH2oN.Og C,H,0N,04
Formula weight 322.31 372.37 372.37 410.40
Solvent DMF DMF Methanol Methanol
Temperature/K 180(2) 230(2) 180(2) 230(2)
Wavclength/A 0.71073 0.71073 0.71073 0.71073
Crystal system Monoclinic Triclinic Monoclinic Triclinic
Space group P2jc P P2,/n Pi

alA 9.7977(3) 10.4170(4) 8.3209(4) 8.8093(10)
biA 6.8620(3) 15.1751(5) 25.3410(13)  10.9581(17)
ClA 22.7713(7) 17.8681(4) 8.7105(3) 11.3238(17)
o/ 90 70.479(2) 90 95.793(5)
pr 100.897(2)  83.103(2) 109.312(3) 111.601(8)
v/° 90 86.249(2) 90 100.613(8) R
VIA3 1503.35(9) 2641.98(15) 1733.35(14) 981.8(2)

z - 4 6 4 2

Density (calculated) 1424 g em™ 1404 g cm™3 1427 gem™  1.388 g em™
Absorption coefficient 0.102 mm~'  0.098 mm™! 0.107 mm™' 0.103 mm™!
Reflections collected 13930 31633 9819 6555
Independent reflections 3444 12014 3031 2667

Rint 0.0672 0.0449 0.0455 0.0645

R1 [I > 20(D)] 0.0487 0.0753 0.0421 0.0821

wR2 [ > 20(]) 0.1038 0.1691 0.0880 0.2069
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derived distances [14] along the bond vector derived from the X-ray results. CERIUS?
[15} and RPLUTO [16,17] were used to visualise the structures.

For the co-crystal 2b, one pyridyl ring in one Bipy molecule exhibited positional
disorder in the plane of the molecule. This result was reproduced with different data
sets collected from several different crystals. Refinement of the pyridyl ring in a
single orientation requires the geometry to be constrained and gives rise to aniso-
tropic displacement parameters with large components in the molecular plane and
R1 ca. 14%. This arrangement also results in a curious “bifurcated” geometry in
which the nitrogen atom of the pyridyl ring points exactly between the two oxygens
of the neighbouring carboxylic acid group. Refinement with the pyridyl ring dis-
ordered over two orientations is considerably more satisfactory: no geometric
restraints are required for either orientation, the site occupancy factors refine to 50%
and it is possible to refine all atoms anisotropically, reducing R1 to ca. 7.5%. In
addition, this arrangement gives rise to two approximately linear O-H---N hydrogen-
bond geometries. The C-O bond distances of the neighbouring carboxylic acid group
(C(12) — O3) = 1.241(#A and C(12) — O@4) = 1.242(4)A) do not facilitate dis-
tinction between the C=0 and C-OH groups, and this was modelled, therefore, with
H disordered equally over the two oxygen atoms. It is not possible, however, to
distinguish any positional disorder for the other pyridyl ring in the Bipy molecule.

2.1. CSD Searches

Searches were carried out using the 2001 release of the Cambridge Structural
Database (CSD) [9] using ConQuest version 1.2 [18). Those structures with Rl >
0.1 were discarded, as were organometallic entries. Hydrogen atom positions were
normalised. The visualisation package CERIUS* was used to analyse the retrieved
structures.

3. Results
3.1. Co-crystal structure 2a (Bipy:IPA)

1:1 Co-crystals of Bipy and IPA crystallise in the space group P2/c (Table 1).
- The atomic numbering scheme is shown in Fig. 1(a). An extended zigzag tape is
generated via coupling I, Fig. 1(b). A summary of the hydrogen bond parameters
for 2a is given in Table 2. The C-H---O interaction within the coupling (O2---H13A
2.37 A; O4---H18A 2.55 A) helps maintain co-planarity of the carboxylic acid group
and pyridyl plane; the dihedral angles between the carboxylic plane O1, C7, O2 and
pyridyl plane C13, C9, N1 and between the carboxylic plane O3, C8, O4 and pyridyl
plane C14, C18, N2 are ca. 3.6° and ca. 10.4°, respectively. Tapes align parallel
to each other forming planar supramolecular sheets via C-H---O hydrogen bonds
(02---H9A 2.66 A; O4---H14A 221 A), Fig. 1(c). No significant hydrogen bonding
exists between the sheets.
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Fig. 1. (a) Atomic numbering scheme of the asymmetric unit of 2a. (b) The zigzag tape formed through
coupling 1. (c) The supramolecular sheet formed via inter-tape hydrogen bonds.
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Table 2

Selected hydrogen bond parameters for the various complexes

Co-crystal D-H--A H---A/A D--AJA D-H Symmetry operator®
2a O1-H100---N1 1.64 2.6533(17) 177.7 -x+2, —y—1, —z
CI13-HI3A---02 237 3.159(2) 128.5 —=x+2, —y—1I, —z
O3-H101---N2 1.61 2.6259(17) 175.7 —x+1, y-1, z+0.5
CI18-HI8A---04 2.55 3.255(2) 122.4 —x+l, 1, 0.5-2
2b 02__1-H2_ 1""N1_1 1.68 2.696(2) 174.4
C17__1-HI7A__1---01 2.52 3.260(3) 124.8
04_1-H4__ 1 N2__1 1.67 2.683(3) 1722 x pHl, =1
CI8__1-HI8A__1'--03__1 2.76 3.438(3) 120.6 x, y—1, z+1
0O3_2-H3_2---N2'_2 1.65 2.670(T) 1733 x, 4+l z—1
C22'__2-H22C_2--04_2 2.55 3.180(8) 116.0 x, y—1, z+1
03_2-H3_2--N2_2 2.15 3.059(8) 147.4 x, y+l, z—1
04_2-H4 2-N2_2 1.65 2.670(7) 174.0 Xyl 21
C18_2-HI8B__2--03__2 2.64 3.2299) 113.7 x, y=1, z+]|
04_2-H4_ 2 N2'_2 215 3.053(9) 147.6 Xyl =1
02__2-H2__2--NI_2 1.58 2591(2) 1719
Cl13__2-HI3B_2---01_2 2.73 3.421(3) 1215
02_3-H2_3-NI_3 1.69 2.696(4) 168.4 x, y—1, z+1
Cl3_ 3-HI3C__1-01_3 292 3.392(5) 106.4 X, z=1
04_3-H4__3---N2_3 1.57 2.590(3) 174.5
C18__3-HI8D_3---03_3 2.58 3.269(3) 121.2
3a 02-H100---N1 1.6} 2.608(2) 163.6
C10-H10---01 3.31 3.889(2) 114.8
04-H101---N2 1.62 2.627(2) 169.5 —-x+1.5, 340.5, —z—-0.5
Ci7-H17---03 3.24 3.804(2) 113.6 —x+1.5, y—0.5, —z—0.5
06-H102--04 1.92 2.8486(19) 150.4 v, o1
C2-H2A---05 274 3.829(2) 1735 Xy z—1
3b 02-H2-NI 1.60 2614(4) 1740 2y, 741
C7-H7---01 2.59 3.305(4) 123.0 x=2,y,z—1
04-H4---N3 1.63 2.633(5) 166.7
CI17-H17---03 2.63 3.347(6) 123.2
06-H6 - N2 1.59 2.588(5) 1672
CI12-H12---05 2.63 3.335(5) 1221

p2—6 (2002) § Burizouidug [o1sdi) / [o 12 uvys ‘N

* Symmetry operators apply to acceptor atoms.
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16 N. Shan et al. / Crystal Engineering 5 (2002) 9-24
3.2. Co-crystal structure 2b (Bipy:NDA)

Crystals of the 1:1 complex 2b adopt the space group PI. Fig. 2(a) shows the
atomic numbering scheme for one of the three acid:base residues in the asymmetric
unit (Fig. 2(b)). Essentially linear supramolecular tapes (Fig. 2(c)) are formed via
coupling I (Table 2). C-H---O interactions exist, with H---O distances ranging from
2.52 to 2.92 A. As a result, coupling I is relatively distorted with the dihedral angle
between the carboxylic group and pyridyl ring varying between 6.9° and 25.2°. Tapes
pack parallel to each other forming planar sheets and the inter-tape weak C-H---O
interactions also exist (H---O 2.30 A), Fig. 2(d). The naphthalene rings are twisted
from the plane of the supramolecular sheets, and adjacent sheets are stacked such
that these rings occupy cavities in the neighbouring sheets.

3.3. Co-crystal structure 3a (Bipy:CT4)

The 1:1 complex 3a adopts the space group P2,/n (Table 1). The atom numbering
scheme is given in Fig. 3(a). Molecules assemble into crinkled tapes with the curva-
ture of the tape reflecting the meta arrangement of the carboxylic acid groups within
CTA. In this case, the C-H---O interactions are extended considerably compared
with the other co-crystals discussed (H---O 3.31 A). The angle between the car-
boxylic acid group and pyridyl ring is 6.5° (Fig. 3(b)). The tapes interact so that
crinkled sheets are formed, Fig. 3(c). Strong O-H---O hydrogen bonds exist between
carboxylic acid groups in adjacent tapes (Table 2). Additionally, weak C-H---O
hydrogen bonds (Table 2) between carboxyl oxygen and cyclohexyl hydrogen are
also present (Fig. 3(c)). As shown in Fig. 3(d), the complete structure of 3a is formed
by close packing of the supramolecular sheets.

3.4. Co-crystal structure 3b (Bipy:TCA4)

Bipy co-crystallises with TCA in the ratio 3:2 to yield crystals in the space group
P1 (Fig. 4(a)). The supramolecular structure is formed by coupling I. Details of the
O-H--'N/C-H--O hydrogen bonds are provided in Table 2. The elementary supra-
molecular structure is a four-acid-four-base ring (Fig. 4(b)) which is perpendicular
to the & axis. These rings are linked further via coupling I to form extended tapes.
No significant hydrogen bonding exists between the tapes; the total crystal structure
is formed by close packing (Fig. 4(c)).

4. Discussion
4.1. Description of co-crystal structures of Bipy with dicarboxylic acids
Tape arrangements are observed in the co-crystals of 2a and 2b. In both cases,

the ratio of acid and base is 1:1 and molecules are linked by coupling I. The geometry
of the tapes reflects the geometry of the linking acids in a predictable manner. Two
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Fig. 2. (a) Atomic numbering scheme of one residue of the asymmetric unit of 2b. (b) The asymmetric
unit containing three independent residues. (c) The tape formed by coupling 1. (d) The planar sheef formed
by tapes by weak C-H---O interactions.
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(a)

Fig. 3.ab (a) Atomic numbering scheme of the asymmetric unit of 3a. (b) The zigzag tape formed by
coupling I.

general types of tapes are shown in Scheme 3, with the tape of 2a being zigzag
while that of 2b linear. As shown in Fig. 1(c) and Fig. 2(d), C-H:--O hydrogen
bonds link parallel tapes to create supramolecular sheets. Usually pyridyl hydrogen
atoms take part in such interactions. The same arrangement has been observed pre-
viously in the complex of Bipy and 2,5-di-n-hexylterephthalic acid (HTA) (2¢, Fig.
5 [19D). .

4.2. Description of co-crystal structures of Bipy with tricarboxylic acids

By contrast with dicarboxylic acid co-crystals, there is much more variety within
the structures of tricarboxylic acid co-crystal structures. All of the pyridyl rings take
part in coupling I with carboxylic acid groups, and the geometry of the acids dictates
the overall crystal structures. 3a forms the 1:1 co-crystal and its behaviour is very
similar to the co-crystals of the dicarboxylic acids. Crinkled carbon rings of CTA
molecules in 3a determine the relative positions of carboxyl moieties, and the
geometry of the supramolecular sheets is affected accordingly, Fig. 3(c).

The structure of 3b shows that when co-crystallising tricarboxylic acids with bases
in ratio 2:3, rings can be formed. Six-acid-six-base rings have been observed pre-
viously in the 2:3 co-crystal of TMA and Bipy (3¢, [20]). Comparison of the struc-
tures of 3b and 3¢ reveals clearly that the supramolecular structure is dependent on
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W/;%
%\%\w
SR

Fig.3.ed (c) The supramolecular sheets formed by tapes via weak hydrogen bonds. (d) The side view
and packing diagram of crinkled supramolecular sheets.

the geometry of the tricarboxylic acid. The three-fold symmetric planar geometry of
TMA gives rise to planar six-acid-six-base rings with three-fold symmetry. In 3b,
however, the geometry of the TCA molecule gives rise to four-acid-four-base rings
(Scheme 4). A two-acid-two-base cyclic non-covalent structure formed by thiodigly-
colic acid and Bipy via coupling I has also been reported by Pedireddi et al. [21].
In 3b, however, the cyclic structure is enlarged to form a four-acid-four-base ring.
In addition, supramolecular tapes are formed in 3b based on these cyclic units.
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Fig. 4. (a) Atomic numbering scheme of the asymmetric unit of 3b. (b) The basic four-acid-four-base
ring in the structure of 3b. (c) Packing of tapes in the crystal structure of 3b.

4.3. A CSD search of carboxylic acid:Bipy co-crystals with coupling I

Although coupling I is observed in all of the six crystal structures considered, this
does not necessarily imply that it will be present in all co-crystals of Bipy and
carboxylic acids. To investigate the general robustness of coupling 1, a search of the
CSD was undertaken. 14 examples of Bipy co-crystals with carboxylic acids were
identified. Of these complexes, 4 involved mono-carboxylic acids [22], 9 involved
dicarboxylic acids [19,21,23] and one involved trimesic acid [20]. Interestingly, al/
14 structures possess coupling I. Details of the geometry of coupling I from the
CSD search are displayed in Fig. 6. For the O-H- N interactions: (a) H---N distances
vary between ca. 1.60 and 1.75 A while the mean value of the distances is ca. 1.65
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VA7

l h— —( b—d] ] 2b
acid - base

Scheme 3

Fig. 5. The supramolecular tape formed by coupling I in the structure of 2c.

A; (b) most of the N---Q distances are focused between 2.60 and 2.65 A; (c) the
O-H---N angles lie in the range 165°-180°. For.the C—H---O interactions, the mean
values of the H---O and C---O distances are ca. 2.8 and 3.5 A, respectively, while
the C-H---O angles mainly lie between 100° and 130°.

4.4. Comments on coupling I in the co-crystals of Bipy with carboxylic acids

Clearly, coupling I is a predictable and robust motif in the structures of co-crystals
of Bipy with carboxylic acids. The strong O-H---N interaction plays the main role
in controlling the one-dimensional supramolecular assemblies of the co-crystals. The
C-H---O interactions are weaker and more readily distorted, as seen in the example
of the structure of 2¢. In 2¢, O-H---N hydrogen bonds exist (Fig. 5), but the long
alky! side-chains on the benzene ring of terephthalic acid force the pyridyl and ben-
zene ring to be almost perpendicular to each other. As a result, the H---O distance
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o
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Fig. 6. (a) The geometry of O~H--*N interactions in coupling I in the CSD. (b) The geometry of C—

H---O interactions in coupling I in the CSD.

(3.03 A) in the C-H:--O interaction is at the long end of the typical range (in typical
C-H---0 interactions, the C---O separations occur in the range 3.0-4.0 A, withH---O

separations in the range of 2.2-3.0 A [24)).
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5. Conclusion

Coupling I was successfully applied in the design of supramolecular tapes of dicar-
boxylic acids with 4,4’-bipyridyl. The geometry of the O-H:--N interaction is gener-
ally predictable, but the geometry of the weaker C-H---O hydrogen bonds may be
affected by the geometry of the acid molecules. Furthermore, the shapes of the supra-
molecular tapes can be affected. For tricarboxylic acid co-crystals, coupling I also
can be found, but the supramolecular motifs are more variable. This suggests the
final structures of the co-crystals are the result of competition between various factors
including coupling I and the geometry of the acid molecules.
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Supramolecular synthons in the co-crystal structures of
2-aminopyrimidine with diols and carboxylic acids
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Abstract—The co-crystal structures of 2-aminopyrimidine (APY) with diols have been analysed and poly-component hydrogen
bond arrangements have been found. In addition, a novel supramolecular synthon has been identified and rationalised in the
co-crystal structure of APY and 1,4-naphthalenedicarboxylic acid (NDA). © 2002 Elsevier Science Lid. All rights reserved.

The role of hydrogen bonding in crystal engineering
and the creation of desired supramolecular structures is
well established.'™ So-called strong hydrogen bonds,
such as O-H-+O, N-H--O and O-H--N interactions,’
play a particularly important structure-directing role.
Furthermore, those supramolecular arrangements that
possess proportionally more strong hydrogen bonds are
likely to be favoured amongst possible alternative
arrangements. When designing supramolecular tapes
involving carboxylic acids and N-heterocycles, there-
fore, synthon I is likely to be preferred to synthon
H-—synthon I creating two strong hydrogen bonds
whereas synthon II is composed of one weak (C-H---O)
and one strong hydrogen bond.

In the Cambridge Structural Database (CSD),* 22
structures have been reported to date for co-crystals
involving 2-aminopyrimidine (APY). Of these, 21
involve APY co-crystallised with molecules possessing
at least one carboxylic acid group and in each structure,
synthon I is observed.” Thus, from the existing crystal-
lographic data, it is possible to predict with reasonable
confidence at least the local supramolecular arrange-
ment in carboxylic acid/APY co-crystals, i.e. interaction
via synthon I. Despite the abundance of carboxylic
acid/APY co-crystals within the CSD, there is little
information concerning the types of synthons or
supramolecular structures that- APY will form with
other types of functional groups. Diols, for example,
are of interest from the viewpoint of crystal engineering
because they can be considered as being derived from
carboxylic acids with the carbonyl group (C=0) omit-

* Corresponding author. Tel.: +44-1223-336468; fax: +44-1223-
336362; e-mail: wjl0@cam.ac.uk ‘

ted. The carbonyl group is clearly essential in the
formation of synthon I. In the absence of appropriate
crystal structures, a possible new synthon (synthon II),
which retains the original O-H---N interaction in syn-
thon I and creates a new N-H--O interaction, might be
predicted as the likely hydrogen bond arrangement in
diol/APY co-crystals (Schemes | and 2).

/ s /
*<O—H -~N\>-_ —<O—H- ~N\>—_ JHe \
\ ! I R-O. I
OH—N \o -------- H—N
\ \
R
Ry v oy
O-H-‘--N\ N=—H-O—H- N
Aoy = — v
—N H—N N-- -H—Oy-H—N
SV / > \
\ R
Scheme 1.
Ho _H
N

BDM NDA

Scheme 2.

0040-4039/02/$ - see front matter © 2002 Elsevier Science Ltd. All rights reserved.
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To investigate this hypothesis, two representative diols,
hydroquinone (HQ) and 1,4-benzenedimethanol
(BDM),® were co-crystallised with APY. Two co-crystals
in the molar ratio 1:2 (HQ-2APY and BDM-2APY)® were
obtained by slow evaporation at room temperature from
a 1:1 diol/APY solution in ethanol.

It transpires that synthon III is found in neither of the
two diol/APY co-crystals, and instead larger cyclic
hydrogen-bonded motifs are formed. In the structure of
HQ-2APY (Fig. 1) molecules assemble in an R,%(10)
trimer arrangement (synthon 1V) involving N-H-N,
N-H-+O and O-H-N hydrogen bonds [N-N, H--'N,
N-H-N (-x, y-0.5, -z+0.5): 3.06, 2.18 A, 144°; N---O,
H-O, N-HO (-x, y+0.5, —z+0.5): 3.00, 2.13 A, 144°;
0N, HN, O-H-N: 2.76, 1.78 A, 174°].'"%!! This
supramoiecular hydrogen-bonded ring adopts an ‘envel-
ope’ conformation similar to that for cyclopentane, and
results in a noticeable non-linear arrangement for the N
donor hydrogen bond. Infinite supramolecular sheets are
formed exclusively using synthon IV.

In the structure of BDM-2APY (Fig. 2), an R,*(12)
hydrogen-bonded cyclic synthon exists (synthon V)
involving two APY molecules and two BDM molecules.
An inversion centre exists within the ring and a boat-
like conformation is adopted, in which a pair of O-H--'N

" and N-H-O hydrogen bonds exist [N--O, H-O,

N-H--0: 291, 2.03 A, 143° O-'N, H-~N, O-H-'N
(=x+1, —y+2, —z+1)  2.83, 1.86 A, 173°]. Again
supramolecular sheets are formed, in which molecules
are linked by synthon V as well as APY R,%(8) dimers
with C; symmetry [N-N, H-'N, N-H-N (-x, -y+2,
—-z): 3.03, 2.04 A, 168°].

The absence of synthon III in these two diol/APY
structures may be rationalised in part by the poor
directionality of the N~H--O hydrogen bond (theoreti-
cally ca. 130°) that would exist within such a synthon—
especially when considered in competition with more

Figure 1. The supramolecular sheet in the co-crystal structure
of HQ-2APY involving synthon IV,

geometrically favourable synthons such as IV and V.
Similarly, it is noteworthy that in the presence of
carboxyl groups (C=0), synthon I is more preferable
than synthon IV and V in the molecular assemblies of
carboxylic acid/APY co-crystals.

As part of a more ‘general study, we have also been
interested in co-crystals formed with 1,4-naphthalenedi-

“carboxylic acid (NDA)."? On the basis of existing crys-

tallographic data, we would predict that synthon 1
would be the only direct hydrogen bond arrangement
between the carboxylic acid group and APY in
NDA'APY co-crystals. Interestingly, when co-crystals
of APY and NDA?® are obtained from slow evaporation
at room temperature from a 1:1 (acid:base) molar ratio
in N,N-dimethylformamide, synthon HII is observed
[N--O, H--O, N-H-0: 3.17, 2.42 A, 130°% O-N, H:-N,
O-H-N  (=x=1, —p+1, =z+3): 265, 1.67 A,
159°]. As shown in Fig. 3, supramolecular sheets are

Figure 2. The supramolecular sheet in the co-crystal structure
of BDM-2APY involving synthon V.

Figure 3. The supramolecular sheet in the co-crystal structure
of NDA-APY involving synthon I and synthon IIL
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formed by the alternate packing of two distinct tapes,
one of them formed entirely by synthon I while the
other tape involves both synthon 1 and IIl. Tapes
interact via C-H--O interactions to form supramolecu-
lar sheets.

The structure of the terephthalic acid (TA)/APY co-
crystal reported in the CSD allows us to rationalise the
existence of synthon Il in NDA'APY. In TA-APY,"”
supramolecular tapes are formed via synthon 1. In
addition, tapes assemble via inter-tape C-H---O interac-
tions to create supramolecular sheets (Fig. 4). In
NDA-APY, however, supramolecular tapes formed only
by synthon I cannot, unlike TA, pack efficiently
because of the asymmetry created by the naphthalene
ring on NDA. Synthon III is then utilised as an alterna-
tive choice for close packing. Additionally, the existence
of synthon III may result from the presence of the
carboxyl group, which may prevent the formation of
other geometrically more favourable synthons such as
synthons IV and V. Clearly therefore, under appropri-
ate conditions synthon IIT becomes viable.

Figure 4. Projection of the supramolecular sheet in the co-
crystal structure of TA-APY involving synthon L
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FURTHER OBSERVATIONS ON THE CHEMOTHERAPY OF .
EXPERIMENTAL GAS GANGRENE: FLAVAZOLE,
MLXRI‘A\TIL Vig7 AND V335,

J. McINTOSH swn F. R. SELBIE.

I‘mm the Bland-Sutlon Institute of Patholog J, Middlesex Hos;mlal
Lomlon, W. 1.

Received for pnhhmtwn January lr;, 1946,

RecENT publications have shown that the mortality rate in clostridial gas
gangrene is still high, in spite of the use of powerful therapeutic agents and
improved surgical technique. There is, however, the reassuring finding of
MacLennan and Macfarlane (1944) that in the Sicilian and Italian campa.ign the
mortality rate fell from 70 to 30 per cent coincident with an improvement in the
general standard of treatment, and that the mortality rate was lowest among
those who received adequate surgical and antitoxin treatment within 6 hours of
_diagnosis. There have also been very favourable reports of the value of treat-
ment with penicillin, but we and others have observed fatalities even in cases
where complete sterilization of the clostridial infection was attained, and in "’

. spite of adequate antitoxin dosage. As has been suggested recently by MacLennan
and Macfarlane (1945¢, b), these deaths may have been due, not to the direct
effects of the clostridial infection, but to some toxic substance derived from the
damaged muscle.

. It is thus evident that the treatment of established gas gangrene is still a
major problem, and in view of the fact that the incidence of gas gangrene has
been between 0:3 and 1-0 per cent of all United Kingdom and Empire troops
wounded in the different campaigns of this war, it is all the more important that
efficient prophylactic measures ghould be employed The great success of
tetanus toxoid in abolishing tetanus has suggested the use of prophylactic injec- -
tion of toxoid prepared from the clostridia of gas gangrene. However, diffi-
culties have been encountered in the large-scale prepa,ta.mon of potent toxoid, so
that this method of protection is still in the experimental stage. We therefore
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- gangrene infections in mice. The mouse is perhaps not, the most suitable animal

-of preformed -toxin in the inocula have been avoided by using washed organisms
" suspended in a solution of calciumi chloride. This method has the further

" Parkes, McMullen and’Pile, 1944). Since then & further seriés of drugs has been
tested, and an account of the results obtained with the more active of these will

. active against CI. septicum and Cl. oedematiens.

THE CHEMOTHERAPY OF EXPERIMENTAL GAS GANGRENE. 47

consider that an essential prophylactic measure is the immediate treatment of all
wounds with an-antiseptic capable of preventing the development of gas gangrene
infection, in addition to the removal of all devitalized tissues which might promote
the growth of bacteria.’

With the aim of finding drugs suitable for this purpose we have investigated
the therapeutic action of a large number of substances in experimental gas

for the experimental study of gas gangrene infection, in that it requires a very
much larger number of organisms to produce a fatal infection in the mouse
than in the guinea-pig. However, by the choice of suitable strains of clostridia
we have been able to obtain consistent results by intramuscular injection over a
number of years. Uncertainties which might arise from variations in the amount

advantage that it produces an overwhelming bacterial invasion of the tissues at
an early stage of the infection, and thus provides a highly suitable test for
therapeutic substances. ) '

In a previous communication we have shown that highly active substances
against Ol welchii and Cl. septicum infoctions are penicillin and sulphathiazole
respectively, whereas Cl. oedematiens infection is less responsive to treatment
(McIntosh and Selbie, 1943). : On the basis of our findings we have recommended
a powder mixture containing 1 part of profiavine and 99 parts of sulphathiazole
as a prophylactic application to wounds (McIntosh, Selbis, Hudson, Patey,

be given here.

EXPERIMENTAL.

The Drugs Tested.

The drugs which have proved active in this series of tests are four new acridine
compounds, two sulphone compounds, and marfanil,

Acridine compounds.~—Two of the new acridine compounds, nitracrin (5-amino-
2-nitro-7-ethoxyacridine, Albert and Gledhill, 1942) and suproflavine (2 : 8-
‘diamino-1 '+ 9-dimethylacridine, Albert, Rubbo, Goldacre, ‘Davey and Stone,
1945) were supplied by Dr. A. Albert of Sydney University. The two others,
which have been prepared by the Research Laboratories of Boots, Ltd., are
acridine-sulphathiazole compounds, flavazole (2 : 8-diaminoacridine-sulphathia-
zole or proflavine-sulphathiazole) and 5-aminoacridine-sulphathiazole.  An
account of the favourable results obtained with flavazole in the treatment of g
infected wounds has already been published (MeIntosh, Robinson, Selbie, Reidy,
Blake and Guttmann, 1945). ’

Sulphones —The two sulphones are V187, or p-methylsulphonylbenzamidine
hydrochloride, and V335, or p-methylsulphonylbenzylamine hydrochloride, both
synthesized by Evans, Tuller and Walker (1944) in the course of work on the
chemotherapy of typhus. -These authors have shown that V187 and V335 are

“similar to the related compound marfanil in their therapeutic activity against

Cl. welchis infection in guinea-pigs, and that V187 and.marfanil are equally

4
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Marfanil.—Marfanil, or p-sulphonamidobenzylamine hydrochloride (Miller,
Sprague, Kissinger and McBurney. 1940; Klarer, 1941) has been shown by
Domagk (1942), Evans, Fuller and Walker (1944), and Hamre, Walker, Dunham,
van Dyke and Rake (1944) to have considerable activity against experimental
-anaerobic infections, and has been used prophylactically by the German army.

Bacteriostatic properties. ]

Bacteriostatic tests of these drugs have been made in an infusion meat
extract with 1 per cent Witte peptone, which does not inhibit sulphonamide
activity. Several strains of each of a number of aerobic and anaerobic organisms
were sown in this medium in the presence of two-fold dilutions of the drugs, and
the results.were read after incubation for 24 hours,

The results of these tests are shown in Table I, where it will be noted that
sulphathiazole is exceptional in this series of drugs in that it is highly specific
in its action against the clostridia, being highly active against Cl. septicum and

TanrLe 1.—Bacteriostatic Concentration in vitro in mg. per 100 c.c.
cr. cl. Cl oede-  Staph. Strapt.

- welchii,  septicum.  matiens, aureus, pyogencs,  Coliforms. ?uoc];:.nza. Pratens.
Flavazole . . 08 0-15 0-3 0-8 0-08 0:6-10 2-5~5 0-3-2-5
* f-aminoacridine |
sulphathiazole 1:25 015 0-6 1-25 03 0-6 2:5-10 1-25
Proflavine 06 015 015 0-6-1-2 015 2-5-10 1040 1:2-2:5
Suprofiavine . 015 008 0-02 06 0-01 0-6-2-5 2-5-5 0-8-1-25
Nitracrin 0-15 008 0-04 0-6 0-3 . 25 20-40 20-40
V187 123 0-8 04 250 1-2 400~-800  400-800 400-800
V335 . 1:5 08 08 40-80 - 12 5002000 250-2000 500-2004)-
- Marfanil = . 75 30, 15 100-1000 25 - 200 75 1000
Sulphathiaszole 200 0-4 200 0-8 0-15-0-6 0-6-40 40 40
‘Penicillin - "’ .0-008 " 0008 - 00

01 -0:001 0-0005 = — _— —

only moderately active against the other two. All the other drugs are highly
active against all three clostridia and, although most of the drugs are somewhat
more active against Cl. oedematiens, the bacteriostatic titres of each drug against
the three clostridia lie within fairly narrow limits. On the other hand there are
wide differences in the bacteriostatic activities of these drugs against the aerobic:
organisms. Marfanil, V187, V335, sulphathiazole and penicillin are all relatively
much less effective against certain- aerobic organisms, particularly. the Gram-
negative bacilli, whereas the acridine compounds show a more uniform and
high activity against all the organisms tested. It is also of interest that the
.acridine-sulphathiazole compounds have lost none of the bacteriostatic activity
of their components, and have even greater activity against Proleus and Ps.
pyocyanea. '

Toxicity.
With all the substances tested excepf penicillin an endeavour has been made
to maintain a constant relationship between dosage and toxicity by limiting the

S therapeutic test dose to about } to 4 of the maximum tolerated dose by the same
injection route. For this purpose mice are injected intramuscularly with
: increasing quantities of the drug, and the least quantity which causes death is
regarded as the maximum tolerated dose. The results of these tests can be

- ‘judged from the therapeutic doses chosen (Table IT). An interesting finding is
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that the proflavine-sulphathiazole compound, flavazole, is about 20. times less

- toxic than proflavine by the intramuscular Toute whereas; by its constitution, it

would be expected to be only half as toxic. Further tests, however, hy injection

into the peritoneal cavity have shown a much smaller difference in toxicity. so .

that the discrepancy may be largely ascribed to the much lower solubility of
flavazole. I ’ A )

The local toxicity of the drugs has also been examined by the histological
method previously described (Selbie and McIntosh, 19043). In the therapeutic
doses used, nitracrin, suproflavine and 6-amino-acridine-sulphathiazole are some-

what more toxic than proflavine, whereas flavazole, marfanil, V187 and V335

are about equal to proflavine in toxicity.

- Therapeutic Experiments.

" Method of testing.

The strains used, CI. welchit, B.S.1. 186 and S 107, Ol septicum, B.S.I. 84, and
Cl. oedematiens, B.S.I. 193-(Jolly) and B.S.I1. 184 (H.I), and the methed of
testing the therapeutic efficacy of drugs are the same as those previously described
(McIntosh and Selbie, 1943). In each therapeutic experiment 4 to 6 groups of
mice are injected intramuscularly in the thigh with 0-2 c.c. of washed organisms
suspended in a 2-53 per cent solution of calcium chloride, the infective dose being
sufficient to kill all untreated mice within 18 hours and usually about 100 minimal

lethal doses. One group .of mice is left untreated and the remaining groups are

treated 1 hour later each with a different drug, which is injected in solution or
suspension in quantities of 0-1 or 0-2 c.c. at the site of the infective inoculation.
The daily incidence of deaths is then noted, and at the end of 3 days, after

-which deaths are few, an estimate of the efficacy of the drugs in postponing or

preventing death is made on the basis of the average number of days survived
per mouse over the 3-day period. This figure is obtained by adding up the
number of whole days survived by the mice and dividing by the number of
mice in the group (Whitby, 1937). Thus in an experiment comprising 6 mice,
if 2 mice are dead at 1 day, 1 at 2 days, and 1 at 3 days, leaving 2 survivors, the
number of whole days survived is 1 X 1 +1 X 2 4 2 X 3, giving a total of
9 for 6 mice and an average of 1-5 per mouse. A more convenient method is to
express this figure as the percentage of total survival over 3 days, so that the
result of this particular experiment is expressed as 50 per cent (9/18 X 100) of
3 days survived. This method of estimation is a more accurate measure of
therapeutic efficiency than the crude survival rate at 3 days, since it allows for
the delay in déath to the second or third day of treated mice that failed to survive
the full 3-day period of observation, and it is of particular relevance here because
all the untreated mice died within 24 hours. '

Results.

The results of our therapeutic tests against the three chief causal organisms
of gas gangrene are shown in Fig. 1 and Tables I and ITI. These experiments
have included parallel tests on penicillin, proflavine and sulphathiazole for
purposes of comparison. As will be seen from the results, the activities of these
substances against the three anaerobic infections have been comparable with
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Average number of whole days survived at 3days by nuce treated lacallg

! fhour after infection with- i~ -
Cl welchii C1 scplicum - CI mdemunens

i T 3 0 ! 2 3 2 3 days.

L

Drug

— O

favazole 10mg

SAminoacridine - -
_ Suphattiazole 10mg

W

Proflaviné O3 mg

Suproflavine 0-5myg

L 'W

Nitracrin  04mg

VIST  0mg F— =
V3335 v'zOmg = =

. IS I

Marfanit 20mg |

A Sul;)};avhiazole40;r;g :‘= .

Ll "I| |

-

Fi16.. 1,—FBach horizontal line represents one therapeutic test in which 6 mice were trested
locally 1 hour after infection; the length of the line indicates the average number of
days survlved per mouse at the end of 3 days. (For *Favazole” read ¢ Flavazole, ")

Pemcillin -~ SQunits

__"

those obtamed previously (McIntosh and Selbie, 1943), so that the. condltxons of’
infection and response to therapy do not appear to have altered in any. matenal
respect

The individual tests, each compnsmg 6 mice, are shown in Flg 1, where the
results are expressed as the average number of whole days survived by the mice -
at the'end of 3 days. It has already been mentioned that the several tests for
each drug were made in separate experiments, so that Fig.-1 shows the degree of
variation in the response to treatment from one experiment to another. Although

. this variation has been considerable in a few instances, the results as a whole
would appear to be sufficiently uniform to warrant the further analysis presented
in Tables IT and III.

It is evident from Tables I and III that the three clostridial infections vary
greatly in their sensitivity to chemotherapeutic treatment. In the first place, -
Cl.. oedematiens infection is in.general much less responsive to treatment than
the two other infections, in spite of the fact that this organism is at least as
sensitive to the direct action of all the drugs used except sulphathiazole (Table I),
In the second place, as shown in Table III, the order of efficacy of the drugs
varies greatly from one organism to another. Thus, the most active drugs’
against CI. welchit infection are penicillin and V335, against Cl. septicum flavazole,
and against Cl. oedematiens V187. 1If, on the other hand, the average efficacy
of drugs on all three anaerobes is considered, the most effective are flavazole,

27
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Tasie IT.—Effect of Local Treatment 1 Hour after Infection with
- (1. welchii, Cl. septicum and Cl. oedematiens. ’

. Survivors ‘ Avernge Por cend
Number “
Drug, Clostridiuwm. . “\:? ¢ ot 3 days. 2‘3’5‘;’;: 3 (ﬂf\ s

) mice. No. % survived.  survived.
Flavazole 10-mg. . . . welehii .30 . 23 37 2.4 It}
e septicum Lo .20 83 - 2-7 90
oedematiens . 24 . 0 0 0-8 23
5 - Aminoacridine - sulphathia-. welchet . 18 2 }l 0-9 30
zols 10 mg. - . _ septieum . 18 13 T2 2-4 s
. : cedematiens . 12 0 0 66 19

Proflavine 0-3mg. . .  welchii . 48 21 44 1-8 58 -

seplicun 1 2 3 14 47
oedematiens . 30 3 8 1-3 44
Suproflavine ¢:5 mg. . . welchis .. 18 4 28 1-4 16
. ’ sepicum 18- 7 39 2:2 T
oedematiens . 12 0 0 1.1 35
Nitracrin 0-4mg.  .° .  wclohii .18 L0 0 0-2 8
septicum .18 T 4 23 1-1 37
ocdematwna P 4 17 1-4 40
VI8T20mg . . . . . welhii . . 2% 14 38 2.0 . 63
septicum .18 -0 0 1.2 41
oedematiens . 18 11 61 2:4 31
V335 20 mg. . . . welehii .24 21 - 88 2:8 9
septicum . 18 0 [} 1.1 37
oedematiens . 13 0 0 09 31
Marfanil 20 mg. . . . welchii .30 15 30 2-0 83
. septicum o2 0 0 1-0 33
) oedematiens . 24 0 0 .09 29
Sulphathiazole 40 mg. . . twelchit s 2 0 g 0-2 7
septicum .24 11 46 2.3 32
: - oedemaliens . .24 i 4 0-1 4
Penicillin 50 units . .  welchii .%o 96 30" 99
septicum R - B 3 28 1.7 57
oedematiens . 2% 4] 9 1-0 32
N4l (control mice) . welchis .9 0 [ 0 b
Nepitcum . 52 ] [V} 0 i
oedematiens . 60 ] [} 0 [

penicillin and V187 with averages of 63 to 65.per cent, the next are V335, SUpro-

flavine and 5-amincacridine-sulphathiazole with averages of 50 to 63 per cent,
and the least efficacicus are marf:mxl mtmcrm and sulpha.thlazoie with averages
of 28 to 43 per cent. .

Some interesting relatmnshxps are found when the therapeutic values of the
individual drugs are considered. Flavazole is of greater value than either of its
components, proflavine and sulphathiazole, against Cl. welchii and Cl. septicum
infections, whereas it is only of intermediate value a,gamst ClL. oedemaiiens.
5-Aminoacridine-sulphathiazole is similar to flavazole in its activity against
Cl. septicum and Cl. oedematiens, but is much less active against CI. welchs.
Proflavine, as has been noted before (McIntosh and Selbie, 1943), is exceptional
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52 J. MCINTOSH AND F. R. SELBIE.

TasLe ITT.—Comparative Efficacy Y of Drugs Against Anuerobic Infections
Expressed as Percentage of 3 Days Survived by Treated Mi ice.

‘Prr tent

of 8 duys Cl. welehii, C-l. gepticnnn, Cl, sedsmatiens,
survived.
100 - - 3 i
Penicillin (99) i " o
V335 (02) : |
| Flavazole (90) !
| 3-Aminoacridine- .
: i sulphathiazols (81) I T187 (81)
80 . ! i
: Flavazole (749) i ;
{ Suprofiavine (74) 4
+  Sulphathiazole (72) [
V187 (68) T . :
S *Marfanil (68) ! y
’ Proflavine (38) ¢ i
; Penicillin (57) o
) Proflavine (47) :
H Suproflavine (46) i Nitracrin {46)
« Proflavine (44)
: V187 (41) : '
40 -
: Nitracrin (37) 1
i o V335 (37) i :
. ' | Suproflavine (36) l.
. Marfanil (33) b
H i Penicillin (32)
i . | V335 (31)
i 6-Aminoacridine-: = |
i sulphathiazole (30) |
i - Marfanil (29)
! | Flavazole (25)
20 i o -
: i [ 5-Aminoacridine-
: : sulphathiazole (19)
. Sulphathiazole (7) . i :
; Nitracrin {6) co R i
] . i Sulphathiszole {4)
0! 2

in that it has a moderately bigh activity against all three types of infections.
Of the- other acridines tested in- this series suproflavine is similar to proflévine
‘except that it is somewhat more active against Cl. septicum, while nitracrin is
inferior against Cl. welchii and Cl. septicum, perhaps because of its low solubility.

The results obtained with marfanil, V187 and V335 are of interest in that
they are closely related compounds, and would therefore be expected to have
similar chemotherapeutic properties. This expectation is upheld in the almost

- equal activity of marfanil and V187 against Ol. welckis, of marfanil and V335
against Cl. oedematiens, and of all three drugs against Cl. septicum infection.
On the other hand V335 and V187 are much more active aga.mst Ol welchis and
(1. oedematiens infections respectively.

The varying sensitivity of these infections to drugs is also shown in the
-paralle] tests with penicillin and sulphathiazole. Penicillin, in the dosage used,
is highly effective against Cl. welchit and less effective against Cl. septicum and
Cl. oedematiens, while sulphathiagole is highly active against Cl. septicum, and
is of little or no value against the two other clostridia.
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DISCUSSION.

A comparison of the relative bacteriostatic titres against Cl. welchsi, C1l.
septicum and Cl. oedematiens of the various drugs used in these experiments
(Table I) and the relative efficacy of these drugs against the corresponding
infections in mice (Table IIT) showsthat bacteriostatic activity does not necessarily

bear a close relationship to chemotherapeutic activity. A high specificity in-

the in-vitro tests is shown only by sulphathiazole in that it is highly active
against Cl. septicum and only moderately active against the two other clostridia,
and this specificity of action is also shown in the therapeutic tests. With the
other drugs of this series the bacteriostatic tests show on almost equal activity
for each drug against-all three clostridia, whereas the chemotherapeutic tests
show great differences in their therapeutic efficiency for the three corresponding
infections with the exception of proflavine.

The wide differences that have been found here in the chemothefapeutic'

activity of drugs against experimental gas gangrene, and in particular, the varying
order of efficacy of the drugs from one clostridium to another, may be due to
differences in the metabolism of these organisms which, although they have
much in common; are recognized as having distinct biological properties. If
this is true it would then appear that these differences in metabolism have more
decisive effects in determining drug sensitivity in the treatment of infections
than in bacteriostatic tests where, as has been shown here, only sulphathiazole
of a number of drugs had any specificity in its action against these three clostridia.
In therapeutic experiments, however, other factors come into play in determining
the effect of chemotherapy, such as invasiveness and toxin production, and
these may largely account for the relative insensitivity of Cl oedematiens infection
to drug action. . . ) S T S

As it is evident, from the results presented here and previously, that no
particular drug does at present or is likely in the future to prove a panacea for
clostridial infections, we are still convinced of the necessity of using a mixture
of drugs for the prophylaxis of clostridial infections in wounds. Such a mixture
should be capable of dealing with all the organisms, both aerobic and anaerobic,
likely to be met with in wounds, including the Gram-negative bacilli which may
promote conditions suitable for the onset of gas gangrene infection.

For this purpose we originally selected a mixture of an acridine (1 per cent

proflavine) and sulphathiazole as the most potent and readily available drugs.

" More recently after clinical trial we suggested that the proflavine in the mixture

might be replaced by the new acridine flavazole (2 per cent), which is somewhat
less toxic' than proflavine and more active against Proteus and Ps. pyocyanea.

" This mixture can be enhanced in its activity against Staphylocoscus aureus and

other organisms by the addition of penicillin (McIntosh, Robinson, Selbie, Reidy,
Blake and Guttmann, 1.945).
SUMMARY. '

A number of substances have been tested for their therapeutic activity
against C1. welchii, Cl. septicum and Cl. oedematiens infections in mice.

The results, summarized in Table III, show that these infections differ greatly
in their sensitivity to chemotherapeutic substances, and for this reason no one
drug can be regarded as an adequate prophylactic against these three infections.
An efficient wound antiseptic must therefore consist of a mixture of drugs.
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F. BIELSCHOWSKY.

Against Cl. welchii infection the most active ‘of the chemotherapeutm sub-
" stances tested are penicillin and V333 ; against Ol. septicum flavazole (proflavine-
sulphathiazole compound), and against 0L, oedematiens infection the aulphone
V187!
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'TUMOURS PRODUCED BY 2-ANTHRAMINE.

F. BIELSCHOWSKY.

From the Department of Pathology and the Field Laboratory
Unaversity of Sheffield.

Redeived for publication January 22, 1940.

Trz three aromatic amines, 2-naphthylamine, 2-anthramine and 2-amino-
-fluorene, have- been found to indude distant tumours. Hueper and Wolfe (1937)
and Bonser (19 43) obtained neoplasms of the bladder by feeding 2-naphthylamine
to dogs, Shear (1938) hepatomas in mice after injection of 2-anthramine, and
Bielschowsky (1944) liver tumours by painting the skin of rats with a solution
of 2-aminofluorene in acetone. In this connection some. compounds chemically
related to 2-napthylamine may be mentioned. Hueper (1942) discovered the
carcinogenic a ctivity of 2-amino-l-naphthol, and Cook, Hewett, Kennaway
and Kennaway (1940) found that 2: 2'-azo-naphthalene and 2: 2’-diamino-
1: 1'-dinaphthyl produce liver tumours in mice. The last two compounds can
be considered intermediaries between 2-naphthylamine and 3:4: 5 : 6-dibenz-
carbazole, the carcinogenic activity of which was discovered by Boyland and
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Magnetochemistry of the tetrahaloferrate(Ill) ions
6. Crystal structure and magnetic ordering in [(pyH);Cl][FeCl,],
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Jalal A. Zora, Christer B. Aakerdy, Peter B. Hitchcock, K. R. Seddon
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and Richard L. Carlin* :
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Abstract

The crystal structure, magnetic susceptibilities and specific heat of the title compound were determined by X-
ray diffraction, susceptometry between 1.2 and 20 K| and adiabatic calorimetry between 1.5 and 39 K, respectivelv.
The material is found to be a canted antiferromagnet with a critical temperature of 2.212 K. A A-feature in the
heat capacity at that temperature and an apparent break in the susceptibility curves are indicative of the
manifestation of long-range order. A large degree of short-range order is observed to persist above the critical
temperature, however. The compound crystallizes in the orthorhombic space group Pbce (Z=8, a=13.040(2),
b=15.929(2), ¢=27.014(5) A and V=5611.2 A®). Bond lengths average 2.184(5) and 2.185(2)
and Fe(2)-Cl, respectively, within the slightly distorted tetrahedra. Single crystal magnetic susceptibility mea-
surements of the sample show behavior consistent with that of a tbree-dimensional Heisenberg antiferromagnet
with a small ferromagnetic peak whose maximum is identified at 2.00(1) K. This behavior is indicative of sublattice
canting. A fit of the data from high temperature series expansions for a Heisenberg §=5/2 simiple cubic lattice

. gives |Jfka=0.084(1) K with g=2.00.

Introduction

As part of aninvestigation of the magnetic interactions
in a series of compounds containing iron(II), we ex-
amined the compound of empirical formula
(pyH),Fe,Cl,. Once thought to contain the triply-
bridged binuclear complex, [tri-u-chlorobis-trichloro-
ferrate(I1I) - [1], the compound was studied by Earn-
shaw and Lewis [2] as part of their investigation of
the distance dependence of magnetic interactions be-
tween metal atoms. The assumption at that time was
tl}at the metal-metal interactions in a triply-bridged
dimer complex should be stronger than in a similar di-
or mono-bridged species. Magnetic susceptibility data
measured between 93 K and room temperature were
g]tc the equation for a binuclear § =§' =5/2 interaction

*Author to whom correspondence should be addressed.

0020-1693/92/55.00

613
A for Fe(1)-Cl
Xa=(3K/T)[55+30 exp(1tx) + 14 éxp(l&x)
+5 exp(24x) +exp(28x)}/[11+ 9 exp(10x)
(¢))

+7 exp(18) +5 exp(24x) +3 exp(28x)
+exp(3Gx)] +N(a)

where K=Nog*up’f3ky and x= —J/ky T. The symbols g,
No, #n and kg represent the spectroscopic splitting
factor, Avogadro’s number, the Bohr magneton and
Boltzmann’s constant, respectively; N(a) is the tem-
perature independent paramagnetic term, J is the ex-
change constant and T the absolute temperature. A
good fit of the data to this function was obtained with
values of Jlkg=—1.7 K, g=2.09, and N(a) taken to be
zero. This small interaction was interpreted in terms
of a distortion of the octahedra on formation of the
binuclear complex in such a way as to cause the iran
atoms to move apart. Another conclusion was that the
chlorine bridging group was not as cffective as an oxygen
bridge in enhancing the intcraction between metals,

© 1992 ~ Elsevicr Scquoia. All rights reserved
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since with oxygen a m-bonding mechanism can operate
in the M~L-M (mectal-ligand-mctal) system.

In a later report, Ginsberg and Robin [3] extended
the magnetic susceptibility measurcments  on
(pyH),Fe,Cl; to lower temperatures, and prescnted
optical and Mdssbauer spectra of the compound. These
data provided evidence to the fact that the iron is
present only as tetrahedral [FeCly)™. While the two
scts of magnetic susceptibility measurements [2, 3]
agreed well over the common temperature region, sub-
stantial deviation of the data from the theoretical fit
to eqn. (1) below liquid nitrogen temperature was found
[3] and no fit to the equation over the entire temperature
range with any set of J/k, and g values could be obtained.
Between 90 and 298 K, the newer data set was fit to

eqn. (1), with [JJfkp = 1.6 K and g = 2.00. It was therefore

concluded that the observed exchange coupling in
(pyH),Fe,Cl, is simply a weak antiferromagnetic long-
range interaction, with a Weiss constant of 6= -4 K,
similar to the interaction in [(C,H;),N]{FeCl,], and not
a pairwise metal-metal interaction [3]. No attempt was
made to fit the data to any other theoretical magnetic
interaction model.

In order to provide further evidence for a non-dimeric
structure, the optical thin-film spectrum of the pyri-
dinium compound was compared to its solution spectrum
in acetone, and to that of [(CH,)N}[FeCL] [3]. The
spectra were -found to be identical, with the optical

density in the [FeClJ~ bands of (pyH),Fe,Cl, twice

that of an equimolar solution of [(CH,),N][FeCl,}. The
magnitude- of the isomer shift for (pyH),Fe,Cl; in the
Mossbauer spectrum was closer to that of the tetrahedral
[(CH,)N][FeCl}] than that for iron(III) chloride, which
has octahedral coordination.

Recent studies of magnetic exchange interactions in
a set of isostructural compounds with the stoichiometry
A Fe. X, (A=[4-X(py)H]*, X =Cl or Br), have revealed
canted antiferromagnetism for substances containing
discrete metal ion complexes [4]. The telling weak
ferromagnetic peak occurs in the magnetic susceptibility
data for measurements in which the applied field is
directed perpendicular to the easy axis along a crys-
tallographic axis, namely b, for these nominally anti-
ferromagnetic materials.

It will be seen from our X-ray results that
(pyH),Fe,Cl, does indeed contain discrete [FeCl]™
ions, but is not isostructural with the other Aj;Fe, X,

compounds previously reported [4-7]. The magpetic .

measurements show that the antiferromagpetic ex-
-change is weak in (pyH),Fe.Cl,, for it orders at only
2.212 K, but evidence of canting is still present. The
magnetic susceptibility measurements for the pyridinium
compound reveal a weak ferromagnetic contribution
along the ¢ crystallographic direction, unlike in the 4-
halo-substituted pyridinium compounds [4]. This report

contains the synthesis, complete crystal structure, and
singlc crystal and powder magnetic susceptibility studies
for [(pyH),Cl){FeCl,),, with a calculated theoretical fit
of the magnetic data obtained and a look at the plausible
superexchange paths. The critical temperature for long.
range order and the cxtent of short-range order are
best determined by specific heat measurements. Ng
previous such measurements of this compound have
been reported. Thus the specific heat of the title
compound was also measured between 1.5 and 39 ¢
using adiabatic calorimetry.

Experimental

Preparation of [(pyH);Cl][FeCl ],

The method of preparation was similar to that used
by Weinland and Kiszling [1]. Anbydrous iron(II)
chloride or iron(III) chloride hexahydrate and pyn-
dinium chloride were each dissolved in dilute hydro-
chioric acid and then mixed together (molar ratio 1:2),
The yellow-brown solution was placed over cone. H,S0,
at room temperature and produced large prismatic
single crystals after 4 to 6 days. The yellow-green
hygroscopic crystals were then collected by filtration,
and dried in vacuo. Anal. Cale. for C;sH,;Cl;Fe,N;y: C,
26.85; H, 2.70; Cl, 47.55; Fe, 16.64; N, 6.26. Found:
C, 27.03; H, 2.67; Cl, 47.47; Fe, 1631; N, 6.20%.

Crystal alignment procedures

Crystals (25-80 mg) for magnetic susceptibility mea-
surements were chosen and aligned using a polarizing
microscope. Smaller crystals suitable for X-ray analysis
were also aligned by X-ray precessional photographic
methods. The single crystals were sealed with a thin
layer of Apiezon N grease before mounting in the

TABLE 1. Crystallographic data for [(pyH),CI}[FeCk}):

S

Chemica!l formula CysHsCliFe,N,
Formula weight (g/mol) 671.1

Crystal class orthorhombic
Space group Pbea

Sample temperature (°C) 25

a (A) 13.040(2)

b (A) 15.929(2)

c (A) 27.014(5)

v (A% 5611.3

z 8

A (A) . 0.71069

Pk (g cm™) 1.59

# (Mo Ka) (em™%) 19.1
Structure solution package MULTAN

Thermal parameters anisotropic on all non-H atoms

R(F) ' 0.053
R(F?) : 0.063
Total reflections measure: 4565
IFY <o(F?) 2248
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TABLG 2. Fractional atomic coordinates (x10%) for
[(pyt1),C1)[FeCl}z With e.s.d.s given in parentheses and fractional
atomic coordinates for bhydrogen atoms (X 10%) introduced at
calculated positions

_ Atoms x Y z
LY 8456.0(9) 162.5(7) 7440.9(4)
P 2993.1(8) 2536.8(7) 5040.8(4)
am 8023.5(18) ~931.5(14) 6994.8(10)
a® 8017.1(18) 1283.6(14) 7022.4(9)
a® 10113.1(17) 177.3(17) 7564.2(9)
o 7721.1(19) 157.6(21) 8160.7(9)
o 2223.8(16) 1488.5(13) 5418.0(8)
a0 2609.0(18) 3748.5(13) 5372.5(9)
am 4651.5(16) 2331.4(13) 5071.3(9)
\ 2557.6(20) 2520.6(15) 4261.8(8)
g%, 5755.1(19) 7524.0(14) 3365.6(9)
N(1) 4983(5) 5982(4) 3947(2)
o 5429(6) 5396(5) 3705(3)
) 5273(7) 4604(5) 3820(3)
o) 4655(7) 4403(5) 4201(4)
) 4189(6) 5021(6) 4460(3)
o6 4368(6) 5824(5) 4329(3)
N(T) 5092(5) 9153(4) 3875(2)
o) 4105(6) 9141(6) 3795(3)
o) 3508(6) 9705(6) 4012(4)
o(10) 3924(7) 10293(6) 4302(4)
ca) 4954(8) 10301(5) 4386(3)
c(12) 5548(6) 9724(6) 4168(3)
N(13) 4800(7) 7342(4) 2327(2)
c(14) 3867(8) 7593(6) 2208(4)
aos) 3531(7) 7476(7) 1742(6)
o(16) 4186(11) 7168(7) 1430(4)
o7 5128(11) 6939(7) 1568(3)
o(18) 5389(5) 7031(6) 2007(4)
H(N1) 508 654 386
H(2) 589 554 344
H(3) 561 417 364
H(4) 456 383 429
H(5) 374 490 473
H(5) 405 627 451
H{NT) 550 874 373
H(®) 382 874 357
H() 278 970 396
H(10) 352 1072 446
H(11) 526 1072 459
H(12) 627 972 422
H{N13) 502 740 267
H(14) 341 786 244
H(15) 286 758 162
H(16) 406 708 109
H(17) 567 671 134
H(18) 605 688 212

Susceptometer, to protect them from moisture. Powder
samples (about 100 mg) were obtained by grinding small
single or poly-crystals with a mortar and pestle in a

atmosphere. In some cases the powdcr sample was

urther dried using a vacuum line. Magnetic suscep-

tibility measurcments in the tempcerature ranges 1.4-4.2
Kand 2.0-25 K procceded as described carlier [4).
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Crystal structure

. Room temperature X-ray data was collected using
an Enraf-Nonius CAD4 diffractometer in a 6-28 mode
for a crystal of dimensions 0.25x0.20X0.18 mm. Unit
cell and refinement parameters are listed in Table 1.
A total of 4565 refiections was measured for 2< 6<23°,
+h, +k, +I, and 2248 unique reflections with
|F3> o(F*) were used in the refinement. No crystal
decay was observed and no absorption correction was
made.

The Fe and Cl atoms were located by direct methods
using MULTAN, and the C and N atoms were found
on difference maps. Refinement was by full matrix least-
squares with anisotropic temperature factors, except
for the H atoms which were held fixed at calculated
positions (C-H and N-H at 0.95 A) with B,, of 6.0
A2 The weighting scheme was w= 1/0*(F) and the final
residuals were R=0.053 and R'=0.063. A final dif-
ference map was featureless. Programs used were
from the Enraf-Nonius SDP-Plus package. Fractional
atomic coordinates with their standard deviations and
isotropic temperature factors are given in Table 2. The
associated anisotropic thermal parameters are included
in Table 3.

. TABLE 3. Thermal parameters (X 10%) for [(pyH),Ci]{FeCL}.

in  the form:  exp[—2p*(Uyh%a*3+ UplPb®® + Uy Pc*i+
2Wahka®b® +2Ushla"c® +2Upkib®c®))

Atom Uy Upn Uy  Un U Un
Fe(l) S571) 80(1) 87Q1) —3(D) i - 20)
Fe(2) 61(1) SB(1) 81(1) —2(1) 6(1)  —2(1)
C(l) 102(2) 80(1) 143(2) -9(1) —10(2) —12(1)
C(2) 105(2) 78(1) 123(2) -—201) —15(2) 9(1)
C3)  S9(1) 150(2) 116(2)  4Q1)  —3(1) —15(2)
Ci(4)  B86(2) 209(3) 96(2) —20(2) 16(1) 6(2)
sy T8(1)  T9(1) 103(2) ~—14Q1) 21 15(1)
cs)  96(2) T1(1) 128(2)  9(1) 2001)  —17(1)
7y 61(1) 83(1) 124(2) —1(1) 5(1)  —14(1)
cs) 111(2) 1152) 82(1)  0(2) —16(1)  10(1)
C9) 1112)  70o(1) 102(1) 1) (1) -8(1)
N(1)  81(4) 57(4) 107(5)  04)  -9(4) -2(4)
C(2)  BO(5) 96(6) 83(5)  95) 12(5) 3(5)
C(3) 121(7)  I5(5) 123(7)  26(6) 18(6) —12(6)
C(4)  11(T)  66(5) 142(8) —8(©6) -3(7)  29(5)
C(5)  80(6) 133(8) 100(6) —18(6) 18(5)  13(6)
C(6)  69(5) 106(6) 101(6)  14(5) 5(5) —41(5)
N(7)  104(5) 67(4) 99(5)  26(4) 21(4)  -2(4)
C(8)  B3(6) 976) 125(7) —24(5) 5(6) —21(6)
C(9)  64(5) 125(7) 148(8)  15(6) 16)  —24(T)
c(10) 115(7)  79(6) 161(8)  31(5) 4(6) -13(6)
c(11) 130(8) 73(5) 100(6) —6(6) —2(6) —21(5)
C(12)  66(5) 115(7) 102(6) Sy —12(5) 6(6)
N(13) 143(7)  75(5) B9(5)  3(5) -8(5) -—7(4)
C(14) 149(8) 95(7) 174{8)  13(6) 88(6) —8(7)
C(15)  68(5) 9KT) 335(16)  B(6) —47(8). 23(9)
C(16)  325(14) 100(7) 161(8) —55(9) —144(8)  21(7)
C(17) 252(13) 171{(9) O1(6) ~-5(10)  35(8) ~—T7(6)
71(6)  92(6) 215(10)  7(5) S(7)  ~54(7)

C(18)
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Specific heat

Hcat capacity measurements werc carricd out in an
adiabatic calorimetric cryostat. The expcrimental ap-
paratus and pertinent operating techniques have been
previously described [8]. The polycrystalline sample was
ground with a mortar and pestle and pelleted, into two
pellets, to fit the inside of the calorimeter. Rapid thermal
cquilibrium was facilitated by threading the pellets with
about 0.5 g of fine copper wire. Thermal contact berween
the pellets and the gold plated OFHC copper calor-
imetric vessel was provided by a thin layer of Apiezon
N grcase. The sample used was synthesized especially
for the calorimetric experiment and was not the same
sample used in the determination of the magnetic
susceptibilities. In all about 12.25 g samples were used,
which correspond to 0.01825 mol, when 671.101 g/mol
is selected as the molecular mass.

During the course of the experiment 100 data points
were taken using the standard heat pulse technique.
Thermal equilibrium time, for each individual point,
was between 3 and 6 min. The precision of a single
point was better than 0.1% above the transition region
and about 0.7% below it, where temperature increments
were significantly smaller.

Results and discussion

Crystal lattice structure

One molecular formula contains three pyridinium
cations, two [FeCl,]” tetrahedra and one chloride ion
which is strongly bonded to the three pyridinium cations.
Intramolecular bond distances and angles are shown
in Table 4. The two separate tetrachloroferrate(III)
groups describe slightly distorted tetrahedra, with an
average of 2.184 A for Fe(1)-Cl bond lengths and 2.185
A for the corresponding Fe(2)-Cl lengths. These values
are comparable with those reported earlier {4] (literature
mean =2.175(9)). Bond angles for Cl-Fe-Cl within the
anions range from 107.0 to 112.1°, with the normal
tetrahedral average of 109.5°. In this material the
tetrahedra are not aligned with two- or three-fold axes
parallel to any crystallographic axis, as with some other
tetrahaloferrate(III) structures [4-7).

With Z=8, the 16 [FeClL]™ tetrahedra in each unit
cell form four two-dimensional layers which are roughly
perpendicular to the ¢ axis. Two-dimensional magnetic
ordering seen in many layer-type structures is not
expected in this case, because the inter-layer separation

‘is only 6.75 A. This distance is not very different from
the shortest Fe---Fe distance of 6.53 A found along
the a direction within the planes. A sketch showing
relative Fe- - -Fe distances within the unit cell and the
tetrahedral staggered ABAC layer stacking is given in
Fig. 1. Between-layer Fe- - -Fe contacts shown in the

TABLE 4. Intramolecular distances (A) and angles (%) for
[(pyi1),Cl}{FeCl,); with es.ds given in parentheses

Distances (/\) ‘c
Fe(1)-Ci(2)

Fe(1)-Ci(1) 2.192(3) 2.190(3)
Fe(1)-Ci(3) 2.187(2)  Fe(1)}-Cl(4) 2.168(3)
Fe(2)-Ci(5) 2.186(2)  Fe(2)-Cl(6) 2.186(2)
Fe(2)-Ci(7) 2.189(2)  Fc(2)-CI(8) 2.180(2)
N(1)-C(2) 1.280(10) N(1)-C(6) 1.331(10)
C2)-C(3) 1.315(12) C(3)-C(4) 1.347(13)
C(4)-C(5) 1.352(13) C(5)-C(6) 1.348(13)
N(7)-C(8) 1.301(11) N(7)-C(12) 1.345(11)
C(8)-C(9) 1.329(13)  C(9)-C(10) 1.337(13)
C(10)-C(11) 1.362(13) C(11)-C(12) 1.339(12)
N(13)-C(14) ©1.320(13) N(13)-C(18) 1.257(13)
C(14)-C(15) 1.35(2)  C(15)-C(16) 1.30(2)
C(16)-C(17) 1.34(2)  C(17)-C(18) 1.242(15)
CI(9)-H(1) 2.23 CH9)-H(7) 2.20
CI{9)}-H(13) 212

Angles (°)

CI(1)-Fe(1)-CI(2) 107.3(1) CI(1)-Fe(1)-CI(3)  110.3(1)
CI(1)-Fe(1)-Ci(4) 112.1(1) CI(2)-Fe(1)-Ci(3) 109.2(1)
CI(2)-Fe(1)-CI(4)  110.5(1) CI(3)-Fe(1)}-Cl(4)  107.5(1)
CI(5)-Fe(2)-Ci(6) 111.83(9) CI(5)-Fe(2)-Cl(7) 108.83(%)
CY5)-Fe(2)-CI(8) 108.7(1) CI(6)-Fe(2)-CI(7) 110.1(1)
CI(6)-Fe(2)-CI(8) * 1103(1) CI(7)-Fe(2)-CI(8) 107.0(1)
C(2)-N(1)-C(6) 122(7)  N(1)-C(2)-C(3) 120.7(8)
C(2)-C(3)-C(4) 120.0(8)  C(3)-C(4)-C(5) 119.5(8)
C(4)-C(5)-C(6) 1185(8)  N(1)-C(6)-C(5) 119.2(8)
C(8)-N(7)-C(12)  123.0(7) N(7)~C(8)-C(9) 119.8(8)
C(8)-C(9)-C(10)  119.6(8) C(9)-C(10)-C(11)  120.3(8)
C(10)-C(11)-C(12) 1194(8) N(7)}-C(12)-C(11) 117.5(8)
C(14)-N(13)-C(18) 121.1(9) C(13)-C(14)-C(15) 1189(%)
C(14)-C(15)-C(16) 116.0(1) C(15)-C(16)-C(17) 122.0(1)
C(16)-C(17)-C(18) 119.0(1) N(13)-C(18)-C(17) 122.0(1)

HO)-CI(9)-H(T) 107
H(7)-CI(9)}-H(131) 114

H(1)-CI(9)-H(13) 106

drawing range from 7.808 to 8.188 A. Within the A
layers the Fe- - -Fe distances along the b direction are
8.562.A, however within the B and C layers adjacent
ferric ions along b are 8.831 A distant. Overall three-
dimensional magnetic order is predicted for
(pyH),Fe,Cl;. However, with very favorable superes-
change paths lacking, the transition is likely to occuf
at low temperatures. No such transition was reporled
earlier [3] though the magnetic susceptibility mea-
surements span the temperature range from 298 down
to 1.4 K. On the other hand, our results indicate 8
transition at about 2 K. We will show that this 8ppa-\‘°“3
discrepancy arises from the fact that the temperaturé
increments between the data points measured by Gin¥
berg and Robin near the critical temperature regiod
(at 1.4 and 4.2 K) are too large.

Within the pyridinium rings, bond distances and
angles are normal, with averages of (C-N) 131, {C-C)

. 133 A, and (£s) 119.9+4°, respectively. The thréé

pyridinium rings depicted in Fig. 2 are arranged i
propeller-like fashion about the free halide. Shoft

H- - -Cl contacts between nitrogen bound H atoms
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Fig. 1. The packing of the tetrahedra in the orthorhombic unit
cell of [(pyH):Cl}[FeCly},. The layers are shown successively in
the order CABA.

Fig. 2. Hydrogen bonding and pyridinium ion arrangement in
the [(pyH),CI}** cation.

CI(9) averaging 2.18 A, disclose strong H bonding. The
average N-H- - -Cl distance is 3.076 A, close to values
i"v’en [9] for hydrazinium(2+) dichloride (3.1040.02

) and hydroxylaminium(1 + ) chloride (3.16+0.02 A).
A rapge of H---Cl(9)---H angles between 106 and
114° indicate near tetrahedral H-bond coordination to
CI(9). The discrete nature of the strong hydrogen bonds
to the chloride ion lcads to the recognition of the
cation [(pyH),CI]**, similar to that observed in the 4-
chloropyridinium analogue [4]. This stable entity com-
Pletes the tetrahedral coordination sphere around the
chloride ion by the formation of a weak hydrogen bond
((H ... C1)2.746 A) to an H3 proton of a ncighboring

617

[(pyH);CIP* cation, thus forming a three-dimensional
hydrogen-bonded cationic network. There are no
hydrogen bonds between [(pyH),CIJ** and the [FeCl,]~

units.

The individual hydrogen bonds in the [(pyH),ClJ**
cation are longer than those in pyridinium chloride
(r(N ... CI) 2.95 A) [10], refiecting the charge depletion
at the chloride center when it receives four hydrogen
bonds.

Zero-field magnetic susceptibilities

The zero-field susceptibility data with the ac field H
(v=155 Hz) aligned along the crystal a, b and ¢ axes
are shown in Fig. 3. No correction for demagnetization

was required for the small values of the susceptibility.

Single crystal data are shown for temperatures between
1.1 and 4.2 K and measurements of polycrystalline
powder are shown for the temperature range 1.1-24
K. It is clear that the material undergoes long range
three-dimensional antiferromagnetic order at about 2
K. An out-of-phase component " was detected between
approximately 1.5 to nearly 2.1 K. The susceptibility
increases as temperatures drop and attains a maximum
value of 0.55 emumol ~* at T=2.3 K. A second maximum
is seen in the data at T=2.00 K as the development
of weak ferromagnetic alignment occurs, corresponding
to the y" observation. Below this temperature the
susceptibility decreases, but does not extrapolate to
zero for T=0 K for any of the Hlja, b, ¢ measurements,
For an orthorhombic crystal the easy axis must follow
one of the crystallographic axes, determined only ex-
perimentally {11}, The data which approach the smallest
values of y are the values measured for Hlja, indicating
that the easy axis is probably coincident with the a
axis direction, with deviation due to misalignment of

0.8 " N '\l
v 5 gaxis - !
. ° haxis i
’ : o |
05 o * Breberg/Robin l
! H “ a {
£ o} L
5. . M‘"r.i'
~ LE% o
e . .
0.2 T
!
[ 5 10 15 20
T(K)

Fig. 3. The magnetic susceptibility curves for (pyH)yFe,Cly. The
measurements along the a, b and ¢ axes are illustrated by triangles,
diamonds and circles, respectively; powder data are represented
by squares. The lowest temperature data of Ginsberg and Robin
{3] arc shown as x.
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the crystal or some impurity. Misalignment is not un-

likely, as we note a small componcnt of the weak
ferromagnetic peak in data measured with the ficld

along the a direction as well. An impurity which might .

cause an increasc in the susceptibility below T, could
be a very small amount of (pyH);Fe,Cl,,, which we
have found does not order above 1.1 K.

From the present data it may be concluded that the
compound orders as a canted antiferromagnet. With
the moments aligned toward the a axis, canting occurs
toward the ¢ axis with a very small net moment along
c. Since tetrahedral iron(IIl) salts generally have iso-
tropic g values with small zcro field splitting and spin
orbit coupling effects, the Heisenberg model will apply
here. Three-dimensional ordering is clearly present from
the susceptibility data and we use a high temperature
series expansion [12] to fit the data. In this way we
obtain an adequate fit with g=2.02, and Jky=
—0.084(1) K. The fit is based on a simple cubic lattice
with six nearest neighbors. This is a reasonable lattice
approximation if the important interactions shown in
Fig. 1 are those parallel toa and those running diagonally
between tetrahedra in the bc plane. It is not known
whether the pyridinium rings increase magnetic isolation
along apy of the pathways pictured.

The data presented here are in basic agreement with
those of Ginsberg and Robin [3]. The presence of three-
dimensional order was not noted by the earlier studies
due to the lack of data at low enough temperatures,
and the infrequency of the data points measured.
Curie-Weiss plots of the three data sets yield 6 values
of —4, 8 and —4 K for the Ginsberg and Robin,
Earnshaw and Lewis and the present data, respectively.
The close agreement in the Weiss constant for two of
the data sets is gratifying, given the variation in tem-
perature regions measured. A very good fit to the high
temperature series expansion for the S=5/2 sc Hei-
senberg model was obtained using the three data sets
combined over the large temperature span of 3 to 300
K (Fig. 4). Parameters obtained for the combined data
were g=2.00 and J/kg= —0.084(1) K.

The theoretical predictions given below are a good
reference as to how well this compound behaves as a
simple cubic §=5/2 Heisenberg antiferromagnet. Ac-
cording to Puertolas et al. [13]

XmanJYNog? pn* =0.0394(1) ()
ke T(Xmad/M1S(S + 1) =3.07(1) ©)
ke TJJIS(S +1)=2.84(1) @

where all of the parameters have their previously defined
meanings. Substituting our experimental values for xne.
T(Xmss)» Teo and that of J}/ky obtained from our high
temperature series fit, we calculate ratios of parameters
for eqns. (2) through (4) of 0.0379, 3.01 and 3.14,

oo
OO 00 0w rer e

40w o—gg

100 200
T(K)

Fig. 4. Comparison of magnetic susceptibility measurements from
three sources. The circles are data taken by Earnshaw and Lewis
[2], the squares are from Ginsberg and Robin [3] and the diamonds
are from this work. The solid line is a theoretical fit, explained
in the text.

respectively. Though it appears contradictory because
of the weak ferromagnetism, the presence of which
implies a certain degree of anisotropy, the substance
appears to follow the Heisenberg model quite well.
The physical significance of this argument is question-
able, however, in light of the complex nature of the
magnetic susceptibility near the critical temperature.
The two maxima observed in the data and the fact
that the susceptibility may not be extrapolated to zero
at 0 K for any of the axes strongly suggests that the
nature of the magnetic interactions is complicated and
may not be accounted for by a simple model.

Two mechanisms have been previously proposed to
account for weak ferromagnetism [14]. One involves
single ion anisotropy and the other mechanism invoives
anisotropic spin-spin coupling. The second mechanism
is operative in the canted antiferromagnet a-Fe,O; and
we consider this further. _

For antisymmectric spin couplings to cxist, certain
requircments arc nccessary. In all cases the symmetry
must be sufficiently low. Moriya gives rules for deter-
mining when d, the coupling constant vector between
two ions A and B, is non-zero and also for detcrmining
its possible directions [14]. Following these rules for
this orthorhombic system with space group Fbca, We
can make the following observations based on symmetry:
(i) It is readily evident from Fig. 1 that no inversion
center exists between neighboring Fe(III) tetrahedral:
ions along the a, b or ¢ axes. This means that d may
be non-zero for this crysial space group. There I$
however, inversion symmetry between tetrachlorofer~
rate(III) ions along the face diagonals in the a-b planc
Consequently no canting is allowed between these sites.
(ii) There is a mirror plane separating adjacent 003
along the b crystallographic direction. This cffectively
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“FABLE S, Molar heat capacities of bis[pyridinium tetrachloroferrate(II1)] - pyridinium chloride (M=671.101 g mol™")

TE

Aglg=1X10"? in o-Fe,O, [15]. Susceptibility mea-
surements indicate that the easy axis is probably along
a. Therefore, a d term along ¢ would meet all symmetry
requirements and remain perpendicular to the easy
axis, effectively causing the spins to tilt slightly away
from the a axis toward ¢. A net moment would then
be observable along the ¢ direction for a simple two-
sublattice system [16].

Specific heat

The experimental molar specific heat of
{(pyH),Cl][FeCL], along with the sample’s thermal
bistory during the course of the calorimetric experiment
are listed in Table 5 and plotted in Fig. S. The ex-
perimental heat capacity is the sum of the lattice and
the excess contributions. In [(pyH);Cl][FeCl,),, all excess
heat capacity may be assigned to the magnetic ordering
Process. A resolution of this heat capacity contribution
from the experimental results depends upon a successful
Tesolution of the latter to lattice and excess contri-
.butions,

The magnctic and lattice heat capacities were resolved
by means of the enhanced Komada/Westrum (KW)
Wethod in a manner that was described in the preceding
Papers in this series {8, 17]. Thus the apparent char-
acteristic temperature Gy (Fig. 6) was determined over

T () CpwlR® CoulR T (K) Com/R T (X) Cp.mlR T (K) Co.mlR
series 1 2013 3.4095 1.998 3.0486 4,760 0.9356 13,961 4.9629
1.575 2.019 2.046 34724 2.038 3.3419 5039 0.9323 14.678 5.4342
1.601 1.9858 2.080 3.6223 2071 3.6785 5324 0.9452 15.438 59429
1.639 1.8252 2.113 3.7807 2.099 3.7416 5.616 0.9735 16.232 6.4871.
1.684 2.0439 2.144 3.9885 2126 3.8423 5919 1.0190 17.070 7.0704
1:755 2.3311 2,173 4.1722 2.152 4.0269 6.238 1.0831 17.946 7.6911
1.843 2.6425 2202 4.2236 2.176 4.2140 6.568 1.1608 18.879 8.3461
1.921 2.9292 2231 3.9125 2.198 4.3908 6.921 1.2608 19.860 9.0368
1.990 3.2845 2.265 3.1751 - 2221 4.1836 7.287 1.3763 20.893 9.7686
2,052 3.5480 2307 2.8620 2312 2.9501 7.667 1.5102 21.979 10.5354
2.135 3.9342 2.352 2.5935 2.465 2.1540 8.062 1.6621 23.128 11.3195
2401 2.3823 2.606 1.9385 8473 1.8373 24.334 12.1177
Series 1 . 2452 2.2013 2.750 1.6637 8.906 2.0331 25.599 12.9734
1.629 2.1664 2516 2.0743 2939 1.5090 9.361 2.2508 26.926 13.9095
1677 2.0213 3.131 1.3479 9.840 2.4948 28.235 14.8947
1739 2.2644 Series 1M1 3324 1.2386 10.346 2.7661 29.643 15.9389
1.801 2.5211 1.712 2.1462 3.541 1.1461 10.868 3.0599 31.206 17.0227
1.852 2.6780 1.785 2.4819 3.754 1.0820 11.427 3.3886 32,844 18.0676
1.898 2.8449 1.846 2.6556 4.004 1.0168 12,013 3.7367 34.595 19,1045
1938 2.9995 1.901 2.8500 4260 0.9722 12.634 4.1135 36.424 20.1404
1977 3.2314 1.951 3.0771 4.496 0.9465 13.280 4.5238 38.358 21.1264
Re833i44 J K™! mol™
confines the d term in d[SxS)] to be parallel to the 4 Cpu/R
a-c plane. The value of 4 is estimated to be of the | :
order of Ag/g times the superexchange interaction, where
Ag=g—2. This value can be very small, for example 41

Fig. 5. Specific heat of [(pyH),Cl}[FeCly};: O-O-O, experimental

results; ~——, lattice heat capacity; — — -, magnetic heat capacity.

the entire temperature range of the experiment, 26.25
K was assigned as the characteristic temperature for
the compound and the lattice heat capacity (Fig. 5)
was evaluated on the basis of this value. A minimum
in the apparent characteristic temperature is observed
at the vicinity of 2 K and a second local minimum is
present near 32 K The two minima arc reflected in
the two maxima in the magnetic hecat capacity (calculated
by subtracting the lattice contribution from the ex-
perimental data) and are associated with long- and
short-range ordering, respectively. The long-range mag-
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Fig. 6. Apparent characteristic temperature, 8, for the title
compound.

netic order gives rise to a A-feature in the magnetic
heat capacity, whose maximum is identified at 2.212
K, which is selected as the critical temperature (Fig.
5). The low temperature segment of the transition does
not follow the behavior predicted by spin wave theory
as the magnetic heat capacity increases almost linearly
with temperature between 1.6 and 2.0 K. The magnetic
heat capacity below the critical temperature was ex-
trapolated to 0 K by using the data between 1.6 and
1.8 K to produce a distribution function which was, in
turn, used to reproduce the magnetic heat capacity
over that range. The same distribution function was
then used to extrapolate the heat capacity curve from
1.6 to 0 K, under the constraint of a 7° dependence
approaching absolute zero temperature. A polynomial
fit between 0 K and the critical temperature yielded
1.518R for the magnetic entropy at the critical tem-
-perature. This value is only 42% of the total theoretical
magnetic entropy of 3.584R. The fact that less than
half of the magnetic ordering takes place below the
critical temperature indicates that short-range phe-
nomena play an important role in the magnetic ordering
process.

Short-range order manifests itself with a broad max-
imum in the vicinity of 31.5 K. Only about a third of
the ordering entropy is associated with short-range
order. This may explain the lack of evidence for short-
range order in the magnetic susceptibility data. The
experimental data do not extend to high enough tem-
peratures to allow a complete analysis of the short-
range contribution. We cannot, therefore, be certain
about the exact exchange pathways responsible for the
phenomena. We note, however that anticipated short-
range order provided the original motivation for the
study of this material [2, 3]. The conclusion that the
compound is a simple antiferromagnet should be revised
in light of these data. Short-range order is found to

S magen 12

3 e
- T

2 b

|
I -
[+ t A i L

0 0 20 30 40

T, T/K

Fig. 7. Magnetic entropy of {(pyH),Cl}[FeCl},. The critical tem-
perature, 2.212 K, is indicated by the solid vertical line. The
upper limit for the magnetic gptropy, 3.5835R, is indicated by
the horizontal dashed line.

be a common feature in this series of tetrahalofer-
rates(IIl). Thus, (pyH),Fe,Br, displays short-range or-
der while [4-Br(py)H],Fe,Cl, has the ordering phe-
nomena equally divided between short- and long-range
order. Of the materials studied in this chemical system
to date, only [4-Cl(py)H],Fe,Cl, does not display an
important degree of short-range order..

The critical temperature, as identified by the specific
heat experiment appears about 0.21 K higher than the
temperature at which the weak ferromagnetic peak in
the magnetic susceptibility is identified. However, at
the vicinity of the critical temperature, the resolution
of the magnetic susceptibility experiment is not sufficient
to provide an unequivocal interpretation of the data.
The ordering process appears to result in at least two
maxima in the susceptibility data between 2 and 23
K. This indicates that the magnetic interactions, on the
microscopic scale, are complex and may not be repro-
duced by a simple model. The atypical shape of the
magnetic beat capacity over that temperaturc region,
i.e. the almost zero curvature, reaffirms this observatios.
The critical temperature, 2.212 K, was, therefore, idct}-
tified solely on the basis of the maximum in the magnet
heat capacity. We note, however, that the two mea"
surements were not made on the same sample. Small
differences in impurity levels and thermal history may
also accoust for the difference in the critical temper-
atures. , .

The excess entropy over the eatire temperature region

of the experiment is 3.09R (Fig. 7). This value represents

the entropy associated with the long-range order and
the portion of the ‘entropy associated with the short-
range order that lies in the experimental temperature
range. Thus only about 86% of the totai magnetic
entropy is within our range.
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condusions

The compound (pyH),Fe,Cly behaves as a canted
gatiferromagaet with very weak exchange. Canting ap-
to be towards the ¢ axis when the g axs is
jdentified 2s the easy axis. The exchange interactions
this compound are among the weakest yet found
for these tetrachloroferrates(IIl), with the possible ex-
ception of (pyH);Fe,Cl,;, which has not yet been fully
characterized. It is notable that (pyH),Fe,Cl, and its
counterpart, (pyH)sFe,Clyy, are the only two salts of
the [4-X(py)H]sFe,CL Br,_, family (here, X may be Cl,
pr or H) which are known to have orthorhombic
structures. While the ferromagnetic peak in the sus-
ceptibility data is found at 2.00 K, a second maximum
at 2.5 K is also found and the critical temperature for
long-range order is identified at 2.212 K from the A-
feature in the magnetic specific heat, and a large degree
of short-range order is observed. Analysis according to
the high-temperature series expansion yields |J/kg
=0.084 K and g=202.

Supplementary material

A table of observed and calculated structure factors
for (pyH)Fe,Cly (11 pages) is available from the authors.
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Heparin is infrequently used in this regard due primarily to the
necessity for parenteral adrninistration. This situation could possibly
be changed by formulation of heparin with a nontoxic sulfated
surfactant.
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Structural Studies on Complexes IV: Crystal Structure of a
1:1 5-Chlorosalicylic Acid and Theophylline Complex

ELI SHEFTER

Abstract T Single crystal X-ray diffraction methods were utilized in
obtaining the crystal and molecular structure of a 1:1 association
complex between S-chlorosalicylic acid and theophylline. The crys-
tals are monoclinic (space group P Zl,c) with cell parameters of @ =
7.835 A.: b = 9.636 A.:c = 21.185A.:and § = 92.20°. Thecrystals
contain a significant fraction of the impurities 3,5-dichloro- and
3-chlorosalicylic acid. Hydrogen bonds are the major attractive
forces between the components of the complex. A relatively strong
hydrogen bond exists beiween the carboxy! group of S-chlorosali-
cylic acid and N(9) of theophylline (2682 A.). The theophyliine
molecules are in a dimeric arrangement by virtue of centrosym-
metrically related bhydrogen bonds between N(7) and TO(10). The
packing arrangement of the molecules suggests that the stacking
f?rces are similar to those in a caffeine: S-chlorosalicylic acid com-
plex.

Keyphrases [J] Complexes—structural studies [J 5-Chlorosalicylic

acid-theophylline complex—crystal, molecular structure ] Diffrace -

tometry—S-chlorasalicylic acid-theophylline complex [ Hydrogen
_ bonding—S5-chlorosalicylic acid-theophylline complex

Spectroscopic, kinetic, and a variety of other physical
chemical methods have been used successfully to obtain
valuable information on the nature and strength of
intermolecular association complexes between a wide
variety of biological compounds (1). However, these
methods are generally unable to provide detailed de-
scriptions of the complex at the atomic level. For this,
one may in some instances resort to the direct method of
X-ray difiraction. Though this technique requires
crystalline complexes, whose structures may be some-
what different from those in solution, the results are
quite useful when correlated to solution data. It is
through such correlations that a clear picture of various
molecular association complexes involving pharma-
ceutically important molecules may emerge.

The interactions of salicylates and other biological
materials containing pr systems with xanthine deriva-
tives have been studied quite extensively in solution.
The thermodynamic parameters of such complexes ob-
tained by Higuchi er al. (2, 3) suggest that *“‘hydro-
phobic™ forces aside from hydrogen bonding play a
significant role. Donbrow and Jan (4) have indicated
that xanthine-hydroxybenzoic acid complexes may.in-
volve a donor-acceptor-type mechanism. In a crystallo-
graphic study on the 1:1 complex between S-chloro-
salicylic acid and caffeine, the idea of “polarization
bonding™ was put forth (5). Although the primary inter-
molecular force in that solid-state complex is hydrogen
bonding, some evidence was found for a localized inter-
action between the a-8 unsaturated ketone portion of
the xanthine and the pi system of the salicylic acid mole-
cule. Even with the wide variety of experimental data
now available on such complexes and postulated models
for the interactions (for a theoretical model see reference
(6)), the interactions in these complexes have not been
elucidated with sufficient detail to draw definitive con-
clusions on their molecular nature.

The present report concerns a structural study on a
1:1complex formed between theophylline and 5-chloro-
salicylic acid. This structure was determined with the
hope of providing further insight into the molecular
nature of the “polarization™ forces, and also to learn
more about the role hydrogen bonds play in stabilizing
such complexes.

Prism-shaped crystals of the 1:1 complex were obtained by dis-
solving equal molar quantities of theophylline (Matheson, Calzman
and Bell, Inc.) and S-chlorosalicylic acid (Eastman Kodak practical
grade) in an alcohol-water solution and allowing the solution to
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Table I—Positional and Thermal Parameters with (in Parentheses) their Respective Standard Deviations X 10+

Atom Xfa »b zle b b bas by bis b
- Theophylline
TN1 10848(5) 230714 1478(2) 118(6) 100(5) 131 149) —12(4) 1{3)
TC2 10310(6) 3675(6) 1581(2) 128(8) 112(6) 17(1) 1 —4%4) ~N4)
TN3 G397(5) 4318(4) 1108(2) 135(6) 75(4) 20(1) —2{8) —13(4) = 20(3)
TC4 8975(5) 360U 3 562(2) 109(7) 9U5) 15(1) O{10) —11{4) A4)
TCS 9519(6) 2269 S) 473(2) 126(7) 88(5) 16(1) 27010y - 3(4) - X4
TL6 - 10510(6) 1529(5) 939 2) 131(7) 92(5) R 4Y) 110 —23(4) —8(3)
TN? 8R00(5) 1870(4) -9%(2) 164(7) 89(4) 16(1) T0(9) -25(4) -9(3)
TC8 7909(6) 2952(3) -32H2) 157(8) 109(6) 11 2112 - 355 —8{4)
TNg 1977(5) 404404) 67(2) 148(7) 89(4) 19(1) 3NY) -23(4) -3
TO110 ‘11003 5) 3% 4) 896(2) 242(8) 93(4) 19N 82(9) -43(4) - 3(3)
TC1] L1693} D) 1595%(7) 2018(2) 176(10) 168(8) 16(1) -~29{15) - 38(5) (5}
TOI12 10638(5) J25U5) 2081(2) 236(8) - 130(6) 20(1) 4911} —~4H4) —-43(4)
TC13 8791(9) 5750(6) 1190(3) 283(4) 82(6) 32) 60(14) 58) —-2X5)
S-Chlorosalicylic acid

Cl5 6448(2) ~ 1149(2) 798(1) 373(5) 122(2) 54(1) 151¢5) -103(3) 52)
Cli3 7516(18) 2472(18) 2903(6) 354(30) 32227 29(3) 17547y -33(14) 44 14)
Cl 5229(6) 2754(6) 1226(2) 1248) 126(7) 20(1) 112) - TS 14(5)
c2 5945(7) 2906(7y 1831(3) 159%(9) 158(8) 1%1) - 1iid) —25(5) 145
C3 680%(7) 1792(8) 2118(3) 168(10) 220(11) 211 -25017) - 35(6) 3(6)
C4 69727y 5898(7) 1805(3) 178(10) 148(8) 3UD e (L) - 34(7) 65(6)
Cs5 6250(8) 410(6) 1200(3) 191031) 114(D 32(2) 4y’ 217 38(6)
C6 5363(6) 1494(6) 915(2) 142(8) 128(7) 211 18(12) ~ 325} 25(5)
C7 4301(6) 39276y 921(2) 136(8) 117(6) 20(1) ~1¢11) —-US) 4(4)
0Ol 3637(5) 3665(4) 356(2) 195(7) 944y . 231 53(9) —~3X7(4) 123
02 4138(6) 5056(5) 1184(2) 282(10) 135(6) 2UD 79(42) —-31(5) —14(4)
03 S818(7) 4074(6) 2166(2) 281(10) 207(8) 24(1) 28(14) - SA5) -29(5)

* Temperature factor = exp [—(buh? + bek? 4+ banl? + brkk + bukl + bukD).

evaporate. The following crystallographic data were measured for
this material:

7.845 (0.001) A.
9.636 (0.002) A.
= 21,185 (0.003) A.
B = 92.20(0.01)°

Density (measured by flotation) = 1.46 g.jcm.® .

Density (calculated assuming a 1:1 complex containing one full
chlorine} = 1.468 g.fcm.?

Z = 4 (number of molecules of complex in unit cell)

Space group P2i/c

a
b
¢

The stationary crysial-stationary counter method (7) was used to
collect the intensity data on a diffractometer® equipped with gonio-
stat. A set of balanced Ross filters (Ni against Co) were used for
monochromatization of the Cu radiation. The crystal {dimensions
0.4 X 0.3 X 0.1 mm.) was mounted with {1 0 0) parallel 1o the Phi
axis of the diffractometer. In the range of data measurement (Jimit
150° in swo thera), 2,338 reflections of the 3.306 unique data had
peak intensities that were significantly greater than their respective
background. An approximate correction was made for absorption,
based on the anisotropy of transmission of the X-rays as a function
of the angle Phi. This function was measured for the (2 0 0) reflec-
tion at Chi equal 1o 90°, Aside [rom this correction, the appropriate
Lorentz polarization factor and a factor 10 correct for ay-as splitting
(25) were applied to convert an intensity 1o its structure factor
amplitude, |Fy|. The | Fo['s were placed on an absolute scale by
Wilson's method, and normalized structure factors, | E|'s were com-
puted,

The symbolic addition procedure was wtilized to derive a set of
phases for 292 reflections having | E| values greater than 1.60. The
method makes use of the Sayre relationship (8), which is essentially
the same as the formula of Hauptman and Karle (9). Three linearly
independent reflections (23 —3; 21 —2; 31 16) were selected as the
origin-determining reflections on the basis that they have large
values of |E| and enter into many combinations for the application
of the Sayre equation. Four reflections having a magnitude of | E|
greater than 3.0(4 2 —5; 62 11; 6 3 —8; 28 7) were allowed to take
up the 16 possible permutations of their phases. The phases of the
other 285 reflections were determined for each of the 16 sets of

! General Electric XRD-6.

starting phases using a program written by Robert Long (10). An
E-map (11) was computed using the set of phases for the 292 data

- with the highest consistency index (10, 12). The position of 16 non-

hydrogen atoms were positively located in this synthesis. A three-
dimensional Fourier synthesis phased on these atoms enabled the
other nonhydrogen atoms to be positioned in the lattice,

During the initial refinement by least-syuares and difference elec-
tron-density maps, an atom other than hydrogen appeared to
be atuached to C3 of the salicylic acid molecule. The dis-
tance of this peak to C3 suggested that it was a chlorine atom with
only a partial occupancy factor (peak height ~ 1 e/A.%). The
atomic site occupancy factor of the two chlorines were refined by
least-squares along with their isotropic temperature factors. The
site occupancy factor obtained for the chlorine bound to C3 was
only 0.15 while that in Position § was 0.93. The practical grade of
S-chlorosalicylic acid in all likelihood is a mixture of the 5-chloro-,
3-5 dichloro- and 3-chloro- compounds, resulting from chiorination
of salicylic acid. The crystalline complex reflects the varying portions
of the chloro derivatives of salicylic acid, and can be considered as
& solid solution of these compounds,

The hydrogen atoms were located in difference electron-density
syntheses and included in the final cycles of least-squares refinement
with isotropic temperature factors. All the other atoms were refined
anisotropically, during which the site occupancy factors for thetwo
chlorines were fixed a1 their respective values. A modification of the
Gantzel, Sparks and Trueblood block diegonal least-squares pro-
gram (unpublished) was utilized for this purpose. The weighting
scheme in the final stages of refinement was w1 = (| Fy|—3)/122 4
1, designed such that (wA?) is constant over the whole range of
| Fol's.® The unobserved data were given zero weight. The final R
vatue for the observed data is 0.087 (for all data 0.134). The atomic
parameters and their estimated standard deviations (ESD's) are
listed in Tables I and 11. A tabulation of the structure factors has
been deposited in the Health Sciences Library of this University
and may be obtained from the librarian on request,

With the exception of hydrogen, the atomic scaitering factors used
throughout the above calculations are those presented in Reference
13. The form factors for hydrogen are those published by Stewart
et al. (14).

t lF.i is on absolute scale.
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Table {I—Parameters for Hydrogen Atoms
with Their ESD's in Parentheses

Atom xfa X 103 y/bX 10° =zfe X 100 Biw, A2
H2 750(8) —13(n 19%3) 5.81.9
H3 495(8) 1547 52(3) 5.81.5
H4 331(9) 426(7) 25(3) 6.6(1.6)
HS 546(8) 475(6) 196(3) 5.2(1.4)
H6 1242(10) 104(8) 179(4) 8.1(2.1)
H7 1234(8) 207D 2% 5.1.5)
H8 1075(8) 1047 219(3) 6.31.6)
Ho9 880(9) 650(7) 65(3) 6.8(1.6)
HI10 950(12) 616(9) 131(4) 9.7(2.5)
Hil 769(14) 559(13) 122(5) 13.8(3.2)
Hi2 907(5) 123(4) —25(2) 1.50.7)
H13 7247y 290(6) —72(3) 4.6(1.2)

The thermal parameters of the nonhydrogen atom were analyzed
by the method of Schomaker and Trueblood (15). The Ujj's cal-
culated for the two molecular species, assuming that each behaves
as a “‘rigid body,” are in good agreement with their observed ther-
mal parameters. The root mean-square difference between the cal-
culated and observed values of the Uij's is 0.004 A. for theophyl-
line and 0.005 A.* for S-chlarosalicylic acid including the partially
occupied chlorine attached 1o C3; these differences are the same
order of magnitude as the £SD’s of the Uij's. The transiational and
librational components of the thermal motion for theophylline are
approximately 2097 less than those computed for the salicylic acid
residue, This reflects the greater number of intermolecular hydrogen
bonds in which the theophylline molecule participates. The change
in bond lengths and angles resulting from the thermal motion were
all less than 1.5 times the £ESD's for the respective bonds, the cor-
rections were therefore deemed to be unnecessary for the present
discussion,

The bond lengths and angles obtained from the least-squares re-
fined parameters are shown in Fig. {. The ESD's for the atome-to-
atom distances are on the average 0.008 A., and for the angles 0.4°.
Those bonds involving hydrogens have an error of 0.1 A, The angles
about the hydrogen atoms are not given (because of their relatively
high uncertainty, ==3°), except where the discussion warrants such

e 19°3

{6)

Figure 1—Intramolecular bond lengths (a) and angles (b), The thermal
motion of the indicidual atoms is represenied by the ellipsoids.

742 ] Journal of Pharmaceutical Sciences

information. Figure 1 also shows the atomic labels that are used
throughout the discussion.

DISCUSSION OF RESULTS

The theophylline moiety has intramolecular bond distances and
angles that are quite similar to those found in theophylline mono-
hydrate crystals (16); none differ by more than 2 E§D’s. There is
however, a significant difference between the planarity of the xan.
thine residues in the two structures. The atoms comprising the
purine nucleus in the hydrated crystal are essentially coplanar,
while in the complex there is & marked degree of puckering (see
Table I1). The pyrimidine and imidazole portions of the purine
system are each planar within the limits of the errors in the atomic
positions of the respective atoms. The 5- and 6-membered rings are
however tilted from coplanarity about the C4—C(5) bond by 3.7°.
This distortion of the purine system could possibly result from inter-
molecular packing forces. such as polarization bonding between the
xanthine and the salicylic acid residue. In the 1:1 complex of caf-
feine with S-chiorosaficylic acid (12), the pyrimidine and imidazole
portions of the xanthine are also bent in a similar manner; distor-
tion from planarity is 3.2°, TO12 and TCt1 are significantly dis-
placed from the plane of the pyrimidine ring, while TOI0 and
TCI13 are essentially coplanar with this ring. Nonbonded intra-
and intermolecular contacis may in all probability account for the
distortions of these two exoeyclic atoms from the pyrimidine ring.

In general the molecular parameters of the salicylic acid residue
correspond with those found for the 3-chlorosalicylic acid moiety
of the caffeine complex (12) and for salieylic acid itsell (17). The
differences that exist between the bond lengths and angles in this

Table JII—Least-Squares Planes®

Atoms :
Comprising  Displacement. Other Displacement,
Is. Plane A, Atoms A,
TNi 0.027 TO10 0.009
TC2 0.035 TCit 0.216
TN3 -0.024 TOI12 0.109
TC4 -0.035 TCI13 -0.012
TCS —-0.045 Hi2 -0.010
TC6 -0.015 Hi3 0.241
TN7 -0.013
TCB 0.037
™G 0.007
—~0.8422X — 0.3381 Y 4- 04199 Z + 65311 A. =0
TNI 0.001 TN7? 0.008
TC2 0.009 TC8 0.143
N3 -0.0'5 TNO 0.090
TC4 - 0.010 TOI0 0.016
TCS 0.000 TCI1 0.152
TC6 ~0.006 TO12 0.051
. TCi13 -0,002
—0.8551 X — 0.3385Y + 0.3927 Z +- 66999 A, =0
TC4 0.004 TNI 0.156
TCS ~0.004 TC2 0.164
TN7 0.003 TN3 0.059
TC8 -0.00{ TC6 0.072
TN —0.002 Hi2 -0.12
Hi3 0.03
—~0.8247X — 0.3379 Y + 04536 Z + 64065 A. = 0
C2 ~0.00% 7 -=0.014
2 —-0.002 01 0.014
C3 0.011 02 -0.016
C4 —0.009 Q3 0.023
CS ~0.003 Ci3 0.023
Cé 0.011 Cis -0.014
H2 0.02
H3 -~0.07
H4 -0.04
HS -0.13
TNg® 0.025

—0.8644 X — 03197 Y + 0.5881 Z+3.2917A. =0

s The equations of the least-
to the method of Schomaker er al,

i were
24). b This is

involved in the hydrogen bond with O1,

ated according
the nitcogen wiat is
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structure and those observed in the other two salicylic acid struc-
tures are only significant about the C3, C4, and C$ atoms of the
phenyl ring. The poorer agreement in this region of the molecule
most likely reflects the solid solution phenomena, i.e. presence of
3-chloro- and 3.5-dichlorosalicylic acid.

The C5—Cl5 length is in excellent agreement with values re-
ported (18) for a number of aromatic C—C! bonds. The distance
between C3 and Cl3. on the other hand, is considerably longer
than the commonly found value. The angles about C3 deviate
substantially from trigonal symmetry whereas those about €5 do
not. An explanation for the unusual bonding parameters found for
CI3, undoubtedly resides in the small occupancy factor associated
with this site. 1t is believed that the standard deviations for the
positional parameters of CI3 are greatly underestimated because
of the use of the block diagonal approximation and the very low
occupancy factor associated with this atom.

The least-square plane calculated through the phenyl ring of
S-chlorosalicylic acid indicates that the molecule is planar within
experimental error (¢f. Table IH). The atomic displacements are
greatest (but are not highly significant) in the vicinity of the intra-
molecular hydrogen bond between O2 and O3. A comparable
situation also is {ound in the salicylic acid structure.

Hydrogen bonds appear to be the predominant stabilizing forces
behind this solid-state association complex. These interactions are
illustrated in Fig. 2. The weakly basic nitrogen (TN9) of theophyl-
line participates in a relatively strong hydrogen bond with the pro-
ton from the carboxyl group of S-chlorosalicylic acid. The 2.682 =+
0.006 A. length between the N and O is somewhat longer than the
similar interaction observed in the caffeine complex (2.644 =
0.007). The difference in the strength of this hydrogen bond in the
two crystalline complexes most probably reflects the variation in
the basic character of N9 of the two xanthine molecules. There is
also a hydrogen bond between the TN7 hydrogen of one theophyl-
line and TO10 of a centrosymmetrically equivalent molecule. The
same bonding situation also was found in theophylline monohy-
drate, but the N 1o O distance is 0.04 A. shorter in the present in-
stance. The hydrogen bonding scheme (/.e.. the two unique hydro-
gen bonds) is compatibie with the infrared data of Cook (19, 26) on
analogous solid-state complexes.

in Fig. 2 the dotted lines show the only other intermolecular con-
tacts involving hydrogen atoms that are shorter than a nonbonded
contact betwyen the respective stoms, The sum of the van der Waals
radii of hydrogen and oxygen is 2.6 A. (20). A recent article on the
topic of C  H hydrogen interactions by Donohue (21) suggests that

Figure 2-- A view of the molecular species in the crystal lattice show-
ing the hydrogen bonding network (dushed lines). Doted lines are
refarively short C-H . . . O contacis.

Figure 3--The stucking arrangement of the S-chlorosalicylic acid
molecules ubvut theophylline, The salicylic wcid molecule with the
heacier bonds is abure the xamhine. while the other is below in this
illustration.

a 2.4 A, contact between hydrogen and oxygen is a8 more realistic
minimum value for a normal van der Waals contact between these
two atoms. It is thus felt that the C—H. . . O contacts shown in Fig.
2 are not hydropen bonds of the type postulated by Sutor (22),
Verification of such hydrogen bonds must be determined by other
physical chemical measurements. e.g.. infrared data.

In & previous report it was postulated that in certain association
complexes (5). the a-g unsaiurated ketone portion of a molecule
may be involved in polarization bonding with the pi system of the
other component of the complex. This was shown 1o be possibly
valid in the case of the 1:1 crystalline complex between caffeine and
S-chlorosalicylic acid. la another crystallographic study on an
acridine-cytosine complex (23), where neither component has the
a-f unsaterated ketone residue, the only apparent intermolecular
forces were of the hydrogen bond variety. The stacking arrangement
about the theophylline molecule in the present structure, shown in
Fig. 3, has certain leatures that are analogous to those observed in
the caffeine complex. The phenyl ring of the salicylic acid moiety
that is above theophylline in this illustration. overlaps the TC4,
TCS, and TC6 atoms. In light of the variation in the hydrogen
bonding schemes of the two xanthine complexes. the stacking
orientations are remarkably homologous. The atoms TCS and
TC4 are closer to the phenyl ring (average 3.4] % 0.01 A.) than
the other members of the xanthine sysiem. The possibility thus
exists that a wesk attraction exists between the portion of theophyl-
line containing these atoms and the pi electrons of the salicylic acid
may cause the observed puckering of the xanthine. A parallel situ-
ation was also found in the caffeine-5-chlorosalicylic acid complex.
The packing arrangement and the mode of puckering of the purine
nucleus lend support to the idea that a localized autractive force
polarization bonding exists between the phenyl ring and the a-3
unsaturated ketone portion of the xanthine in this complex (5).

Other crystallographic analyses of complexes are underway in
this {aboratory, which hopefully will permit more definitive de-
scriptions of these interactions (o be made.
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Nuclear Magnetic Resonance and Rheological Studies on the
Thixotropic Properties of Montmorillonite-Water Systems

ARTHUR H. KIBBE and OSCAR E. ARAUJO

Abstract ) Several proposed mechanisms of the thixotropic behavior
of montmorillonite-water systems were evaluated. The effects of
temperature, reshearing. concentration, and storage time on these
systems were studied by means of NMR and rheological measure-
ments. The specific parameters used were the change in line width
of the NMR spectrum and the static yield values oblained from the
rheograms. The results indicate clear agreement with the theory that
the colloidal particles upon contact adhere to form a spacious matrix
resembling a house of cards.

Keyphrases [ Montmoritlonite-water systems—rheology [] Thixo-
tropic behavior—montmorillonite-water systems [} Stability—
montmorilionite-water systems [ NMR spectroscopy—analysis

Montmorillonite-water systems have long been under
study by physical chemists and more recently by the
pharmaceutical industry because of their unique thixo-
tropic behavior.

Hause and Reed (1) found that as little as 0.05%;
bentonite was sufficient to stop gas bubbles from rising
‘to the surface,

Norton and Johnson (2) studied the properties of
monodispersed clay-water systems and calculated the
thickness of the water film, finding it to be approxi-
mately two molecules thick. :

784 [ Journal of Pharmaceutical Sciences

Freundlich (3), von Engelhardt (4). and Hause (5)
assume that there are long-range electrical forces which
permit the individual particles to act over distances of
the order of 10® A. This would be similar to the type of
structure found in a magnet where all the free electrons
of the iron are lined up in the same direction.

Usher (6), Kuhn (7). and Hofmann (8) prefer a
mechanical picture of thixotropy in which the particles
touch one another, adhere on contact, and build up a
spacious matrix resembling a house of cards.

Macy (9), McBain (10), and Grim and Cuthbert (11)
explain the rheological mechanism of montmorillonite
mixtures by assuming that the aqueous layer which sur-
rounds the clay particle becomes rigid as if it had crystal-
lized into ice.

Williamson (12) reviewed the physical relationship be-
tween clay and water systems and concluded that the
*“ice™ theory is the least satisfactory explanation for the
rigidity of the water film on clay.

The strength of thixotropic gels increases with de-
creasing particle size. Brownian molecular motion is
nonexistent in truly thixotropic systems and the particles
which have ceased to move seem to be clearly separated
from each other by water (12).

In 1945 Ewing (13) felt that bentonite had beccme of
such importance in pharmaceutical preparations that he
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Structure of 2,4-Diamino-5-(3,4,5-trimethoxybenzyl)pyrimidine-5,5-Diethylbarbituric
Acid (1:1)

By NOBUYUKI SHIMIZU AND SADAO NISHIGAKI
Pharmaceutical Institute, School of Medicine, Keio University, Shinjuku-ku, Tokyo 160, Japan

YOSHINOBU NAKAL

Faculty of Pharmaceutical Sciences, Chiba University, Chiba 260, Japan

AND KENJI OsAKl

Faculty of Pharmaceutical Sciences, Kyoto University, Kyoto 606, Japan

{Received 24 February 1982; accepted 26 March 1982)

Abstract. C, HN,0,.C;H,N,0,, M, = 474.5, Table 1. Positional parameters and equivalent isotropic
monoclinic, C2/c, a = 12-509 (10), b = 16-532 (T),c =  thermal parameters (Hamilton, 1959), with es.d.’s in

22-627(29) A, B = 94.56 (13)°, U = 4664-4 A3, D, = parentheses

1.352, D,, (n-hexane/CCl,) = 1.349 Mgm=*, Z =8, u

= 0-965 mm~*, F(000) = 2016, Cu Ka radiation, 4 = x y z B (A%

1.54178 A, Full-matrix least-squares refinement prmpp

resulted in a final conventional R index of 0-073 for N(I) 0-0839 (3) 0-1806 (2) 06917 (1) 3-26

3660 observed reflections. 2,4-Diamino-5-(3,4,5-tri- C(1) 0-1459(3)  0:2263(2)  0.7294 (1) 2.89

met}{ox){benzy‘l)pyrimidine (DTMBP) and 5,‘5-diethyl— g((zz)) 8:&;8? g; g:gggz 8; 8:;;38{3 ;‘gz

barbituric acid (DBA) are aJtemately linked by C(3) 0-0112 (3) 0-3024 (2) 0-6474 (1) 2.98

hydrogen bonds to form ‘an endless chain in the b c(4) 0-0174 (3) 0-2201 (2) 0-6519 (2) 3.19

direction. N(3) 0-2119(3)  0-1883(2) 07694 (2) 425
N(4) 0-0827 (3) 0-4265 (2) 0:6890 (1) 4-07
C(5) —0-0646 (3) 0-3429 (2) 0-6019 (2) 3.48

Introduction. DTMBP is an antifolate drug and DBA js (6 —00173(3)  0-3684(2)  0.5446 (1) 2.9
a hypnotic drug. This investigation was undertaken as  ¢¢7) —0.0879 (3) 0.3918 {2) 0.4971 (2) 3.33
part of a series of structural studies of molecular C(8) —0.0501 (3) 0-4146 (2) 0-4441 (2) 3-41

complexes between different drugs. Single crystals gg’z}) g'?ggg 8; g‘;ég? g; g:;z; % g-gg
(“i'p: 497 fK) of th‘l: title COV‘?OU“? STMBP an dfmr};‘ A CUD  00913() 036852  0538I(2) 353
solution of equimolar quantities of DTMBP and D o()  —0-1123(2)  0-4395(2)  0.3954 (1) 4.25
in ethanol-acetone by slow evaporation of the solvent. 0(2) 0-0980 (3) 0-4416 (2) 0-3848 (1) 4.42
Lattice constants were calculated by least squares from  O(3) 0-2400(2)  0-3976(2)  0-4828 (1) 5.74

the diffractometrically determined # values of 20 €12 —0-2262(4)  0.4420(3)  0.3997(2) ~ 5-00
reflections Inteflsit rr):easuremems were erforrr?ed on c(13) 0-0754 (4) 0-3887 (3) 0.3339 (2) 5.50
. y P C(14) 02904 (4)  0-3472(4)  0-4435(3) 7-48

a computer-controlled single-crystal diffractometer DBA

(Rigaku AFC-5, graphite-monochromated Cu Ka ¢35 0-3700 (3) 0-3517 (2) 0-8491 (2) 3.48
radiation, w—28 scan) up to 26 = 145° using a crystal  C(16) 0-3192(3)  0-4758(2)  0-7958 (2) 329
with dimensions 0:3 x 0-3 x 0.5 mm. A total of 3660 Egg g'gigz 8; _ gf‘;g% gg g'gggg gg g;z
independent structure factors [.F,, > 3.00(F,)] were NG) 03060 ()  0.3950(3)  0.8085(D) 344
observed and used. mn thlS analysxs. The phaSC problem N(6) 0-3997 (3) 0-5161 (2) 0-8272 (1) 3.59
was solved by direct methods using MULTAN 78 o) 0-3599(3)  0.2790 (2) 0.8518 (1) 5.53
(Main, Hull, Lessiriger, Germain, Declercq & gg) ’ 8.2622 ) g.sggz g; 0.7534 (l; 4.§1
Woolfson, 1978); the E map computed with the set of ) -5323(2) -5273 0-8991 (1 4.87
best consistency (COMBFOM = 3.0000) revealed 33 <0 S-900060 003800 8804 448
of 34 non-hydrogen atoms. The one remaining atom ¢(2) 0.5581{3)  0-3542 (3) 0.8953 (2) 4-24

[C(14)] was located after a Fourier synthesis. Cc(22) 0-6109(5)  0-3510(3)  0-8372(3) 6-51
0567-7408/82/082309-03501.00  © 1982 International Union of Crystallography
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The structure was refined by full-matrix least-squares
calculations with parameters grouped in three blocks
including anisotropic temperature factors for the
non-hydrogen atoms and isotropic temperature factors
for the H atoms to yield R = 0-073. Extinction
corrections were applied (Zachariasen, 1967) with the
- isotropic mode. The H atoms of C(13), C(14) and
C(20) were not clearly seen in the difference synthesis.
Neutral-atom scattering factors were obtained from
International Tables for X-ray Crystallography (1974).
Positional parameters are in Table 1.*

Discussion. Fig. 1 shows the structure of the title
compound. Table 2 lists bond distances and valence

* Lists of structure factors, anisotropic thermal parameters and
H-atom positional parameters have been deposited with the British
Library Lending Division as Supplementary Publication No. SUP
36831 (12 pp.). Copies may be obtained through The Executive
Secretary, International Union of Crystallography, 5 Abbey
Square, Chester CH1 2HU, England.

Table 2. Bond distances (A) and bond angles (°), with
e.s.d.’s in parentheses

DTMBP
N(D=C(1) 1-340 (4) CE-C(11) 1378 (5)
N{1)-C(4) 1.345(5) C(N-C(@®) 1:376 (1)
C(1)-N(2) 1-346 (5) C(8~C(9) 1-406 (6)
C{I)-N@3) 1.333(5) C(80(1) 1-361 (5)
N(2)-C(2) 1-350 (4) C(OC(10)  1-370 (6)
C(2)~C(3) 1416 (5) CO-0(2) 1-387(5)
C(2)-N{4) 1341 (5) C1O~-C(1)  1-396 (7)
C(3)-C@)  1-366 (5) C(10-0(3)  1-385(5)
C(3)-C(5) 1:301(5) O(1)-C(12)  1-436 (6)
C(5)-C(6) 1-527(6) 0O(2)-C(13)  1-456 (6)
C(6-C(N  1-391 (5) O(3-C(14) 1404 (7
C(1)-N(1)-C(4) 1166 (3) C(T-CE)—C(11) 119-2(3)
N(1)-C(I)}-N(2) 125-0 (3) C(6)~C({1—C(8) 120-6 (4)
N(1)-C(1)}~N(3) 117-6 (3) C(N-CE@)C(9) 120-3 (4)
N(2)}-C(1)~N(3) 1174 (3) C(N-C(8)-0(1) 125-1(3)
C(H-N(2)—-C(2) 116-8 (3) CO-C(8)-0(1) 114-7 (4)
N@)-C(2}-C(3) 122:4 (3) C(8)-C(9)-C(10) 118-8(4)
N(2)-C(2}~N{(4) 116-6 (3) C(8)-C(9}-0(2) 119-6 (4)
C(3)-C(2)}-N(4) 121-0(3) C(10)—C(9)-0(2) 121-3(4)
C(2)-C(3)—-C(4) 115-0(3) C(O-C0)-C(1)  120-8(4)
C(2)~C(3)-C(5) 123-4 (3) C(9)-C(10)~0(3) 122.0(4)
C(4)-C(3)—C(5) 121-6 (3) CInN-C(10-0(3)  117-1(4)
N(D)=C(4)—~C(3) 124-2 (3) CE=-CUIN-C(10)  120-3(4)
CB3)—-C(5-C(6) 116:1(3) C(8)~0(1)-C(1D) 117-4 (3)
C(5)-C(6)-C(T 117:9 (3) C(O+0(2)-C(13) 114-6(3)
C(5)-C(e-C 122.9 (3) C(10)~0(3)-C(14)  118-5(3)
DBA
C(15}-C(18) 1-513(6) C(IM-N{6)  1-364 (5)
C(15)-N(5)  1-371(5) CI7-0(6)  1-214(5)
C(15-0(4) 1211 (5) C(18)-C(19)  1-580(7)
C(16}-N(5) 1379 (5) C(18)~C(21)  1-531 (6)
C(i6)-N@B)  1-360(5) C(19)-C(20)  1-533 (D)
C(16)-0(5) 1-218 (5) C(21N-C(22) 1-518(8)
COT-C(18)  1-522(5)
CUI8~C(15)-N(5)  118-4 (3) C(15)-C(18)~C(19)  107-6(3)
C18-C(15)-0(4) 122.0(4) C(15)-C(18)-C(21)  110-3(3)
© N(5)}~C{15)-0(4) 119-6 (4) COIN=-CIR=C(19)  103-9(3)
N(5)-C(16)—N(8) 117-5(3) CUN-CU—~C(21)  109.4(3)
N(5)-C(16)—-0(5) 120-4 (3) ClUI9-C(18)=C{21)  111-8(4)
N(6)-C(16)—0(5) 122:1(3) C(15)=N(5)-C(16)  124.9(3)
C(IB)~C(17)-N(6)  118.6 (3 CUI6-N(6-C(1T)  125-8(3)
CUR=C(17)-0(6)  121-1{4) C(18}-C(19)~C(20)  115-1 (4)
N(6)-C(17)-0(6) 120-3 (3) CUI8-C2N-C(22) 113-6(4)
C(15)-C(18)~-C(17)  113-7(3)

C 14H18N403 . C8H12N203

Fig. 1. Molecular structure of the title compound.

Table 3. Least-squares planes and deviations (A) of
atoms from them and dihedral angles

The planes are expressed in the form Ix + my + nz = din A.

DTMBP,
Plane (1)
~0.767744x + 0-003668y + 0-6407462 = 10-162057
N(1) —0-005 (5), C(1) —0-001 (5), N{2) 0-005 (4),
C(2) —0-005 (5), C(3) —0-005 (5), C{4) 0-006 (5), N(3)* —0-004 (5),
N(4)* —0-021 (5), C(5)* 0-009 (5)
Plane (2)
—0-033759x — 0-949567y — 0-311741z = —9-576522
C(6) 0-004 (6), C(7) —0-002 (6), C(8) —0-007 (6), C(9) 0-013 (6),
C(10) —0-011 (6), C(11)0-002 {6), C(5)* 0-025 (6),
O(1)* —0-032 (4), O(2)* —0-080 (6), O(3)* —0-132 (4)
DBA
Plane (3)
—0-719466x + 0-240296y + 0-651634z = 11.716209
C(15) —~0-070 (5), C(16)0-028 (5), C(17) —0-012 (5),
C(18) 0-060 (5), N(5) 0-029 (4), N(6) —0-035 (4),
0O(4)* —0-225 (4), O(5)* 0-037 (4), O(6)* ~0-034 (4)
Dihedral angles (°)
(1Y A(2)100-21 (5) (DA (3)13-89(15) (2)A(3) 114-02 (15)°

* Atoms not included in the plane calculations.

angles. Table 3 contains selected best planes and
deviations of atoms from them and dihedral angles.

. The bond lengths and angles in the DTMBP part are
in good agreement with those of DTMBP itself
(Koetzle & Williams, 1976). Planes (1) and (2) of
DTMBP are planar within experimental error.

Torsion angles C(2)—C(3)~C(5)—C(6) and C(3)—
C(5)—-C(6)—C(7) are 84-3 (4) and 168-0(3)° respec-
tively, compared to the corresponding angles of
—89-4 (1) and 153-3 (1)° found by Koetzle & Wil-
liams, and to the values —67-5 (4) and 1221 (4)° from
our previous result for DTMBP—o-sulfobenzoimide
(1:1) monohydrate (Shimizu & Nishigaki, 1982). The
bond distances and angles of the DBA moiety are in
agreement with those of DBA itself (Craven, Vizzini &
Rodrigues, 1969). O(4) deviates from plane (3) by
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Table 4. Intermolecular hydrogen bonds (distances in
A, angles in degrees)

Donor Acceptor

N(6)—HE (ii) N(1)A(D) N(6)—-H 0-99 (3)
N(6)---N(1) 2.763 (5)
H---N(1) 1-78 (3)
N(6)—H---N(1) 176 (3)

N(3)—-H(DHA®) O(S)EGI)  N(3y-H(1) 0-83 (3)
N(3)---0(5) 3-056 (5)
H(1)---0(5) 224 (3)

' N(3)-H(1)---0(5) 166 (4)

N(3)-H(2)A(i) O(4)B) N@)-H(@Q) 0-95 (4)
N(3)---0() 2-933 (6)
H(2)---0(4) 2-01 (4)
N(3)-H(2)---0(4) 165 (4)

N(5)-HB() N(@)AG) N(5-H 0-95 (4)
N(5)-+-N(2) 2-940 (5)
H---N(?) 2.00 (4)
N(5)-H---N(2) 171 (3)

N(@)—H(DA() O(5)B()  N@@-—-H(1) 1.05 (4)
N(4)---0(5) 2-943 (%)
H(1)---O(5) 1-91 (4)
N(4)—H(1)---0(5) 168 (4)

Symmetry code: (i) x,y,z; (i) 0-5 — x, =05 + p, 1.5 ~ z. {(4)
DTMBP. (B) and (£) DBA.

Fig. 2. Packing diagram of the title compound (4, C: DTMBP; B,
D, E: DBA). (Distances are in A.)

0-225 (4) A. The angles C(15)—-C(18)~C(19)—C(20)
and C(15)—C(18)-C(21)—C(22) are 63-3(3) and
63-4 (4)°, respectively. Table 4 gives the hydrogen-
bonding parameters. A packing diagram is shown in
Fig. 2. The shortest N(1)---H—N(6) contact between
DTMBP(4) and DBA(E) is 2-763 (5) A, which is
considerably shorter than the sum of the radii, 3-0 A
(Pauling, 1960). O(6) does not participate in any
hydrogen bonds. DTMBP molecules have a tendency

2311

to form dimers — as Koetzle & Williams found in
DTMBP, and we found in DTMBP—o-sulfobenzo-
imide (1:1) monohydrate — via the hydrogen bond
N(4)---N(2); DBA molecules also have a tendency to
form dimers (NH..-C=0), as observed in DBA by
Craven et al. (1969), and in the DBA—caffeine (2:1)
complex by Craven & Gartland (1970).

In the present crystal, however, DTMBP and DBA
are alternately linked to form an endless chain
(—~4-B—-C-D-) by characteristic hydrogen bonds,
which apparently contribute significantly to the
stabilization of this crystal; this is probably why its
melting point (497 K) is so high. No significant
contacts exist between molecules of the same kind
{DTMBP---DTMBP, DBA.--DBA).

We wish to thank Professor Toyozo Uno of Kyoto
University for many helpful suggestions during the
course of this work, and also Dr Keiichi Yamaguchi,
Chiba University, for collecting the diffraction data.
The calculations were performed using the programs
MULTAN 78 (Main et al., 1978), ORTEP (Johnson,
1965) and UNICS (1967) at the Computer Center,

. University of Tokyo.
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8-Hydroxyquinoline reacts with p-nitrobenzoic acid in solid state forming 1:1 molecular complex. In
solid state the diffusion of 8-hydroxyquinoline occurs towards p-nitrobenzoic acid and the process of
diffusion is not vapour phase dominated process. Micro structural studies have indicated that reaction
during solid state may be nucleation controlled process. Reaction products obtained from solution and
solid state reaction are identical and their is a hydrogen bonding between the components in the reaction

product.

In recent years considerable interest have
developed in the study of organic reactions in the
_crystalline state.”” Many such reactions have been
studied from the synthetic and mechanistic point of
view. Recently a few solid state reactions of 8-
hydroxyquinoline with anhydrides '° and also with
_metal salts "' have been studied with a view to
understand the mechanism of diffusion of 8-
hydroxyquinoline molecules into the crystal lattice
of the other reacting components. However due to
non availability of the crystal structures of the
reaction products, the exact mechanism could not
be understood. In this paper solid state reaction
between  p-nitrobenzoic  acid  and 8-
hydroxyquinoline has been studied with a view to
understand the mechanism of reaction and the
nature of reaction product.

Materials and Purification

8-hydroxyquinoline (A.R. Merck) was purified
by repeated distillation under reduced pressure.
The purified sample melts at 75°C.

p-Nitrobenzoic acid (A.R. CDH) was used
without further purification. The melting point was
found to be 242°C. 8-Hydroxyquinoline and p-
nitrobenzoic acid are abbreviated as 8-HQ and p-
NBA respectively.

Preparation of reaction product from
solution— p-nitrobenzoic acid (p-NBA) (0.5566
g) and of 8-hydroxyquinoline (8-HQ) (0.4833 g)
were dissolved in methanol separately. Both the
solutions were warmed and mixed. After 24h very

thin yellow colour crystals. were obtained, m.p.
180°C. '

Preparation of reaction product from solid-
state reaction—Solid powders of 8-HQ and p-
NBA were mixed thoroughly in 1:1 molar ratio in
an agate mortar and kept in an incubator at 50°C
for a week with occasional mixing and crushing.
The reaction product was yellow in colour and
melted sharply at 171°C.

Methods

The electronic spectra of 8-HQ, p-NBA and
mixture of the two in 1:1 molar ratio were recorded
in DMF (0.02M). The LR. spectra of 8-HQ, p-NBA
and the reaction products obtained from solution
and solid-state reaction were recorded in Nujol

mull .

The powder X-ray diffraction patterns and DTA
data of the 8-HQ, p-NBA and the reaction products
obtained from solution and solid-state reactions
were recorded,

Microstructural studies were also made'?. A
clean slide was kept at 245°C in an oven and a
small amount of p-NBA was placed over the slide
which immediately melted. The temperature of the
oven was lowered down up to 242°C and
crystallised in one direction with the help of a
cover slip in such a way that a very thin layer of p-
NBA crystallised. This was examined under
microscope and photographed.

The slide of p-NBA was kept on the top of the
beaker filled with vapours of 8-HQ and covered
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with big beaker and kept at 70°C for different time

intervals. p-NBA reacted with vapours of 8-HQ
and change in microstructure was photographed.

Kinetics of solid -state reaction between p-
pitrobenzoic acid and 8-bydroxyquinoline in
capillary (reactions in comtact)—The detailed
method for studying the reaction is described
elsewhere'. A pyrex glass capillary was used for
the purpose. One end of the capillary was sealed
with the help of sealing wax. Half of the capillary
was filled with p-nitrobenzoic acid (particle size
<100 mesh) and the remaining half of the capillary
was filled with 8-hydroxyquinoline (particle size <
100 mesh) in such a way that p-nitrobenzoic acid
and 8-hydroxyquinoline came in close contact. At
the junction of the two components, the reaction
started with a colour change (intense yellow). The
kinetics was followed by measuring the thickness
of the reaction product at different intervals of time
with the help of a travelling microscope at
different temperatures (40, 50, 55 and 60°C).The
kinetics was also studied when the reactants were
separated by air gaps. Reaction occured at the
surface of p-nitrobenzoic acid

Kinetic studies between p-nitrobenzoic acid
(solid) and 8-hydroxyquinoline (vapour)—in
order to understand the inner penetration of 8-
hydroxyquinoline into the crystal lattice of p-
nitrobenzoic acid, the reaction of p-nitrobenzoic
acid (solid) was carried out with 8-
hydroxyquinoline (vapours) gravimetrically. The
detailed method for studying out the reaction is
described elsewhere'. The kinetics was followed
by noting the increase in weight of p-nitrobenzoic
acid at different intervals of time at different
temperatures 50, 55, 60 and 65°C.

Results and Discussion

Before we speculate on the mechanism of
diffusion and solid-state reactivity, it is desirable to
characterise the reaction product. When p-nitro-
benzoic acid and 8-hydroxyquinoline were mixed
in solid-state in 1:1 molar ratio, immediately an
yellow colour developed, indicating that reaction
occurred in solid state. When solutions of p-
nitrobenzoic acid and 8-hydroxyquinoline in
methyl alcohol were mixed in.1:1 molar ratio, thin
yellow coloured crystals were obtained.

The X-ray diffraction patterns of the

‘hydrogen atom of -OH group of 8-

components and the reaction products obtained by
solid-state reaction and from methanol were
recorded. The reaction product obtained from
methanol showed sharp intense and new peaks
indicating that there is a formation of new
compound with a definite crystal lattice. The
diffraction patterns of the reaction product
obtained by solid-state reaction is almost identical
to that of the product obtained from methanol
except that the intensities of the peaks are very
low. The results show that the reaction products
obtained from solution and solid-state reactions are
identical but the reaction in solid-state is slow.

When vapours of 8-hydroxyquinoline were
allowed to react with solid p-nitrobenzoic acid at
65°C, the final increase in weight of p-nitrobenzoic
acid corresponded to reaction product (8-HQ),.(p-
NBA); The differential thermal analyses of the
product (8-HQ),.(p-NBA), obtained from solid
state reactions and solution were recorded. An
endotherm at 179.6°C in the case of (8-HQ),.(p-
NBA), obtained from solution corresponds to its
melting point. On the other hand DTA of (8-
HQ);.(p-NBA); obtained from solid-state reactions
shows 3 endotherms at 75.9°C, 170.0°C and
240.8°C corresponding to the melting of unreacted
8-hydroxyquinoline, product (8-HQ),.(p-NBA),
and unreacted p-nitrobenzoic acid. This shows that
reaction is incomplete in solid-state and decrease
in melting points is due to impurities of the
components. The results show that the reaction
product obtained from solution and solid-state
reaction are identical. :

Since the reaction product is coloured, one can
expect a CT interaction between the two
components. The UV spectra of the reaction
product in DMF does not give any new band
indicating that either the charge transfer interaction
is absent or very weak interaction is present.
However the IR spectral studies of the reactants
and the product gave some information regarding
the nature of interactions. It is aiready reported that
8-hydroxyquinoline in the solid state exists as
dimer and the association is due to hydrogen
bonding'®. Due to reaction the dimeric structure of
8-hydroxyquinoline is broken and the W = O group
of p-nitrobenzoic acid is hydrogen bonded with the

hydroxyquinoline and at the same time nitrogen
atom of 8-hydroxyquinoline is hydrogen bonded
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with hydrogen atom of -COOH group of p-

nitrobenzoic acid.

When powders of 8-hydroxyquinoline and p-
nitrobenzoic acid were kept in glass capillary in
contact, the start of the reaction was indicated by
the formation of an yellow coloured boundary at
the point of contact. As the reaction proceeded,
boundary moved towards p-nitrobenzoic acid,
indicating that 8-hydroxyquinoline is the diffusing
species. The kinetics was followed by measuring
the thickness of the product layer as a function of
time and the kinetic data obeyed the Eq. (1)

§=k|tn . (1)
where £ is the thickness of the product layer at
time t, k; and n are constants. k, is temperature
dependent and hence an apparent rate constant
related to diffusion coefficient. The validity of Eq.
1 is tested by plotting log & vs. log t where straight
lines are obtained .The values of k; and n are given
in Table 1. The energy of activation was calculated
from Arrhenius plot and was found to be 30.1 &J
mol’. The energy of activation value is much
lower than the heat of sublimation of 8-
hydroxyquinoline (108.7 kJ mol™)'. This shows
that the diffusion of 8-hydroxyquinoline molecules
towards p-nitrobenzoic acid is not a vapour phase
diffusion dominated process. Diffusion may occur
through surface migration, It has been pointed out
by Patil et al.'” that volatility is not the only factor
affecting the solid-state reactivity. For example,
methy! quinone reacted relatively rapidly with the
unsubstituted hydroquinone and also the
unsubstituted quinone reacted readily with methy!
hydroquinone.

When the kinetics were studied by creating air-
gaps of different length, kinetic data were again
fitted by Eq. 1. For this case k; and n are referred
to as k; and n. The values of k; is decreased with
the increase of the length of air-gap. The variation
of rate constant (&, ) with length of alr-gap (d) is
given by Eq. 2. .
ky=Ae™ 2
where A and p are constants. When log &, is
plotted against d, a straight line is obtained .The
kinetic parameters are given in Table II. The rate
constant on exn'agolanon 10 zero alr—gap comes out
to be 3.63 x 10 cm h™ which is much less than

Table 1—Effect of temperature on the
kinetic parameters of Eq. (1)
Particle size < 100 mesh

Temperature ky x 107 n E
) (cvh) (kJ. mol™)
40 25 0.24
50 36 024
60 4.1 0.24
70 47 024 30.1

Table II—Effect of air - gaps on the kinetic
parameters of Eq. (3.1)
Temperature = 60 % 1°C; Particle size < 100 mesh

d k, x 107 n'
{cm) (cnv/h)
1.190 20 0.37
0.800 2.5 0.41
0.500 3.0 0.40
0.194 33 0.41

When d=0 on extrapolation k, =3.6x10 2 cr/h;
" ky(contact)y=4.7 x 10 2 cm /h

the rate of reaction when the reactants are in
contact (4.67 x 10 7 cm h) at 60 £ 1°C. This
simply shows that during migration of 8-
hydroxyquinoline towards p-nitrobenzoic acid
apart from vapour phase diffusion some easier
mode of migration such as surface migration is
also involved. The surface migration of 8-HQ over
the glass surface is not uncommon.'®

The process of inner penetration of 8-
hydroxyquinoline into the crystal lattice of p-
nitrobenzoic acid can be understood by gravimetric
studies. The kinetic data obeyed the Eq. (3)

AW/W =kt . (3)
where AW is the increase in weight of p-
nitrobenzoic acid at any time ¢, W, is the initial
weight of p-nitrobenzoic acid and k; is the rate
constant. The validity of Eg. (3) is tested by

plotting AW/ W, vs r. when straight lines are '

obtained. The values of k; calculated from these
plots are listed in Table II. The energy of

activation calculated from Arrhenius plot is found
to be 78.7 kJ. mol ™. During the course of diffusion
of -8-hydroxyquinoline towards p-nitrobenzoic
acid, the following two processes will occur
simultaneously: (i) Migration of '8
hydroxyquinoline over the surface of p-
nitrobenzoic acid, and (i) Inner penetration into
crystal lattice of p-nitrobenzoic acid.
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Table Hl—Inner-diffusion of 8-hydroxyquinoline (vapour) in
p-nitrobenzoic acid (solid) increase in weight, gravimetric
technique following Eq. (3)

Temperature k, x 10° E
) (g/h) (4. mol™)
50 0.63
55 0385 8.7
60 1.05
65 1.42

Out of the above two processes, the first is much
faster and easier as compared to the second one.
Microscopic studies give informations only for the
first process whereas gravimetric studies account
for both processes. Since inner penetration in
organic solids is difficult, it will require higher
energy of activation as shown by gravimetric
studies.

During solid-state reactions, very little stmictural
changes occur. This can be confirmed by complete
structural determinations. In the absence of
structural data some idea can be made from
microstructural changes. The microstructure of p-
nitrobenzoic acid shows that small crystallites are
joined together indicating that strcture is probably
globular in nature. When p-nitrobenzoic acid was
exposed to the vapours of 8-hydroxyquinoline for
30 minutes, long and thin crystals of the product
were observed .This indicated that the growth of
the product is mainly in one direction which shows
that the solid-state reaction is a nucleation
controlled process

The overall results show that 8-HQ reacts with
p-NBA both in solid state and solution forming [:1
hydrogen bonded molecular crystalline complex.
During solid state reaction, 8-HQ diffuses towards

p-NBA and the process of diffusion is not vapour
phase dominated process. Microstructural studies
have shown that the solid state reaction might be
nucleation controlled process.
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The 1:1 adduct of 4-aminobenzoic acid (PABA) with 4-am-
inobenzonitrile (PABN), C;H;NO,-C,;HgN,, consists of a
primary centrosymmetric cyclic hydrogen-bonded PABA
dimer interaction [O---O 2.640 (3) A] peripherally linked
into chains by weaker:.hydrogen bonds viaz a head-to-tail
PABN interaction [N---N 3.179 (4) and N---O 3.062 (4) A],
and is linked between the chains by amine-N (PABN) to
amine-N (PABA) interactions [N- - -N 3.233 (5) A]. No proton
transfer occurs.

Comment

4-Aminobenzoic acid (PABA) is an important biological
molecule, being an essential bacterial cofactor involved in the
synthesis of folic acid (Robinson, 1966), as well as acting as an
antagonist to the action of the drug sulfonilamide in compe-
tition for essential growth metabolites (Pauling & Hayward,
1964). As a simple organic molecule which promotes the
extension of hydrogen-bonded network structures it has no

equal, having associations with neutral molecules such as

4-nitropyridine N-oxide (Lechat, 1984), 1,3,5-trinitrobenzene
(Lynch er al., 1994) and urea (Smith, Baldry et al, 1997), with
Lewis bases such as 4-(4-nitrobenzyl)pyridine (Smith, Lynch et
al., 1997), and with carboxylic acids such as 2.4,6-trinitro-
benzoic acid (Lynch et al., 1992a), (2.4-dichlorophenoxy)acetic
acid (Lynch er al, 1992b), 2-(carboxyphenoxy)acetic acid
(Byriel er al., 1991) and 3,5-dinitrosalicylic acid (Smith ez al.,
1995).

@

The ability of strong carboxylic acids to protonate the amine

group of PABA often results in the formation of acid—

Figure 1
The molecular configuration of adduct (I) and the atom-purobering
scheme, showing 30% probability displacement ellipsoids. H atoms are
drawn as small spheres of arbitrary radii.

(PABA), associations in which one PABA is protonated while
the second i$ not. This is found in the adduct with 3,5-di-
nitrosalicylic acid. In a review of the adducts of PABA (Smith,
Lynch er al, 1997), the most common primary associative
mode was recognized as the A-A homodimer, in which the
two PABA molecules form a cyclic hydrogen-bonded dimer
[graph set R%(8); Etter, 1990), such as is found in the parent
acid (Lai & Marsh, 1967) and in the adduct with (2,4-di-
chlorophenoxy)acetic acid. The less common form is the A-B
[R3(8)] heterodimer, which is found with the (2-carboxy-
phenoxy)acetic acid adduct.

Our previous work has involved the adducts of PABA with
carboxylic acids and with Lewis bases, and was extended in the
present study to include 4-aminobenzonitrile V(PABN), a

QZ}\X},: AA

X
it g

A AN
m}\gib\:r" "“T‘} \::.. 2.

o ;5 A

Q

- 4}»}&
"Zz:}l ';:3:&,

I
Figure 2

The packing in the unit cell of (I) viewed down the a axis, showing the
hydrogen-bonding interactions as broken lines.
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organic compounds

- molecule not unlike PABA, having potential for hydrogen-
onding extension via the cyanide group. We present here the
crystal structure analysis of the 1:1 PABA-PABN adduct, (I).
In adduct (I), the PABA molecules form the common
primary A-A cyclic ‘hydrogen-bonded dimers across crystal-
lographic inversion centres [02—HO2---O1(1 — x, —y, —2)
2.640 (3) A and 173 (3)°]. Weaker secondary interactions link

these dimer units along the b direction (Fig. 2) through both .

the cyanide and armno groups of the PABN molecule [N1—
H10-- N3(=1+x,1—y,1+2)3.179 (5) A and 164 (3)°; N2—
H20- - -O1-3.062 (4) A and 159 (3)°]. These chains are held
together by lateral hydrogen bonds between the PABA and
PABN amine groups [N1—H11---N2(~=1 + x, y, 1 + 2)
3.233 (5) A and 139 (3)°].

Experimental

The synthesis of (I) was carried out by refluxing equimolar (2 mmol)
amounts of 4-aminobenzoic acid and 4-aminobenzonitrile for 15 min
at ca 350.K in 95% ethanol (20 mi). Crystals of (I) were obtained
after evaporation of the solvent at room temperature.

Crystal data
CHNO;-CHN, D, =1260Mgm™
M, = 25528 Mo Ka radiation
Monoclinic, P2, /¢ Cell parameters from 25
. a=4.860(3) A reflections
=32.543 (4), A 8 = 10-20°
=8538(3) A u = 0087 mm™*
B 94.79 (4)° T=153K
V =13456 (8) A? Prismatic, colourless
Z=4 03 x 02 x02mm

Data collection

Rigaku AFC-7R diffractometer h=0-—=5

@ scans with profile analysis k=0—38

2723 measured refiections {=~10 — 10

2372 independent reflections 3 standard reflections

1614 reflections with / > L.50(J) frequency: 150 min

Rine = 0.074 intensity decay: none

Omax = 25°

Table 1

Selected geometric parameters (A ).

o1-C7 1.240 (3) N2-C14 1.368 (4)
02-C7 1319 (3) N3-C17 1.127 (4)
Ni-C4 1379 (4)

Q-C1-C7 119.3 (3) 02-C7-C1 115.1 (3)
C6—C1—C7 122.1 (3) C12—C11—~C17 119.5 (4)
N1—-C4-~C3 120.5 (3) Cl6—-C11-—-C17 121.6 (4)
Ni—-C4~Cs 1210(3) N2-C14-C13 1212 (3)
01-C7-02 . 1221 (3) N2-C14=-C15 120.5 (3)
01-C7—-Cl1 1227 (3) N3—C17-Ci11 179.5 (6}

Refinement E

Refinement on F T (M) =0.002

R =0.045 Apgar = 0146 AT

wR = 0.043 : APmin = —0.16 ¢ A . :

§=1795 o Extinction correction: Zachanascn‘ 9

1614 reflections (1968) type 2 Gaussian isotropic

193 parameters Extinction coefficient: 8.001 :

H atoms treated by a mixture of : ’ 1

. independent and constrained

refinement - . oo $
The parameters of the H atoms involved in hydrogen bonding

were refined (HO2; H11, Hi2, H21 and H22). All other H atoms were ¢

allowed for as riding. : i

Data collection: MSCIAFC Diffractometer Corurol Software ')
(Molecular Structure Corporation, 1993); cell refinement: MSC/AFC
Diffractometer Control Software; data reduction: TEXSAN (Mole-

cular Structure Corporation, 1985); program(s) used to solve struc-
ture: SIR88 (Burla er al., 1989); program(s) used to refine structure: .
TEXSAN, software used to prepare material for publication:’ g
TEXSAN. :
. . . 4
The authors wish to thank the Australian Research Council 5
and The Centre for Instrumental and Developmental Chem- (
istry (QUT) for financial assistance. Dr Michael Gardner is !
thanked for collection of diffraction data. {

Supplementary data for this paper are available from the IUCr electronic
archives (Reference: TA1290). Services for accessing these data are 4

described at the back of the journal.
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Interactions of Aromatic Carboxylic Acids with Quinolin-8-ol (Oxine):
Synthesis and the Crystal Structures of the Proton-Transfer Compounds
with the Nitro-Substituted Benzoic Acids
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Proton-transfer compounds of quinolin-8-ol (oxine) with the nitro-substituted aromatic carboxylic
acids 2-nitrobenzoic acid, [(CoHgNONC,H,NO,)-H,0] (1), 3-nitrobenzoic acid, [(CoHgNONC;H,NO,)]
(2). 4-pitrobenzoic acid, [(CoHgNO™WC,H,NO ) C,HNOY)] (3), 3,5-dinitrobenzoic acid,
[(CgHgNO)5(C-H3N,047),-3H,0] (4), 3-nitrosalicylic acid. [(CoHgNO™) (C,H,NO;7)] (5) end 3,5-diniwosalicylic
acid, [(CoHgNO ™M C;H;N,057)] (6) have been prepared and characterized by using both infrared spectroscopy and
single-crystal X-ray diffraction methods [(3), (4) and (6)]. In all compounds, protonation of the quinoline nitrogen
occurs together with primary hvdrogen-bonding interactions involving this group and the carboxylate group of the
acid. while further peripheral associations, in the case of the trihydrate (4), also involving the water molecules, result

predominantly in simple chain polymeric structures.

Manuscript recetved: 5 February 2001.
Final version: 30 May 2001.

Introduction
Quinolin-8-o0! [8-hvdroxyquinoline (oxine)] is well known as
a disinfectant and antiseptic agent as well as being a
particularly versatile molecule for use in metal complex
chemistry. The relative positions of the hetero-nitrogen (pX,
10.8) and 8-substiruted phenol group, together with the
acidic nature of the latter (pK, 4.9), provide the textbook
example for selective interaction with metals, giving bis- and
tris-chelate complex systems which are often neutral. Under
basic conditions, essentially no selectivity is achieved but
with pH control, quantitative precipitation is possible, such
as with Mg** where the complex [Mg(oxine™),] is a common
weighing form in gravimetric analysis.!'! While neutrat
divalent metal complexes such as this and [Pd(oxine')z]m are
common, adducts involving metal complexes or metal salts
with free oxine are also known, e.g. {[Ni(oxine"),]-oxine},l!
[K*(oxine"yoxine]® and [K*(oxine’)-(oxine),].5! In
addition, metal complexes with both anionic and neutral
coordinated oxine species have been reported, e.g.
{[Ag(oxine™)(oxine)}-pyridine }¥ and the Ag complex unit
in {{Ag(oxine).] (p-toluenesulfonate”)} m

Neutral adducts with organic compounds are less
prevalent, but the structures of stable 1:1 adducts with
chloranil™ and 1.3.3-trinitrobenzene!™ are known together
with  the 201 proton-transfer adduct  with

ribvvdroxvbenzene. fioxine ythb roxine]t'™ in the aeu

Y 3

i

adducts, the oxine forms cyclic R3(8) hydrogen-bonded
dimers via the hetero-nitrogen and the phenolic oxygen. with
peripheral secondary hydrogen bonds giving polymer
structures. This basic dimer is similar to what is found in the
crystal structure of the parent oxine !

Previous preliminary work by our group on cocrystals of
aromatic carboxylic acids with oxine gave some crystals
which proved unsuitable for structural analysis by single-
crystal X-ray methods!™ because of an apparent ten-
dency for twinning, while in its adduct with Kemp’'s tn-
acid (cis,cis-1,3,5-trimethylcyclohexane-1.3.5-tricarboxylic
acid), [(oxine™)5(C;H,;0¢ ), n(oxine)],l'*)  the  partial
disordered oxine molecule in the lattice was progressively
lost during data collection without apparent destruction of
the crystallinity of the compound. This matter has been
further addressed in this study because of a similar
occurrence with one of the reported compounds. Reported
here is the preparation and characterization using
spectroscopic and single-crystal X-ray diffraction of a series
of six proton-transfer compounds of quinolin-8-ol (oxine)
with the nitro-substituted aromatic carboxylic acids 2-
nitrobenzoic acid (2-nba), [(oxine™)(2-nba")-H.0] (1), 3-
nitrobenzoic acid (3-nba). [(oxine™)(3-nba")] (2). 4-
nitrobenzoic acid (4-nba). [(oxine™)(4-nba){4-nba)] (3). 3.3-
dinirobenzoic acid (dnba). [{oxine -(dnban+3H.O] (45, 3-

aitrosalicvlic actd 13-nsaj. [foxine ¥ 3-nsay] (35 and 3.3-
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Interactions of Aromatic Carboxylic Acids with Quinolin-8-ol (Oxine):
Synthesis and the Crystal Structures of the Proton-Transfer Compounds
with the Nitro-Substituted Benzoic Acids

Graham Smith*® Urs D. Wermuth® and Jonathan M. White®

A Centre for Instrumental and Developmental Chemistry, School of Physical Sciences,
Queensland University of Technology, GPO Box 2434, Brisbane, Qld. 4001.

B Author to whom correspondence should be addressed(e-mail: g.smith@qut.edu.au).

CSchool of Chemistry, University of Melbourne, Parkville, Vic. 3052.

Proton-transfer compounds of quinolin-8-ol (oxine) with the nitro-substituted aromatic carboxylic
acids 2-nitrobenzoic acid, [(CoHgNO™YC;H,NO,)'H,0] (1), 3-nitrobenzoic acid, [(CoHgNOTN(C;H,NO,)7]

(2), 4-nitrobenzoic acid, [(CQHSNOT)(C H,NO " MCyH; NO4)1 (3), 3,5-dinitrobenzoic acid,
[(CeHgNO™)5(C-H;N4.047),-3H,0] (4), 5-nitrosalicylic acid. [(CyHgNO™) (C;H,NO;)] (5) and 3,3-dinirosalicylic:
acid, [(CoHgNO™)(C;H;N,057] (6) have been prepared and characierized by using both infrared spectroscopy and
single-crystal X-ray-diffraction methods [(3), (4) and (6)]. In all compounds, protonation of the quinoline nitrogen
occurs together with primary hydrogen-bonding interactions involving this group and the carboxylate group of the
acid, while further peripheral associations, in the case of the trihydrate (4), also involving the water molecules, result

predominantly in simple chain polymeric structures.
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Introduction
Quinolin-8-ol [8-hvdroxyquinoline (oxine)] is well known as
a disinfectant and antiseptic agent as well as being a
particularly versatile molecule for use in metal complex
chemistry. The relative positions of the hetero-nitrogen (pX,
10.8) and 8-substituted phenol group, together with the
acidic nature of the latter (pK| 4.9), provide the textbook
example for selective interaction with metals, giving bis- and
tris-chelate complex systems which are often neutral. Under
basic conditions, essentially no selectivity is achieved but
with pH control, quantitative precipitation is possible. such
as with Mg”* where the complex [Mg(oxine™),] is a common
weighing form in gravimetric analysis.!'] While neutral
divalent metal complexes such as this and [Pd(o:dne')z][l] are
common, adducts involving metal complexes or metal salts
with free oxine are also known. e.g. {[Ni(oxme')z]'oxine}.m
[K*(oxine")-oxine]™ and [K*(oxine’){oxine)z].[5] In
addition, metal complexes with both anionic and neutral
coordinated oxine species have been reported, e.g’
[AO(onm‘)(omne)] pyridine}[¢1 and the Ag complex unit

{[Ag(oxine),] (p-toluenesulfonate-)} .7

Neutral adducts with organic compounds are less
prevalent, but the structures of stable 1:1 adducts with
chloranil™ and 1.3 3-minitrobenzenel® are known together
with  the 2.1 proton-transfer adduct  with  1.2.3-

roxvbenzene. fioxine ithd roxine ] in the ne

minva

adducts, the oxine forms cyclic R%(S) hydrogen-bonded
dimers via the hetero-nitrogen and the phenolic oxygen, with
peripheral secondary hydrogen bonds giving polymer
structures. This basic dimer is similar to what is found in the
crystal structure of the parent oxine.!'!]

Previous preliminary work by our group on cocrystals of
aromatic carboxylic acids with oxine gave some crystals
which proved unsuitable for structural analysis by single-
crystal X-ray methods!'?! because of an apparent ten-
dency for twinning, while in its adduct with Kemp’s tri-
acid (cis,cis-1,3,5-trimethylcyclohexane-1.3.3-wricarboxylic
acid),  [(oxine™)5(Cy:H 7047, n(oxine)}, ¥ the  partial
disordered oxine molecule in the lattice was progressively
lost during data collection without apparent destruction of
the crystallinity of the compound. This matter has been
further addressed in this study because of a similar
occurrence with one of the reported compounds. Reported
here is the preparation and characterization using
spectroscopic and single-crystal X-ray diffraction of a series
of six proton-transfer compounds of quinolin-8-ol (oxine)
with the nitro-substituted aromatic carboxylic acids 2-
nitrobenzoic acid (2-nba), [(oxine™)(2-nba”)-H.O] (1), 3-
nitrobenzoic acid (3-nba). [(oxine™)(3-nba)] (”) 4-
nitrobenzoic acid (4-nba). {{oxine "} 4-nba"){4-nba)] (3). 3.3-
dinirobenzoic acid (dnba). {{oxine )stdnban--3H,0] ‘—', i 3-
afrosalievlic acid (3-nsal {foxine W 3-nsa™i} (51, and 3.3-

-
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dinirrosalicylic acid (dnsa), [(oxine)(dnsa™)] (6). The crystal
structures -of three of these [(3), (4) and (6)] have been
determined by single-crystal X-ray diffraction methods.

Results

Final atomic coordinates, bond distances and angles,

anisotropic thermal parameters and hydrogen atom

coordinates for adducts (3), (4) and (6) have been deposited 06
as an Accessory Publication.* Atom numbering schemes for -
the associated molecule types and the hydrogen-bonding

schemes are shown in Figs 1-4.

Discussion 06)
In all compounds reported here, as predicted on the basis of
pK, differences, proton transfer from the carboxylic acid
group to the hetero-nitrogen of the oxine molecule occurs,
together with primary O-N hydrogen-bond formation
between donor and acceptor atoms. However, in none of the
compounds do we find a primary cyclic hvdrogen-bonded
Ri(8) A-B heterodimer formed, involving the second
carboxylate oxygen and the 8-hydroxy substituent of oxine;
nor are there any A—A or B-B homodimers found (as with
the parent acids or with oxine itself ''). Instead this
molecule acts in a bridging mode to link the associaied
molecular units into chain polymers through hydrogen
bonds. In addition, this adduct series with oxine shows a
greater tendency for formation of various stoichiometric
ratios than any of the previously studied Lewis base types.

Fig. 2. Extension of the trimer unit; in (3) through penipheral hvdro-
gen bonds in the ¢ cell direction.

[(oxine™)(4-nba”)(4-nba)] (3)

The structure of the 1:2 adduct of quinolin-8-ol with 4-
nitrobenzoic acid [(oxine®)(4-nba~){4-nba)] (3) (Fig. 1)

Fig. 3. Atom numbering scheme and hvdrogen bonding (shown as
broken lines) in the adduct hydrate (4). '

comprises an A~A-B repeating unit in which the primary
interaction, after proton transfer from the first carboxylic
acid to the hetero-nitrogen of oxine. is formation of a single
hydrogen bond [N(1)}-H(1)-0(7), 2.730(3) A; N-H--0,
147(3)°]. The second carboxyl oxygen then forms a single
hydrogen bond with the carboxy! group of the second
(protonated) 4-nba molecule [O(6)-H(1)-0(2), 2.572(3) A;
0--H-0, 170(3)°]. The polymer link is provided by the oxine
molecule through the 8-hydroxy group to a carboxylate
oxygen of the first 4-nba molecule [O(1)-H(24)-0(6)?,
2.730(3) A; O=H--0, 147(3)° (a = 1+, v, £)}, giving a three-

Fig. 1. Molecular configuration and atom numbering for the three

molecules in the hydrogen-bonded A-A—B trimer in adduct (3). Un- centre interaction about O(6). The resulting chains form
iess otherwise indicated atoms are carbon. along the a cell direction (Fig. 2). Neither the second
cemoer 2008, from Ausirativn fowrnal of Chemizim—an iernutiones Journal tor Chemical Science. PO, Box
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carboxyl oxygen of molecule 2 nor the nitro groups of either
acid are involved in hydrogen bonding.

[(oxine”) J(dnba™), 3H,0] (4)

In the 2: 2 adduct trihydrate of oxine with 3,5-dinitrobenzoic
acid, [(oxine™),(dnba™);3H,0} (4), the primary A-B
interaction similar to that found in adduct (3) is present in both
independent molecule pairs in the asymmetric unit [N(1)-
H(11)-0(3), 2.8293) A; N-H--0, 156(3)°; N(1')~
H(11)+--0(2"), 2.701(3) A; N-H--0, 152(3)°]. The A-B
pairs are joined into a ribbon polymer (Fig. 3) by peripheral
hydrogen bonds to the three water molecules [O(8), O(9),
O(10)] linking the carboxyl oxygens and the 8-hydroxy
substituent of the oxine molecules [O(2)-H(9A)-0(9),
2.686(3) A; O--H-0, 169(3)°; O(9)H(1)-0O(1"), 2.545(3)
A; 0--H-0, 165(3)°; O(9)-H(9B)--0(3")?, 2.690(3) &A; O~
H-0, 175(3)° (a= 1-x, Ya+y, 1 —z); O(2")H(10B)-0(10),
2.754(3) A; O-H--0, 169(3)°; O(8)--H(1)-O(1),2.671(3) A;
O-H-0, 167(3)°; O(8)-H(8B)-~0(3)°,2.707(3) A; O-H-0,
171(3)° (b = —x, Y%2+y, 1~z)]. The water molecules also
mutually interact [O(8)-H(8A)--O(10)%, 2.772(3) A; O-
H--0, 175(3)°; O(10)-H(10A)--0O(8)%, 2.958(3) A; O-H0,
158(3)° (c = 1+x, y, z)].

No nitro-group participation in hvdrogen bonding is
found.

[(oxine™)(dnsa”)] (6)

The 1:1 proton-transfer compound of oxine with 3,5-
dinitrosalicylic acid, [(oxine™)(dnsa™)], is similar to the
previously discussed carboxylic acid-oxine cocrystals in
having the primary hydrogen-bonded dimeric repeat within
all four hetero-pairs in the crystallographic repeating unit
(Fig. 4). All interactions between the quinolinium proton and
the carboxylate oxygen are dimensionally and geometrically
simitar [N(1)-H(1)--O(4), 2.730-2.790(9) A; N-H--0, 149~
160(4)°]. Similar extensions to those found in (4) and (5) via
strong peripheral hydrogen bonds linking the protons of the
8-hydroxy substituent of oxine with one of the carboxyl
oxygens of dnsa are also found [O(1)}H(1)--O(3""),

molecule pair (1)

T

molecule pair (11

molecule pair (1:)

Fig. 4. Atom numbering scheme and hydrogen bonding involving
che four independent A-B dimersin the crvsualiographic repeating unit

i the adduct tan,

173

2.567(9) A; O-H-0, 173(3)° (a = l+x, 3, z); O(1'')-
H(1"")--0(3)°, 2.562(9) A; O-H~-0, 171(3)° (b = —1+x, —
1+y, z); O{1:)-H(1:)--0(3"), 2.591(9) A; O-H--0, 168(3)°
(c = =2+x, ~1+y, z); O(1')-H(1')-0(3)¢ 2.561(9) A; O-
H-0, 165(3)° (d = x, y, 7)]. The resuit is a hydrogen-bonded
chain polymer structure. Unlike a number of the compounds -
involving the nitrosalicylic acids,**'3) no interactions
involving the nitro oxygens are present. However, this
structure shows significant w—+ association between the
dnsa and oxine molecules, a feature not common among
either the neutral or proton-transfer compounds or adducts of
the nitro-substituted aromatic carboxylic acids. Also .as
expected, and similar to the parent acid and its compounds,
the intramolecular Ot(hydroxyl)--O(carboxyl) hydrogen
bond is present [O(2)--O(4), 2.462-2.472(8) A].

Some disorder and minor conformational variation in the
nitro groups of the dnsa molecules are present but are not
sufficient to contribute to the more serious structural
problem (described in Experimental), which manifests itself
as pseudo-symmerry (both translation and inversion) among
the four sets of molecular pairs in the crystallographic
asymmetric unit. By a legal shift of the origin in the space
group Pc in both the x direction (0.390) and the v direction
(0.063), a pseudo-translation (x, Y2+y, z) is created, relating
the X, X'’ and X:, X' pairs. In addition, a pseudo-inversion
centre at ('/,, /g, '/,) would create the P2,/c cell (with the b
axis halved) from the previous unsuccessful structure
determination atternpt.l'?) Such pseudo-symmetry identifies
the possibie presence of a stacking fault or inversion-related
twinning. The presence of the ‘ghost’ oxine mayv be an
artefact of such phenomena if ignored!'s) but the’
computational treatment necessary to handle the problem
will not be considered here. This argument, however, would
tend to obviate oxine as a contributing factor, having, as
previously mentioned. a tendency to act as a labile molecule
of crystallization despite its moderate melting temperature
(76°C). This was definitely the case with the cyclic 2:2
proton-transfer compound with Kemp’s triacid where a labile
disordered partial unassociated oxine molecule (occupancy
ca. 0.9) existed beside the stable dimeric acid—oxine cage
structure.{'3} Oxine has been observed to undergo intrusive
solid-state reaction by diffusion into certain anhydrides,!”
nitrophenots,'¥ salicylic acid'® and metal salts.P% The
formation of the 2:1 proton-transfer adduct with 1.2,3-
trihydroxybenzene also proceeds in a similar manner by
intrusive solid-state reaction.l'% Of possible relevance to the
present examples, it was observed that with the
nitrophenols, '8 reaction proceeded more readily with
increased nitro-group substitution and with increased
moiecular symmetry. It must be generally assumed that both
types of solid-state reaction involving oxine (either intrusive
or effusive, usually without crystal breakdown), occur by
similar mechanisms. ~

Experimental

All complexes were prepared from | : i molar amounts of quinolin-8-ol
(0.2 2. 14 mmol} and respecuvely. I-nitrobenzoic acid (1 3-
nirebenzeic scid (21 S-aiebenzoeic acid 13 3 3-diniirobenzeic acid
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(4), 5-nivosalicylic acid (5) and 3,5-dinitwosalicylic acid (6).
Preparations involved heating under reflux for 10 min at ca. 90°Cin 20
cm® of 95% ethanol, the product being subsequently obtained by the
partial or total evaporation of the solvent at room temperature, yielding
for (1) large yellow prisms (m.p. 88-90°C); for. (2), yellow
microcrystals {m.p. 130-131°C); for (3), yellow prisms (m.p. 195-
198°C); for (4), yellow prisms (m.p. 161-162.5°C); for (5) a yellow
powder {m.p. 180-182°C); for (6) orange needles (m.p. 244-250°C).
Elemental analyses indicated 1 : | stoichiometries for all adducts except
(3) (1:2), while (1) was a monohydrate. With (4), the presence of 1.5
waters was found from analysis, later confirmed in the crystal structure
determination asa 2 : 2 irihydrate. Found for (1): C, 58.2; H, 4.3; N, 8.5.
C,¢H4N,Og requires C, 58.2; H, 4.2; N, 8.5%. Found for (2): C, 61.5;
H,3.8: N, 8.8. C,¢H,,N,QO; requires C, 61.5; H, 3.8; N, 9.0%. Found for
(3): C, 57.7; H, 3.6; N, 8.8. Cy;H,;N;0, requires C, 57.6; H, 3.6; N,
8.8%. Found for (4): C, 50.0; H, 3.5; N, 10.8. C3,H,gN,0,, requires C,
50.0: H, 3.7; N, 10.9%. Found for (5): C, 58.5; H, 3.6; N, 83.
C,6H12N,0q requires C, 58.3; H, 3.7; N, 8.5%. Found for (6): C, 51.8;
H, 2.9; N, 11.3. C\(H,,N;Oq requires C, 51.5: H, 3.0; N. 11.3%.

Attempts to prepare the adduct with 1,3.5-trinitrobenzoic acid using
either the general refluxing method in ethanol at elevated temperature
or the room-temperature variant (because of the ease of
decarboxylation of the acid even at moderate temperarure) gave good
crystals of the previously described 1:1 oxine-1,3,5-trinitrobenzene
adduct.®) Infrared spectra were recorded for all samples as pressed
disks in KBr on a Perkin-Elmer Spectrum 1000 Fourier-transform
‘infrared spectrometer.

Crystallography

Crvstal Dara

(3) [(CoHgNO™WC,H,NO,NC,HNO,)], CCDC 164598, mol. wt
479.4, wiclinic, space group P1, a 7.052(2). 5 7.497(2). ¢ 21.121(6) A,
o 97.94(2), B 97.35(3), v 99.45(2)°, ¥ 1077.9(5) A, F(000) 496, Z 2,
D, 1.477 g cm™, WMo Ka) 1.16 cm™; temperature 293(2) K. 4089
reflections measured [26,,, 51°: A, 0108 k. -8 10 8; /. -25 10 24], 3756
unique (R, 0.012). Final R,* 0.048 (F); wR.t 0.123 (£%) [2845
observed with [>2.00()}; S 1.03. Crystal size 0.30 by 0.30 by
0.25 mm: max/min transmission factors. 0.82/0.70.

(4) [(CoHgNO™),(C7H;N,047),-3H,0]. CCDC 164597, mol. wt
768.6, monoclinic, space group P2,, a 14.9606(6), b 7.4287(5), ¢
15.633(1) A, B 102.170(4)°. ¥ 1698.4(2) A>. F(000) 796. Z 2, D, 1.503
g em™, w(Cu Ka) 1.22 em™, temperatre 293(2) K. 3851 reflections
measured {28, 150° A, -18 10 0; £, 0t0 9: /. =19 10 19], 3705 unique
(Ryy 0.022). Final R, 0.029 (F); wR, 0.084 (F7) [3564 observed with
I>2.00()]; S 1.04; absolute structure parameter. 0.01(15). Crystal size
0.43 by 0.30 by 0.23 mm.

(6) {(CoHgNO™YC,H;3N,0,7)],. CCDC 1645399, mol. wt 373.3.
monoclinic, space group Pe. a 8.015(2), b 15.010(2), « 26.546(2) A. B
95.52(2)°, ¥ 3178.8(9) A°, F(000) 1536, Z 8. D, 1.560 g cm™, p(Cu
Ka) 1.11 em™, temperatre 293(2) K. 7322 reflections measured
[28, 140° A, =6 10 9; k. —12 10 18; £, =32 to 321, 7103 unique (R,
0.013). Final R, 0.080 (F): wR, 0.210 (F*) [6101 observed with
1>2.06(H]; § 1.03: absolute structure parameter. 0.4(3). Crystal size
0.78 by 0.21 by 0.14 mm: max/min wansmission factors. 0.87/0.64.

Data Collection, Structure Solution and Refinement

X-Ray diffraction data for all compounds were measured on Enrat-
Nonius CAD-4  diffractometers by using  either  crystal-
monochromatized Mo Ko X-radiation (A 0.71073 A) [compound (3)]
or CuKa X-radiation (A 1.3418 A) [compounds (4) and (6)]. Negligible
change in the intensities of three standards monitored throughout the
data collection periods for all adducts indicated no significant crystal
decomposition. Data were corrected for Lorentz and polarization
effects. extinction and for absorption {{3} ard (6) onlv (analvtical.
Guussian)]. The structures were seived by direet methods and refined

G. Smith et al.

by full-matrix least-squares (on F?) by using SHELXL-97(" with
anisotropic thermal parameters for all non-hydrogen atoms. Hydrogen
atoms involved in the hydrogen-bonding interactions were located by
difference methods and both positional and thermal parameters were
refined while others were generally included at calculated positions in
the refinements as riding models. The values of 4 and B in the
weighting scheme w = [0°(F,)*+(4P)*+BP]™ {where P = [max.
(F,2,00+2(F)*)/3} were 0.0783, 0.2461 (3), 0.0593, 0.1264 (4), and
0.1826, 0.7519 (6). With (3), the high thermal motion of the nitro-
oxygens of molecule 1 [O(4) and O(5)] resulted in these being modelled
over wo independent sites with occupancies of .80 and 0.20
respectively. Compound (6), which we had previously investgated
unsuccessfully crystallographically,'?! when it was found to have what
appeared to be bad disorder in the space group P2,/c with Z 4 in a unit
cell with half the present b axial parameter, was resolved in the lower-
symmetry space group Pc with Z 8. In this space group. pseudo-
symmetry is present with the molecules related by an approximate 2,
screw operation and inversion symmetry. This is somewhat analagous
to, but not as severe as. the modulated structure described for the 1: 1
proton-iransfer adduct of 24.6-trinitrobenzoic acid with 2.6-
diaminopyridine ! In addition, the presence of a partial disordered
labile molecule of oxine conmibutes to the high refinement residual
which could be reduced from the table value (R 0.080) to ca. R 0.05 bv
incorporating electron density equivalent to 90% of a ghost oxine
molecule having an occupancy of 0.08. This effect may also be due 10
the presence of an overriding but inadequately modelled stacking fault
or an inversion twin. However. this structural problem could not be
further handled in this study and furthermore, the Pc model adequatelv
describes the basic hydrogen-bonded structurat framework which is not
altered by the presence of the the unasssociated "ghost oxine’. A similar
phenomenon was observed for the structure of the 1 : | prown-transfer
compound of Kemp's triacid with oxine,'’} in which a partal
disordered oxine molecule of crystallization was lost progressively with
time during room-temperature daia collection, without significant loss
in crystallinity.

Conclusions

The series of quinolin-8-0l compounds with the nitro-
substituted benzoic acids studied here shows a greater
variability in composition and form than any of the other
Lewis-base compounds of the same acids previously studied.
The incorporation of water into the cocrystal make-up in two
of the examples [(1) and (4)] obviously influences the
stabilization of the crystal lattice, which in the case of the
trihydrate (4) links together rows of oxine and dnba
molecules to give an very stable and ordered structure. This
is in contrast to the 1:1 compound with dnsa (6). where a
probable stacking faultis present in the structure, and may be
similar to the badly twinned monohydrate (1) where no
structural analysis was possible, despite its macro-crystalline
morphology. Infrared spectroscopy has also proved useful, as
previously noted.!*! for the recognition of proton transfer in
compounds of the type found in this series, particularly with
those for which crystal structure determinations are not
possible e.g. (1). (2) and (3).  As with the parallel study
involving the same series of acids with the analogous
nitrogen base 8-aminoquinoline,®! disappearance of the
characteristic strong C=0 stretching frequency at ca. 1700
cm™ is the most definitive sign in the composite spectrum of
proton transter {except in the case of the 1:2 adduct {3)
where fres acid is present]. The accompanving broad =N-%"
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absorptions expected in the 2700-2250 cm™ region of the
spectrum!®® are invariably unresolved within the broad and
extended hydrogen-bonded —OH absorptions centred
typically at ca. 3400 cm™ [range: 3391 (2) to 3446 cm™ (6)],
similar to those in the parent oxine (3405 em™).18] However,
infrared spectroscopy remains a useful tool for the
identification of the nature of the interaction in such

compounds.
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Asymmetric synthesis of two new conformationally constrained
lysine derivatives
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Abstract—The asymmetric synthesis of the conformationally constrained L- and D-lysine derivatives methyl (15,85)-1-amino-8-tert-
butoxycarbonylamino-1,2,3,4,5,6,7,8-octahydroanthracene-1-carboxylate (4) and methyl (1R,85)-1-amino-8-tert-butoxycarbonylamino-
1,2,3,4,5,6,7,8-octahydroanthracene-1-carboxylate (5), respectively are described. Application of the Bucherer hydantoin synthesis to the
carbony! group of 2/,3',4',5/,6/ 7'-hexahydrospiro[ 1,3-ethylenedithiole-2,1’-anthracen}-8/-one (18), which was prepared from 1,8-dichloro-
anthraquinone (14) in nine steps and the deprotection of the masked second ketone of 18 yields rac-21. The latter is the precursor for a novel
asymmetric reductive amination protocol using (R)-phenylglycinol as a chiral amino auxiliary and NaBH(OACc); as a reducing agent. Using
this procedure, the asymmetric reductive amination of a-tetralone derivatives and indanone proceeds with >95% de. Lower diastereomeric
excesses are observed for benzosuberone (16.7% de) and acetophenone (27.3% de). rac-21 gave (1'S,8'S,1(R)-25a (38% yield) and
(1'R,8'S,1(R)-25b (44.5% yield) with greater than 52 and 78% de, respectively. Cleavage of the amino auxiliary of (1'S,8'S,1(R)-25a and
of (1'R,8'S,1(R)-25b with lead(IV) tetraacetate and hydrolysis of the hydantoin ring yields the unprotected analogs of 4 and 5. The latter are
transformed into the selectively protected target molecules 4 and 5 through standard protection procedures. The overall yield of the 17- and
18-step synthesis starting from 13 was 0.3% yield for each constrained lysine derivative. © 2002 Elsevier Science Ltd. All rights reserved.

1. Introduction that mimic parts of peptide folds and induce an increased
conformatlonal stabxhty have mainly focused on the a-helix

The design and synthesis of conformationally constrained and B-hairpin.'?
amino acids' and peptidomimetics? is of spemal interest for
medicinal and bio-organic chemistry in view of their pos- In particular constrained di- and tripeptides have been used
sible application as potency-enhanced ligands for biological to mimic tumn structures, which are parts of these motifs. In
rcceptors } as probes for mimicry of peptide secondary addition, the incorporation of o,a-disubstituted glycmes
structures,® and as novel structural elements of relevance into the peptide backbone has led to stabilized helices.®
to bio-materials.’ Efforts to design and synthesize scaffolds We have designed the conformationally constrained amino

Figure 1. Stereoview of energy-minimized structure of helix-nucleation site 3 (OPLS-AA",*' GB/SA water solvation model®); atom coloring: C grey; H
white; N dotted; O black.

Keywords asymmetric reductive amination; constrained amino acid; lysine.
, Corresponding author. Tel.: +1-785-532-6684; fax: +1-785-532-6666; e-mail: warmuth@ksu.edu
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Scheme 1. Synthetic strategy towards the conformationally constrained lysines 1 and 2.
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acids 1 and 2, which belong to the family of a,a-disubsti-
tuted glycines. Our motivation for the design and synthesis
of 1 and 2 was twofold. (1) Both 1 and 2 are conformation-
ally constrained L- and p-lysines, rf:spez:tively,lo with a
completely constrained side chain in the (+)g, ¢, 1, (—)g
conformation for 1 and (—)g, ¢, ¢, {(—)g conformation for
2. In lieu of the 1mportance of the lysine side chain for the
stability of the o- -helix'! both amino acids are interesting
targets for extended studies related to this aspect. For
example, model studies show that the protonated e-amino
group of 1 can undergo an (i, i —3)-electrostatic interaction
with a backbone carbonyl group of an a-helix. (2) Both
constrained lysines are interesting rigid building blocks
for the design of novel C- and N-terminal pepnde helix
nucleation sites.”!" For example, linking both amino groups
of 1 with a Gly-(L)-Pro-(L)-Asn tripeptide leads to a macro-
cycle 3 that mimics the first tumm of an a-helix (Fig. 1) and
could strongly stabilize the a-helical conformation of a
covalently attached peptide.

In this report, we describe the asymmetric synthesis of 4 and

H=F

Ph
)\CHg

_L,

Bucherer
Reacucn

(1R 1'A-7 (A)-8b
Ph
HN NH»
R OH R
S s
A A
(18, 1'A)-10a-e (S)-8a-e
+ Ph
R =
N
R . OH
R
A
(1R, 1'R)-10a-e

Scheme 2. Model studies on the reductive amination of a-tetralone 12. Conditions: (a) NaBH;, EtOH, toluene, ~10°C; (b) Pd/C/H,, MeOH, HCI (IN)
(c) (R)-phenylglycinol, p-TsOH, xylenes, reflux; (d) NaBH(OAc); THF, 0°C; (e) 1.Pb(OAc);, MeOH, 0°C; 2. HCI (6N), EtOH, reflux.
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Table 1. Asymmetric reductive amination of ketones 12a-e

Entry Ketone Ratio™® 10:13 Reducing agent/solvent Temperature (°C) Ratio® (1S,1'R)- Yield® 11 (%)
11/(1R,1'R)-11
(de)
1 12a >40:1° NaBH(QAc)y/THF 0 >40:1 (>95%) 84
2 12b 86:14° NaBH4/EtOH 24 9.5:1 (80.7%) 85
3 12b 86:14% NaBH,/EtOH 0 9.95:1 (81.7%) g3
4 12b 86:14°" NaBH/EtOH -10 9.85:1 (81.6%) 85
5 12b 86:14° NaBH(QAc);/THF 0 40:1 (95.1%) 87
6 12¢ 89:11%# NaBH(OAc)yTHF 24 >40:1 (>>95%) 48
7 12d b ‘ NaBH(OAc)yTHF 24 1.4:1 (16.7%) 84
8 12e 22:78% NaBH(OAc)y/ THF 0 7:4 (27.3%) 90

* Determined from the integrals of the 1’ methine proton signals of the products in the 'H NMR spectrum of the reaction mixture.

® See Ref. 24d.e.

¢ Determined by HPLC.

¢ Yield of isolated product (mixture).

* Only E-imine was detected.

" 10:4 Ratio of diastereomeric 1,3-oxazolidines 13b.
& 7:4 Ratio of diastereomeric 1,3-oxazolidines 13c.

_" Complex mixture of £-10, Z-10, and two diastereomeric 1,3-oxazolidines (15,1'R)-13 and (1R,1'R)-13.

' 2.1:1 Ratio of diastereomeric 1,3-oxazolidines 13e.

5, which are selectively protected derivatives of 1 and 2 and
which are suitable to be incorporated into short host
peptides for such model studies (Chart 1).

2. Results and discussion
2.1. Synthetic strategy

Our strategy for the synthesis of 1 and 2 involves the regio-
selective conversion of the carbonyl groups of 1,2,3,4,
5,6,7,8-tetrahydroanthracene-1,8-dione 6,12 into an amino
acid group and an amine, respectively (Scheme 1). For the
first key transformation, we choose the Bucherer hydantoin
synthesis followed by the hydrolysis of the hydantoin ring.
Even though no asymmetric protocol has been developed
for the Bucherer reaction, it has been proven highly reliable
and high yielding for the synthesis of benzocyclic aryl- and
alkyl-amino acids. 13 The subsequent enantioselective reduc-
tive amination of the second ketone group of 7 would yield
both diastereomeric 1 and 2, which would have to be
separated chromatographically or through crystallization.

2.2. Model study of the asymmetric reductive amination

Based on our outlined synthetic strategy, the reductive
amination is a very important step in the reaction sequence.
We undertook an investigation using a-tetralone as model
compound (Scheme 2). Several methods for the asymmetric
reductive amination of ketones had been developed
earlier.”® These include the reduction of imines, oximes,
or enamines in the presence of a chiral reducing reagent,'>'
a chiral hydrogenation catalyst,''® or a hydrosilylation
catalyst,’® asymmetric transaminations,?®  enzymatic
methods,” and the selective reduction of chiral imines
formed from chiral amino auxiliaries and the ketone.”>?*
The latter method has the advantage to yield diastereomeric
product mixtures. Often, these mixtures can be separated
through column chromatography or crystallization to yield
enantiopure amines after cleavage of the auxiliary. A recent
investigation of the reduction of (R)-a-methylbenzylamine

derived imine 7 by Gutman et al. caught our attention
(Scheme 2).23

Under optimal conditions, the reduction proceeded with
excellent 97:3 diastereofacial selectivity. Unfortunately,
the subsequent debenzylation using catalytic hydrogenation
showed a marginally regioselectivity of 3.5:1 in favor of
cleaving the C1’~N bond of 7. Nevertheless, the high facial
selectivity of this reduction lured us to investigate the
related reduction of the (R)-w-phenylglycinol derived
imine 10b. The use of (R)-a-phenylglycinol as the chiral
amino auxiliary is very attractive since the C1'~N bond of
the expected product 11b is selectively cleaved with lead
(IV) tetraacetate.?* Imine 10b was prepared as an equi-
librium mixture with the two diastereomeric 1,3-oxazo-
lidines 13b in greater 90-95% yield by refluxing tetralone
and (R)-a-phenylglycinol in xylenes in _the presence of
catalytic amounts of p-tolylsulfonic acid.>* The reduction
of this mixture with NaBH, in ethanol at room temperature
gave in greater than 85% yield a 9.5:1-mixture of diastereo-
meric amines (15,1’R)-11b and (1R,1'R)-11b (80.7% de)
(Table 1, entry 2). The diastereomeric excess (de) showed
little temperature dependence (Table 1, entries 3-4). We
reckoned that an increased bulkiness of the reducing agent
would improve the facial selectivity. Indeed, reduction of
the 10b/13b mixture with freshly prepared NaBH(OAc), in
THF at 0°C strongly increased the diastereomeric ratio (dr)
of (15,1’R)-11b/(1R,1’R)-11b to 40:1 (95.1 de; 87% isolated
yield) (Table 1, entry 5). The subsequent oxidative cleavage
of (15,1'R)-11b using Pb(OAc), gave (5)-9 in 63% yield.
Thus, this method proved to be a suitable alternative to
Gutman’s method as well as other asymmetric reductive
amination protocols. The stereochemical outcome of the
reduction was determined by X-ray crystallography. The
use of (R)-a-phenylglycinol gives (S)-stereochemistry at
the new stereogenic center of the major product diastereo-
mer 11b. This outcome is consistent with the lowest energy
conformation of 10b obtained from a Monte Carlo confor-
mational search (MM2; GB/SA CHCl; solvent model),”
which shows a better accessibility of the imine bond from
the re-face of 10b to give (S5)-9b.
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Scheme 3. Synthesis of 1,2,3,4,5,6,7,8-tetrahydroanthracene- 1,8-dione 6. Conditions: (a) 1. Li/NH; lig.; 2. NH4Cl; (b) EtOH; Pd/C/H, 67% yield over 2 steps.

We further tested this approach for the asymmetric reduc-
tive amination of other arylketones 12a and 12¢c—e (Table 1,
entries 1, 6-8). In each case, the major product diastereomer
had (S5)-stereochemistry at the new stereogenic center, as
determined by comparing the optical rotation of the amines
9 after cleavage of the auxnhary with Pb(OAc)4 (47-75%
yield) with those reported in the literature. 3 For five and
six-membered benzocycloalkanones, we obtained excellent
diastereomeric excesses >95%. These high diastereomeric
excesses clearly show that the two diastereomeric
1,3-oxazolidines 13 have no negative influence on the
diastereofacial selectivity of the reduction. Poor diastereo-
meric ratios were obtained for benzosuberone 12d and
acetophenone 12e, which is consistent with similar results
for the TMSCN addition to these imines.?*** Whereas the
condensation of 12d with (R)-a-phenylglycinol 12a~c and
12e yields only the corresponding (E)-imine, the formation
of both (E)-13d and (Z)-13d might contribute to the lower
de observed in the reductive amination of 12d. Both
isomeric imines 13d will have different and most likely
opposite diastereofacial selectivities in their reaction with
NaBH(OAc)s.

2.3. Synthesis of constrained lysines derivatives

As briefly discussed in Section 1, our strategy for the syn-
thesis of the constrained lysine derivatives 1 and 2 involved
the conversion of one carbony! group of 6 into a racemic
fully protected amino acid moiety. Subsequently, appli-
cation of our asymmetric reductive amination would result
in a pair of diastereomers, which we would try to separate
chromatographically. For the synthesis of dione 6, we chose
a literature procedure, 122 which we slightly modified during
the course of our investigations (Scheme 3). 1,8-Dichloro-
anthraquinone 14 was converted in three steps into anthra-
cene-1,8-dicarboxylic acid 15.% We experienced major
difficulties in converting 15 into- 17 according to the
reported three-step literature procedure.'® In particular,
the Birch reduction of 15 under the published conditions
gave very unreliable results in our laboratory Thus, we
modified the conditions of this step.®”” Quenching the
Birch reduction with excess solid ammonium chioride
gave 1,4.58-tetrahydroanthracene-1,8-dicarboxylic acid
16, which was immediately subjected to a catalytic hydro-
genation on Pd/C 1o afford 17 as a mixture of diastereomers.

(1'S,1"R)-24a
(1'R,1"R)-24b

25a 25b

Scheme 4. Conditions: (a) HSCH,CH,SH; BF;-Et;0; CH,Cl,. (b) KCN; (NH,),COj5; EtOH; H,0; 130°C. (¢) AgNO;; EtOH; THF; H;0. (d) (BOC),0; DMAP
cat.; THF; rt. (¢) (R)-phenylglycinol; xylenes; p-TsOH cat.; reflux. (f) NaBH(OAc);; THF; 0°C.
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Figure 2. X-Ray crystal structure of diastereomer 26b.

The total yield of converting 15 to 17 was very reproducible
and is comparable to the yield of the reported three-step
synthesis. Diacid 17 was further converted into 6 in three
steps as described by Caluwe and Pepper.'®

Monoprotection of one carbonyl group of 6 using one
equivalent of ethane-1,2-dithiol in the presence of the
Lewis acid BF;-Et,O gave 18 together with small amounts
of the diprotected bis-dithiane 19 which could be easily
separated by chromatography (Schemes 3 and 4).

Subjection of 18 to typical conditions of a Bucherer
hydantoin synthesis (KCN, (NH),CO,;, EtOH, water,
130°C)"* gave almost quantitatively the racemic hydantoin
20. The protected carbonyl group of 20 was unmasked using
AgNO; in an ethanol/water/THF (5:3:1) mixture (65%
yield). Unfortunately, the arylketone group of 21 was too
unstable under the harsh conditions (Ba(OH),/120°C)
required for the hydrolysis of the hydantoin moiety. Thus,
we tested a mild hydantoin hydrolysis procedure reported
by Rebek and co-workers in which they successfully hydro-
lyzed a N,N-bis-BOC-protected hydantoin at room tempera-
ture with aqueous LiOH.” The BOC protection of 21 using
(BOC),0 in the presence of catalytic amounts of DMAP
afforded 22 in 79% yield. However, treatment of 22 at
room temperature with 2N LiOH in THF/water reverted
22 back to 21 rather than forming the desired amino acid 23.

(rocs
COOH
(e

23

After the failure to hydrolyze the hydantoin on this stage of
the synthesis, we decided that the conversion of the carbonyl

group of 21 into an amino group would render the molecule
stable enough. For the reductive amination of 21, we applied
our protocol described above. Heating a solution of 21 and
1.5 equiv. of (R)-phenylglycinol in xylenes in the presence
of catalytic amounts of p-tolylsulfonic acid under constant
removal of condensation water afforded a 1:1 mixture of
diastereomeric imines 24a and 24b in about 80-85%
yield as determined from the 'H NMR spectrum of the
crude reaction mixture. Reduction of both imines with
NaBH(OACc); in THF yielded a 1:1-mixture of two major
products. Both products were isolated in 38 and 44.5% yield
using normal phase gravity chromatography followed by
reversed phase HPLC. Their spectroscopic properties are
consistent with those of the diastereomeric amines 25a
and 25b, which are the expected stereoisomers according
to our model investigation. The other two possible dia-
stereomers 25¢ and 25d could not be isolated and must be
formed, if at all, in very low yields.

25¢ 25d

The assignment of the stereochemical relationship between
the hydantoin ring at C1’ and the amino group at C8’ of 25a
and 25b was determined after the cleavage of the chiral
auxiliary using lead (IV) acetate. N-BOC protection of the
generated amino group gave 26a from 25a and 26b from
25b in 65 and 62% yield, respectively. Fortunately, we were
able to grow crystals of 26b that were suitable for X-ray
crystal structure analysis. The crystal structure of 26b
is illustrated in Fig. 2 and shows R-configuration at the
stereogenic carbon C1'.

In order to complete the synthesis of 4 (Scheme 5), the
hydantoin ring of 26a was hydrelyzed with aqueous
Ba(OH), at 125°C. Subsequent heating of crude 1 in metha-
nol in the presence of SOCI; for 24 h afforded the methyl
ester 27a in 40.5% yield. Selective BOC-protection of the
more reactive secondary amine of 27a under standard con-
ditions gave the desired constrained L-lysine derivative 4,
which is suitably protected to allow its incorporation into a
short peptide. The yield of the esterification of crude 1 was
disappointingly low. This might result from an acid cata-
lyzed deamination of 1 or 27a during the esterification as a
consequence of the stability of carbocation 28.

28

Thus, for the synthesis of the constrained D-lysine derivative
5 (Scheme 5), we choose a slightly different route in the
hope to improve the overall yield. After hydrolysis of
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27b

Scheme 5. Final steps of the synthesis of 4 and 5. Conditions: (a) 1. Pb(OAc)s; CH2Cly/MeOH (2:1); 0°C; 2. HCI (2N) reflux; 3. Na,COs, (BOC),0; dioxane/
water (1:1); 26a: 62% yield, 26b: 65% yield. (b) 1. Ba(OH),; water; 125°C; 2. H,SOy; 3. SOCly; MeOH; reflux; 4. Na,COs; 40.5% yield. (¢) (BOC),0;
dioxane; 78% yield. (d) 1. Ba(OH),; water; 125°C; 2. H,SO,; 3. (BOC),0,; Na,CO;; dioxane/water (1:1); 45% yield. (¢) CH,Njy; ether; quantitative. (f) 1. TFA;

0°C; 2. Na,COs 3. (BOC),0; dioxane; 65% yield.

hydantoin 26b, both amino groups of 2 were first protected
with a BOC group through the reaction of crude 2 with
excess (BOC),0. The subsequent reaction of 29 with diazo-
methane afforded 30 quantitatively. Deprotection of both
amino groups with trifluoroacetic acid and subsequent
selective BOC-protection of the secondary amine of 27b
gave 5 in 65% yield. Unfortunately, the total yield of this
sequence did not lead to an improved yield as compared to
the shorter sequence used for the preparation of 4 from 26a.

3. Conclusions

In summary, we have developed a new asymmetric
reductive amination protocol for arylalkylketones in
which «-phenylglycinol is used as chiral auxiliary and
NaBH(OACc); as reducing agent. Particularly high diastereo-
meric excesses are obtained for indanone and tetralone
derivatives. This reductive amination protocol was a key
step in our synthesis of the new conformationally
constrained L-lysine and D-lysine derivatives 4 and 5,
which were prepared starting from 1,8-dichloroanthra-
quinone 14 through a 17- and 18-step reaction sequence.
Both amino acids derivatives are interesting scaffolds to

test the important role of the lysine side chain in the confor-
mational stability of secondary peptide structures. They are
also useful building blocks for the design and synthesis of
novel C- and N-terminal a-helix nucleation sites. Such
studies are currently underway in our laboratories.

4. Experimental
4.1. General

I-Indanone, l-tetralone, and 1-benzosuberone were
obtained from Aldrich Chemical Company, and were
distilled under reduced pressure prior to use when neces-
sary. 7-Fluoro-a-tetralone was synthesized from fluoro-
benzene and succinnic anhydride in three steps.”*
Dichloromethane, methanol and tetrahydrofuran were
freshly distilled from calcium hydride, magnesium methox-
ide or benzophenone ketyl respectively, under an inert
atmosphere. All other reagents were used without further
purification. All reactions were conducted under an argon
atmosphere unless otherwise stated. 'H and C NMR
spectra were obtained using a 400 MHz Varian FT NMR
spectrometer or a Varian 200 MHz FT NMR spectrometer.
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'H NMR spectra were referenced to the residual CHCls,
CHD,0D, CHCI,CDCl,, C¢DsCD,H or HDQ, signals at &
7.26,3.31,5.91,2.09 or 4.81, respectively. >C NMR spectra
were referenced to the residual CDCl;, CDCLCDCl,, or
CD;OD signals at § 77.3, 74.2, or 49.5, respectively.
MALDI-TOF mass spectra were obtained on an IonSpec
HiRes MALDI mass spectrometer. High resolution
FAB-MS were determined on a ZAB SE instrument with
3-nitrobenzyl alcohol (NOBA) matrix from the mass
spectrometry laboratory at the University of Kansas,
Lawrence, Kansas. CHN analyses were obtained from
Desert Analytics, Tucson, Arizona. Gravity chroma-
tography was performed on Bodman silica gel (70-230
mesh). HPLC was performed on Rainin Varian Dual
Pump System. Melting points are uncorrected.

4.2. X-Ray crystaliography

Crystalline samples of (15,1/R)-11b and 26b were placed in
inert oil, mounted on a glass pin, and transferred to the cold
gas stream of the diffractometer. Crystal data were collected
and integrated using a Bruker SMART 1000 system, with
graphite monochromated Mo Ko (A=0.71073 A) radiation
at 173 K. The structures were solved by direct methods
using SHELXS-97 and refined using SHELXL-97
(Sheldrick, G. M., University of Gottingen). Non-hydrogen
atoms were found by successive full matrix least squares
refinement on 2 and refined with anisotropic thermal para-
meters. Hydrogen atom positions were located from differ-
ence Fourier maps, and a riding model with fixed thermal
parameters (u;=1.2U;(eq) for the atom to which they are
bonded), was used for subsequent refinements.

4.3. Asymmetric reductive amination of «-tetralone
using (R)-2-phenylglycinol (procedure A)

To a stirred solution of o-tetralone 12b (15 mmol) in
xylenes (30 mL) was added (R)-2-phenylglycinol (16.5
mmol) and p-tolylsulfonic acid monohydrate (0.5 mol%).
The resulting mixture was heated to reflux and maintained
there until "H NMR spectroscopy showed less than 5% 12b
(3-8 h). The reaction mixture is diluted with 15 mL toluene,
washed with 10% NaHCO; (2x10 mL), water (510 mL),
and brine (10 mL) and is dried over MgSQO,. Solvent was
removed in vacuo to give a mixture of imine 10b, oxazo-
lidines 13b and unreacted 12b (86:10:4:5 ratio).** For the
reduction with NaBH(OAc);, the crude imine/oxazolidine
mixture (1.3 g, 4.8 mmol) was taken up in anhydrous THF
(10 mL) and cooled to 0°C under argon. NaBH, (2.1 g,
5.5mmol) and glacial acetic acid (0.95 mL, 16.5 mmol)
were added and the reaction mixture was stir at 0°C for
2 h. Dichloromethane (10 mL) and saturated NaHCO;
(2 mL) was added. The organic phase was separated and
washed with saturated NaHCO; (4%X2 mL), dried over
MgS0O, and concentrated to yield 1.3 g of the crude product.
The crude diastereomeric mixtures of amines were purified
by column chromatography (Silica gel, CH,Cl,) to give a
mixture of diastereomeric amines (1S,1'R)-11b/(1R,1'R)-
11b (1.16 g, 87%). For the reduction with NaBH,, the
imine/oxazolidine mixture (100 mg, 0.38 mmol) was
dissolved in absolute ethanol (10 mL). The solution was
thermally equilibrated at the desired reaction temperature
(24, 0, or —10°C) and NaBH, (3 equiv.) was added. The

solution was stirred until all imine and oxazolidines had
been reduced (TLC control) and' was worked up as
described above. The diastereomeric ratio of each reaction
was determined by reversed phase HPLC of the crude reac-
tion products (Higgins TARGA C18 column, 4,6X250 mm,
100 mM phosphate buffer pH 2.74/MeOH (55:45), 1 mL/
min flow rate, detection at 270 nm). Retention time of
major isomer: 26.5 min; retention time of minor isomer:
31.2 min. Both diastereomers were separated by preparative
reversed phase HPLC on a TARGA C18 column (250X
20 mm) (Higgins Analytical) using 40 mM phosphate buffer
pH 2.85/MeOH (60:40) as the mobile phase (15 mL/min
flow rate, detection at 285 nm). The product fractions
were concentrated, basified with saturated Na,CO; and
extracted twice with ether. The combined organic layers
were washed with water and with brine, dried over
MgSO, and concentrated to yield the pure diastereomers.

4.3.1. N-[(R)-2'-Hydroxy-1'-phenylethyl]-(S)-1-amino-
1,2,34,-tetrahydronaphthalene (15,1'R)-11b (major dia-
stereomer). Colorless solid; mp 84-86°C; [a]p**=~95.2°
(c 3.14, MeOH); 'H NMR (400 MHz, CDCl,) § 7.40-7.27
(m, 6H), 7.2-7.14 (m, 2H), 7.12-7.07 (m, 1H), 3.98 (dd,
J=4.6,7.9 Hz, 1H), 3.80 (t, J=4.5 Hz, 1H), 3.72 (dd, J=4.6,
10.7 Hz, 1H), 3.51 (dd, J=7.9, 10.7 Hz, 1H), 2.86-2.64
(m, 2H), 1.94-1.60 (m, 4H) 2.4-1.7 (svb, 2H); '*C NMR
(50.29 MHz, CDCl;) & 142.2, 139.3, 1374, 129.3, 129.2,
128.8, 127.7, 127.4, 127.0, 125.8, 66.9, 63.2, 54.3, 30.2,
29.1, 18.8; HR-MALDI MS m/z (M+Na®™) 290.154
(calcd for C;gH;NONa, 290.152). Anal. calecd for
CygHxNO: C, 81.16; H, 7.57; N, 5.26. Found: C, 81.17;
H, 7.89; N, 5.33.

43.2. N-[(R)-2'-Hydroxy-1'-phenylethyl}-(R)-1-amino-
1,2,3,4,-tetrahydronaphthalene (1R,1'R)-11b (minor dia-
stereomer). Colorless oil; [a]D24=+3.5° {c 0.34, MeOH);
'H NMR (400 MHz, CDCl;) 8 7.44-7.30 (m, 5H), 7.16—
7.06 (m, 4H), 3.99 (dd, J=4.6, 9.0 Hz, 1H), 3.71-3.66 (m,
2H), 3.51 (dd, J=9.0, 10.8 Hz, 1H), 2.88-2.79 (m, 1H),
2.74-2.60 (m, 1H), 2.4-1.7 (svb, 2H), 2.15-1.9 (m, 2H),
1.77-1.65 (m, 2H); '*C NMR (50.29 MHz, CDCl;) &
141.0, 139.2, 137.9, 1294, 129.14, 129.07, 128.1, 127.7,
127.2,126.2,67.1,62.2,51.7,29.6, 27.4, 18.5; HR-MALDI
MS m/z (M+Na™) 290.153 (caled for C,3H, NONa*,
290.152).

4.3.3. N-[(R)-2'-Hydroxy-1'-phenylethyl]-(R)-1-amino-8-
fluoro-1,2,3,4,-tetrahydronaphthalene (1S,1'R)-11¢. Appli-
cation of procedure A to 8-fluoro-1,2,3,4-tetrahydro-1-
naphthalone 12¢ and (R)-phenylglycinol gave crude
(1S,1'R)-11c, which was purified by column chroma-
tography (Si0,, CH,ClL,/MeOH (50:1)) to afford (1S,1’R)-
11c as a single diastereomer by 'H NMR in 48% yield. Pale
yellow oil; [a]p**=-51.8° (¢ 0.79, CHCly); 'H NMR
(400 MHz, CDCl5) 8 7.4-7.28 (m, 5H), 7.08 (dd, J=2.4,
9.6 Hz, 1H), 7.03 (dd, J=6.0, 7.6 Hz, 1H), 6.86 (dt, J=2.4,
8.4 Hz, 1H), 3.97 (dd, J=4.1, 8.0 Hz, 1H), 3.78-3.70 (m,
2H), 3.52 (dd, /=8.0, 10.8 Hz, 1H), 2.80-2.60 (m, 2H), 2.5
(svb, 2H), 1.90-1.77 (m, 2H), 1.74—1.58 (m, 2H); *C NMR
(100.56 MHz, CDCly) 8 161.1 (d, 'Jcp=242 Hz), 142.0,
141.3 (d, *Jee=6.1 Hz), 132.8 (d, *Jcr=3.1 Hz), 130.5 (d,
3Jep=17.6 Hz), 128.9, 127.8, 127.6, 115.2 (d, *Jcr=20.9 Hz),
114.0 (d, Jep=21.2 Hz), 67.0, 65.2, 54.3 (d, *Jep=1.2 Hz),
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(m, 2H), 2.12 (sb, 2H), 2.1-1.6 (m, 4H); 8¢ (100.56 MHz,
CDCly) 6 161.1 (d, 'Jep=243 Hz), 142.8 (d, *Jcr=6.1 Hz),
132.5 (d, “Jor=3.0 Hz), 130.5 (d, *Jee=7.7 Hz), 114.4 (d,
2Jer=21.0 Hz), 114.0 d, Ycp=21.3 Hz), 49.9 (d, “Jor=
1.1 Hz), 33.5, 29.0, 20.0; HR-FAB MS m/z (M+H")
166.1027 (calcd for C;gH;3FN, 166.1032).

4.4.6. (S)-1-Indanamine ((S)-9a). Application of procedure
B to (15,1’R)-11a afforded (5)-9a as a colorless oil in 47%
yield. [alp?*=+16.4° (c 1.4, MeOH) ((R)-9a: [alp=—17
(¢ 1.5, MeOH));® §,4,(400 MHz, CDCl3) 7.33 (d, J=7.6 Hz,
1H), 7.26-7.18 (m, 3H), 4.36 (1, J=7.4 Hz, 1H), 3.00-2.86
(m, 1H), 2.83-2.76 (m, 1H), 2.58—2.44 (m, 1H), 1.63 (s,
2H), 1.74~1.65 (m, 1H); 8¢ (100.56 MHz, CDCl5) 6 147.7,
143.3,127.4,126.7,124.9, 123.5, 57.5, 37.6, 30.3; HR-FAB
MS mfz (M+H") 134.0988 (calcd for CoH ,N, 134.0988).

4.4.7. 1-Aminobenzocycloheptane (9d). Application of
procedure B to (15,1'R)-11d/(1R,1'R)-11d (1.4:1) afforded
9d as a colorless oil in 61% yield. [a]DZ“:—l.d" (c 15,
MeOH) ((R)-9d: [alp®=+26 (¢ 1.125, MeOH));”
8u(400 MHz, CDCly) 7.42 (d, J=7.6 Hz, 1H), 7.21 (dt,
J=1.6, 5.7Hz, 1H), 7.15-7.05 (m, 2H), 4.22 (d, J=
88 Hz, 1H), 2.86-2.78 (m, 2H), 2.04-1.93 (m, 1H),
1.91-1.75 (m, 3H), 1.70-1.38 (m, 4H); ¢ (100.56 MHz,
CDCl3) 6 146.0, 141.7, 129.7, 126.6, 1264, 124 4, 55.0,
37.5, 36.1, 29.1, 27.8.

44.8. 1-Phenyl-1-ethylamine (9e). Application of pro-
cedure B to (15,1’'R)-11e/(1R,1'R)-11e (7:4) afforded
(5)-8¢ (23% ee) as a colorless oil (75% yield).
[alp?=—8.0° (¢ 2.36, MeOH) ((R)-9e (Aldrich Chemical
Company, 99%ee): [alp?=+344 (c -3.52, MeOH));
81(400 MHz, CDCly) 7.37-7.22 (m, 5H), 4.12 (q, J=
6.6 Hz, 1H, CHCH,), 1.48 (sb, 2H), 1.39 (d, J=6.6 Hz,
3H, CHCH,); 8¢ (100.56 MHz, CDCl3) 6 148.0, 128.7,
127.0, 125.9, 51.5, 25.9.

4.5. 1,2,3,4,5,6,7,8-Octahydroanthracene-1;8-
dicarboxylic acid (17)

Dry tetrahydrofuran (20 mL) was added under argon into a
3-necked, 250 mL flask fitted with a dry ice condenser, gas
inlet and low temperature thermometer and was cooled to
—70°C using an acetone/dry ice bath. The dry ice condenser
was charged with a acetone/dry ice slurry and dry ammonia
gas was passed through the cold tetrahydrofuran until the
flask was approximately half-full. To this solution, solid
anthracene-1,8-dicarboxylic acid® (1.21g, 4.55 mmotl)
was added under stirring in one portion. The acetone/dry
ice bath was removed. Lithium wire (190 mg, 27 mmol)
was added in eight portions. Caution: exothermic reaction.
Enough time was given to allow each lithium piece to
dissolve before the next portion was added. After the addi-
tion was complete, the reaction mixture was refluxed for 1 h
and was quenched by the addition of solid ammonium chlo-
ride (3 g). Caution: the addition of ammonium chloride is
very exothermic. The ammonium chloride should be added
carefully in small portions. After the addition, the reaction
mixture was further stirred at room temperature until all of
the ammonia had been evaporated. The tetrahydrofuran was
removed under vacuum. The residual solid was suspended
in water (20 mL) and was cooled with an ice bath to 0°C.

Ice-cold aqueous HCl (6N) was added uniil pH<I1. The
precipitated crude 1,4,5,8-tetrahydroanthracene-1,8-dicar-
boxylic acid 15 was filtered off, washed with water until
the filtrate was pH neutral, sucked dry and was used for
the next step without further purification. The crude 15
(1.2 g) was dissolved in ethanol (150 mL). Hydrogenation
catalyst, 5% Pd on activated charcoal, (1.2 g) was added and
the solution degassed twice and purged with hydrogen gas.
The solution was shaken under a hydrogen atmosphere
(70 psi) for 12 h. After completion of the hydrogenation,
the solution was degassed and filtered through a pad of
celite. The ethanol was removed in vacuo to leave 17 as a
white solid, which was 90 to 95% pure by '"H NMR spectro-
scopy. It was further purified by crystallization from boiling
xylenes to give 17'% as colorless solid (0.83 g, 66.2% yield).

4.5.1. 2,3, 4',5' 6',7'-Hexahydrospiro{1,3-ethylene-
dithiole-2,1'-anthracen}-8'-one (18) and 2/3'4',5,6',7'-
hexahydrodispiro{1,3-dithiolane-2,1'-anthracen-8/,2"-
[1,3]dithiclane] (19). 3,4,5,6-Tetrahydro-1(2H) 8(7H)-
anthracenedione 6 (365 mg, 1.7 mmol) was dissolved in
50 mL dry dichloromethane under argon and cooled to
0°C. Ethane-1,2-dithiol (90%, 0.14mL, 1.7 mmol) was
added via syringe followed by the addition of BF;-Et,O
(86 wL, mmol). The solution was stirred at room tempera-
ture under argon. After 24 h, the reaction solution was
washed with 5% Na,CO; solution (10mL), dried over
MgSQ,, filtered, and concentrated. The residual solid was
dissolved in the minimum amount of dichloromethane and
was purified by flash-column chromatography on silica gel.
The diprotected anthracenedione 19 was eluted with CH,Cl,
(192 mg, 37% based on consumed 6) followed by the
monoprotected anthracenedione 17 (214 mg, 52% based
on consumed 6). Unreacted 6 (56 mg) was eluted with
CH,C1,/MeOH (9:1). 18: colorless solid mp 138°C; 'H
NMR (400 MHz, CDCl;) & 8.59 (s, 1H), 6.89 (s, 1H),
3.7-3.42 (m, 4H), 2.88 (1, J=6.1 Hz, 2H), 2.81 (1, J=
6.4 Hz, 2H), 2.62 (dd, J=6.2, 6.9 Hz, 2H), 2.42-2.37 (m,
2H), 2.14~1.98 (m, 4H); '°C NMR (100.56 MHz, CDCl,) &
197.8, 143.1, 142.9, 139.0, 131.4, 130.4, 128.9, 68.3, 43.8,
41.2, 39.4, 30.0, 29.5, 23.4, 22.9; HR-MALDI MS m/z
(M+Na*) 313.070 (caled for C;¢H;3S;ONa*, 313.069).
Anal. caled for Ci6H30S;: C, 66.16; H, 6.25. Found: C,
66.12; H, 6.19. 19: colorless solid mp 236-238°C; 'H
NMR (400 MHz, CDCl3) 6 8.50 (s, 1H), 6.65 (s, 1H),
3.7-3.42 (m, 8H), 2.73 (1, J=6.2 Hz, 4H), 2.40-2.37 (m,
4H), 2.01-1.95 (m, 4H); '°C NMR (100.56 MHz, CDCl3) &
137.4, 136.6, 133.7, 128.7, 68.9, 43.8, 41.0, 29.3, 23.2;
HR-MALDI MS m/z (M+Na™) 389.051 (caled for
C13H2254Na+, 389050) Anal. caled for C13H22541 C,
58.96; H, 6.05. Found: C, 58.37; H, 6.02.

4.52. rac-2'3 4567 -Hexahydrodispiro{imidazol-
idine-4,1’-anthracene-8',2”-{1,31dithiolane}-2,5-dione
(20). A suspension of 18 (2 g, 6.85 mmol), KCN (2.5 ¢,
mmol) and (NH,;)»CO; (13.6 g, mmol) in ethanol/water
(4:1) (100 mL) was placed in a steel reactor fitted with a
glass liner. The reactor was sealed and the content heated to
130-140°C for 48 h with stirring. After the reactor had
cooled to room temperature it was carefully vented in a
fume hood and opened. The content was poured into
water (400 mL). The precipitated product was filtered off
and washed with water (200 mL). The precipitate was dried
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and suspended in boiling dichloromethane (100 mL). After
cooling and standing for 1 h, the suspension was filtered to
give 1.8 g of pure 20 as a white solid. The filtrate contained
some unreacted 18, 20 and an unidentified byproduct. All
three compounds were separated by silica gel column
chromatography. Unreacted 18 (252 mg) was eluted first
with CH,Cl,, followed by the byproduct (50 mg) with
CH,Cl,/EtOAc (9:1), followed by 20 (420 mg) with
CH,Cl,/EtOAc (6:4). The total yield of 20 was 97% based
on reacted 18. Mp 251°C; 'H NMR (400 MHz, CDCl3) &
7.79 (s, 1H), 7.49 (sb, 1H), 6.8 (s, 1H), 5.6 (s, 1H), 3.6-3.38
(m, 4H), 2.86-2.7 (m, 4H), 2.4-2.25 (m, 4H), 2.08-1.94
(m, 3H), 1.84~1.74 (m, 1H); ®C NMR (100.56 MHz,
CD;0OD/CDCl; (1:2)) & 178.5, 157.7, 137.7, 137.6 136.8,
130.8, 129.3, 128.8, 68.3, 64.1,43.4, 40.5, 34.0, 29.0, 28.2,
22.5, 18.7; HR-FABMS m/fz (M+H™) 361.1033 (calcd for
C)gHz)NzOzSz, 361 .1044). Anal. calcd for C)gHzoNzozszﬁ C,
59.97; H, 5.59; N, 7.77. Found: C, 60.01; H, 5.53; N, 7.78.

4.5.3. rac-2',3',4',5',6'7'-Hexahydrospiro[imidazolidine-
4,1'-anthracen-8'-one}-2,5-dione (21). Compound 20
(569 mg, 1.58 mmol) was dissolved in ethanol/water/THF
(5:3:1) (90 mL) under gentle warming. To this solution was
added a solution of silver(I) nitrate (1.07 g, 6.3 mmol) in
ethanol/water/THF (5:3:1) (30 mL). Immediately after the
addition, a yellowish precipitate forms. The suspension was
stirred in the dark at 45°C for 1 h. Brine (10 mL) was added.
The precipitate was filtered off and washed with hot ethanol
(30 mL). The filtrate was concentrated to 20 mL and
extracted with ethyl acetate (4x30mL). The combined
extracts were dried over MgSO, and concentrated to give
the crude product as a slightly yellowish solid. The crude
product was purified by crystallization from boiling ethanol/
ethyl acetate to give 21 as a colorless solid (305 mg, 68%
yield): mp 274°C; 'H NMR (400 MHz, CD;0D) 6 7.78 (s,
1H), 7.15 (s, 1H), 2.95 (t, J=6.4 Hz, 2H), 2.88 (t, J=6.0 Hz,
2H), 2.61 (¢, J=6.0 Hz, 2H), 2.3-2.0 (m, SH), 1.94~1.82 (m,
1H); "H NMR (400 MHz, CDCl3) 8 7.91 (s, 1H), 7.38 (sb,
1H), 7.07 (s, 1H), 5.54 (sb, 1H), 2.95-2.81 (m, 4H), 2.62 (1,
J=6.4 Hz, 2H), 2.40-2.30 (m, 2H), 2.15-2.0 (m, 3H),
1.88-1.77 (m, 1H); PC NMR (100.56 MHz, CD;OD/
DMFg, (1:1)) 6 199.1, 179.5, 158.7, 146.0, 145.7, 134.4,
132.5, 131.1, 126.4, 65.0, 40.0, 35.0, 30.3, 30.2, 244,
19.8; HR-FABMS m/z (M+H™) 285.1223 (caled for
C16H17N203, 2851239) Anal. calcd for C15H16N203: C,
67.59; H, 5.67; N, 9.85. Found: C, 67.49; H, 5.64; N, 9.88.

4.5.4. rac-N,N'-bis[tert-Butyloxycarbonyl}-2',3',4',5',6',7'-
hexahydrospiro[imidazolidine-4,1’-anthracen-8'-one]-
2,5-dione (22). Ketone 21 (50 mg, 0.176 mmol) was
dissolved in dry THF (7ml) under argon. (BOC),0
(150 mg, 0.69 mmol) was added and the solution was
refluxed for 3 h. The solvent was removed in vacuo. The
residual crude product was purified by column chromato-
graphy on silica gel (eluant: dichloromethane/ethy! acetate
(9:1)) to give 22 as a colorless oil (67 mg, 79% yield) 'H
NMR (400 MHz, CDCly) 6 7.76 (s, 1H), 7.09 (s, 1H),
295-2.78 (m, 3H), 2.66-2.55 (m, 2H), 2.61 (1, J=6.0 Hz,
2H), 2.3-2.0 (m, 5H), 1.94-1.82 (m, 1H), 1.63 (s, 9H),
1.29 (s, 9H); PC NMR (100.56 MHz, CDCl; (1:1)) &
197.5, 1683, 147.8, 147.7, 1454, 1448, 1445,
131.6, 3L.1, 1304, 1239, 87.0, 84.8, 655, 392,
32.1, 29.5, 29.3, 27.94, 27.92 23.3, 19.3; HR-MALDI

MS miz 407.159 (M—CO,—CH,;=C(CH;),+Na*) (calcd
for C5;H,4N,0sNa*, 407.158).

4.5.5. (1'S,8'S,1"R)-N-[2"-Hydroxy-1”-phenylethyl]-8'-
amino-2',3',4',5',6',7,8'-heptahydrospiro[imidazolidine-
4,1'-anthracene}-2,5-dione (25a) and (1'R,8'S,17R)-N-
[2”-hydroxy-1"-phenylethyl}-8'-amino-2',3' 4',5',6',7’,
8'-heptahydrospire[imidazolidine-4,1'-anthracene]-2,5-
dione (25b). Application of procedure A using 21 (300 mg,
1.06 mmol), (R)-phenylglycinol (299 mg, 1.7 mmol), and
p-tolylsulfonic acid monohydrate (28 mg, 0.13 mmol)
to form the intermediate imines (1S,1”R)-24a and
(I'R,1"R)-24b, and NaBH(OAc); as reducing agents
afforded the crude amines 25a and 25b. Column chroma-
tography (silica gel; eluant: CHCls/ethyl acetate) afforded
unreacted 21 (50 mg) and a 1:1-mixture of the diastereo-
meric amines (336 mg). Both diastereomers were further
separated by preparative reversed phase HPLC on a
TARGA C18 column (250%20 mm; Higgins Analytical)
using water/methanol (20:35) containing 0.1% TFA as the
mobile phase (20 ml/min flow rate, detection at 254 nm;
retention time of 25a: 19.6 min, retention time of 25b:
17.3 min). The product fractions were concentrated by
rotavaporation. The residual TFA salts of 25a and of 25b
were partitioned between saturated aqueous Na,CO,
(20 mL) and ethyl acetate (20 mL). The organic layers
were separated off. The aqueous layers were extracted
with ethyl acetate (4%X25 mL each). The combined organic
layers were dried over MgSOy,, concentrated to give 25a and
25b, respectively as white solids. Both diastereomers were
recrystallized from ethyl acetate. 25a: (136 mg, 38% yield)
colorless needles; mp 224-226°C; [a)p**==~52° (¢ 0.31
CHCl3); '"H NMR (400 MHz, CDCly) 8 7.4-7.16 (m, 5H),
7.10 (s, 1H), 7.03 (sb, 1H), 6.81 (s, 1H), 5.4-3.9 (svb, 3H),
3.86 (dd, J=3.8, 9.0 Hz, 1H), 3.58-3.51 (m, 1H), 3.52
(dd, J=3.8, 11.2 Hz, 1H), 3.33 (m, 1H), 2.8-2.5 (m, 4H),
2.3-2.14 (m, 2H), 1.95-1.5 (m, 6H); '*C NMR (100.56
MHz, CDCly; 60°C) & 177.27, 157.05, 142.14, 138.8,
138.51, 136.55, 130.53, 130.28, 128.96, 127.8, 127.75,
126.95, 67.55, 64.87, 64.2, 54.03, 34.57, 30.8, 28.93,
28.76, 19.5, 19.17; HR-FABMS m/z (M+H™) 406.2125
(caled for CyHygN305, 406.2131). Anal. caled for
C24H27N3032 C, 71.09; H, 6.71; N, 10.36. Found: C,
71.54; H, 6.50; N, 10.20. 25b: (159 mg, 44.5% yield) color-
less needles; mp 208°C; [a]p™*=—39.1° (¢ 1.39, CHCL); 'H
NMR (400 MHz, CDCl;) 6 7.38-7.16 (m, 5H), 7.18 (s, 1H),
6.83 (s, 1H), 6.66 (sb, 1H), 6.4-3.0 (svb, 3H), 3.80 (dd,
J=3.6, 8.8 Hz, 1H), 3.60-3.55 (m, 1H), 3.51 (dd, j=3.6,
11.0 Hz, 1H), 3.33 (dd, /=8.8, 11.0Hz, 1H), 2.8-2.5 (m,
4H), 2.3-2.18 (m, 2H), 2.0-1.9 (m, 1H), 1.86-1.64 (m,
2H), 1.64-1.50 (m, 3H); °C NMR (100.56 MHz, CDCl,)
6 1782, 157.6, 142.0, 136.6, 138.3, 136.4, 1304, 130.1,
128.8, 127.6, 127.2, 67.2, 64.6, 64.3, 54.2, 34.2, 30.5,
28.8, 287, 19.5, 18.9; HR-FABMS m/iz (M+H")
406.2131 (caled for CyqHygN3Os, 406.2131). Anal. caled
for CuHN;05: C, 71.09; H, 6.71; N, 10.36. Found: C,
71.28; H, 6.49; N, 10.40.

4.5.6. (1',8'S)-N-[tert-Butyloxycarbonyl]-8'-amine-2/,3’,
4',5,6',7',8'-heptahydrospiro[imidazolidine-4,1’-anthra-
cene]-2,5-dione (26b). Application of procedure B to 25b
(133 mg, 0.32 mmol) using dichloromethane/methanol
(2:1) as solvent mixture instead of pure methanol, afforded

UMO00011876

NOVARTIS EXHIBIT 1017

Novartis v. Regents, IPR2023-01346
Page 622 of 4460



R. A. Stalker et al. / Tetrahedron 58 (2002) 48374849 - 4847

the crude amine 31, which was N-BOC protected without
purification. Thus, crude 31 was dissolved in THF (6 mL),
methanol (3mlL) and triethylamine (0.5mL). Solid
(BOC),0 (110 mg, mmol) was added and the solution was
stirred at room temperature for 13 h. The solvent was evapo-
rated in vacuo. The residual solid was participated between
water (10 mL) and ethy! acetate (10 mL). The organic layer
was separated off. The aqueous layer was extracted with
ethyl acetate (3x10mL). The combined organic layers
were dried over MgSO, and concenirated in vacuo. The
residual solid was purified by column chromatography
(Si0,, ethyl acetate/dichloromethane (1:2)) to yield pure
26b (82 mg, 65% yield), which was further recrystallized
from chloroform/hexane (1:3). Mp 224°C; [a]p¥=~23.4°
(c 1.49, MeOH); 'H NMR (400 MHz, CDC1,CDCl,; 353 K)
8 8.2 (svb, 1H), 7.12 (s, 1H), 6.83 (s, 1H), 6.1 (svb, 1H), 5.0
(svb, 1H), 4.66 (sb, 1H), 2.8-2.6 (m, 4H), 2.25-2.10 (m,
2H), 2.0-1.85 (m, 2H), 1.82-1.71 (m, 4H), 1.38 (s, 9H); °C
NMR (100.56 MHz, CDCLCDCl,, 353 K) & 176388,
156.50, 155.92, 138.50, 137.00, 136.69, 131.14, 130.15,
126.83, 80.03, 64.54, 49.45 (sb), 34.54, 30.59, 29.17,
2872, 28.66, 20.1, 19.24; HR-FABMS m/z (M+H™")
386.2056 (caled for Cp;HpgN,Os, 386.2080).

4.5.7. (1'S,8'S)-N-[tert-Butyloxycarbonyl]-8'-amino-2/,3/,
4'5',6',7',8'-heptahydrospirofimidazolidine-4,1'-anthra-
cene]-2,5-dione (26a). This compound was prepared from
25a in 62% yield as described for the synthesis of 26b from
25b. Colorless solid; mp 248°C; [alp®=—17.0° (¢ 0.84,
MeOH); 'H NMR (400 MHz, CDCl;) & 7.35 (sb, 1H),
7.15 (s, 1H), 6.88 (s, 1H), 5.78 (sb, 1H), 4.75-4.55 (m,
2H), 2.9-2.2 (m, 4H), 2.38-2.2 (m, 2H), 2.1-1.1 (m, 6H),
1.47 (s, 9H); C NMR (100.56 MHz, CDCL/CD;0D (5:1))
& 178.7, 157.3, 156.3, 138.0, 136.8, 136.0, 130.9, 130.0,
126.3, 79.7, 64.3, 48.7, 34.3, 30.4, 28.9, 285, 28.3, 20.1,
18.9, 18.9; HR-FABMS m/z (M+H") 386.2061 (calcd for
CyHsN;0,, 386.2080).

4.5.8. Methyl (15,85)-1,8-diamino-1,2,3,4,5,6,7,8-0cta-
hydroanthracene-1-carboxylate (27a) (Procedure C).
Hydantoin 26a (173 mg, 0.61 mmol) and Ba(OH),-8H,0
(5.85 g, 18.5) were suspended in water (14 mL) and were
heated to 120°C for 24 h in a Teflon-lined steel-reactor.
After cooling the reactor to room temperature, it was vented,
opened and the content was poured into 50 mL of water. The
solution is carefully acidified with 1.4 M H,SO; ag. The
precipitated BaSO, was filtered off and washed with
water. The filtrate was concentrated. The partially solidified
crude 1. nH,SO, was taken up in the minimum amount of
methanol and was precipitated with ether, filtered off,
washed with ether and dried at high vacuum: 'H NMR
(400 MHz, D,0O) 8 7.27 (s, 1H), 7.16 (s, 1H), 4.56 (sb,
1H), 3.0-2.75 (m, 4H), 2.5-2.4 (m, 1H), 2.35-1.8 (m,
7H). The crude 1-H,SO, was dissolved in dry methanol
(20 mL) and was cooled to 0°C under argon. Thionyl
chloride (4 mL, mmol) was dropwise added to this stirred
- solution. After the addition was complete, the reaction solu-
tion was refluxed for 24 h. The solvent was evaporated in
vacuo. The remaining solid was participated between ethyl
acetate and 10% aqueous Na,CO,. The organic layer was
separated off. The aqueous layer was extracted with ethyl
acetate (4x20 mL). The combined organic layers were
washed with 10 mL brine, dried over MgSO, and concen-

trated. The residual oil was purified by reversed phase
HPLC (TARGA C18 20x250 mm (Higgins Analytical);
MeOH/water (6:4); flow 20 mL/min, detection at 254 nm;
retention time of 27a=4.5 min) to yield 272 as a yellowish
oil (50 mg, 40.5% yield). [a]p**=+60° (¢ 0.1, MeOH); 'H
NMR (400 MHz, C¢DsCD3) 8 7.38 (s, 1H), 6.60 (s, 1H),
3.66 (t, J=5.6 Hz, 1H), 3.34 (s, 3H), 2.64-2.4 (m, 4H),
2.24-2.16 (m, 1H), 2.05-195 (m, 1H), 1.88-1.63 (m,
4H), 1.56-1.43 (m, 1H), 1.4-1.3 (m, 1H), 1.0 (ssb, 4H
(NHy), 4H (H,0)); ®C NMR (100.56 MHz, CDCly) &

- 178.12, 139.24, 136.51, 136.36, 135.23, 129.91, 126.55,

59.84, 52.85, 49.29, 36.66, 33.35, 29.40, 29.33, 19.80,
19.34; HR-MALDI-MS m/z 297.159 (M+Na*) (calcd for
C,5H22N202Na+, 297157)

4.5.9. Methyl (15,85)-1-amino-8-tert-butoxycarbonyl-
amino-1,2,3,4,5,6,7,8-octahydroanthracene-1-carboxyl-
ate (4). (BOC),0 (34 mg, 0.156 mmol) was added at room
temperature to a solution of 27a (48 mg, 0.134 mmol) in dry
THF (3 mL). The solution was stirred for 10 h at room tempera-
ture under argon. The solvent was evaporated in vacuo. The
remaining solid was washed with hexanes (2X2 mL) to
leave 4 as a slightly yellowish solid (49 mg, 78% yield).

Mp 170°C; [alp®'=—14.4° (¢ 0.23, MeOH); 'H NMR
(400 MHz, CDCl5; 60°C) & 7.15 (s, 1H), 6.83 (s, 1H),
4.76 (sb, 1H), 4.62 (sb, 1H), 3.71 (s, 3H), 2.82-2.62 (m,
4H), 2.3-2.2 (m, 1H), 2.08-1.74 (m, 9H), 1.49 (s, 9H); *C
NMR (100.56 MHz, CDCl;, 60°C) & 177.91, 155.73,
137.28, 136.88, 136.22, 135.89, 129.96, 127.33, 79.60,
60.10, 52.58, 48.99, 36.73, 31.00, 29.51, 29.23, 28.82,
20.32, 19.41; HR-MALDI-MS m/z 397.212 (M+Na")
(caled for CpHaoN,O,Na®, 397.210).

4.5.10. (1R ,85)-1,8-bis(tert-Butylexycarbonylamine)-
1,2,3,4,5,6,7,8-octahydroanthracene-1-carboxylic  acid
(29). Application of procedure C to 26b (141 mg,
0.37 mmol) gave crude 2:nH,SO,: 'H NMR (400 MHz,
D,0) & 7.27 (s, 1H), 7.16 (s, 1H), 4.56 (sb, 1H), 3.0-2.75
(m, 4H), 2.5-2.4 (m, [H), 2.35-1.8 (m, 7H). Crude
2.nH,80,4, was dissolved in dioxane/IN NaOH (1:1,
10 mL). This solution was cooled to 0°C. (BOC),O
(600 mg, 2.75 mmol) was added and the solution stirred at
room temperature for 20 h. The solution was concentrated to
half of its initial volume. Ethyl acetate (20 mL) was added
and the aqueous layer cooled to 0°C and acidified to pH 3
with aqueous citric acid (10%). The organic layer was sepa-
rated off and the aqueous layer extracted with ethyl acetate
(5%25 mL). The combined organic layers were washed with
brine (10 mL), dried over MgSO, and concentrated. The
crude product was purified by column chromatography
(8i0,, CH,Cly/ethyl acetate 2:1 to 0:1). The product
fractions were concentrated. The remaining solid was
crystallized form dichloromethane/hexanes (1:10) to yield -
29 as colorless crystals (76 mg, 45% yield). mp 185°C;
[alp**==55.3° (¢ 1.36, MeOH); 'H NMR (400 MHz,
CDCl;; 60°C) 8 7.37 (s, 1H), 6.83 (s, 1H), 5.7 (sb, 1H),
5.9-3.8 (svb, 1H), 4.9-4.6 (m, 2H), 2.82-2.5 (m, 4H),
2.4-2.32 (m, 1H), 2.12-2.02 (m, 1H), 1.92-1.7 (m, 4H),
1.48 (s, 9H), 1.41 (s, 9H); *C NMR (100.56 MHz, CDCls;
60°C) & 176.14, 156.06, 154.68, 137.69, 137.28, 135.53,
133.93, 130.07, 127.19, 80.14, 60.85, 49.12, 32.89,
30.44, 29.33, 29.18, 28.98, 28.79, 28.69, 20.34, 19.71;
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HR-MALDI-MS m/z 483.247 (M+Na™) (calcd for
CZ5H35N206N3+, 483.247). Anal. caled for C25H35N2052
C,65.20;H, 7.88; N, 6.08. Found: C, 65.43; H, 7.77; N, 6.03.
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Institute of Health for a FIRST AWARD (Grant ROl
GM57934-01, NIGMS)

4.5.11. Methyl (1R,85)-1,8-bis(tert-butyloxycarbonyl-
amino)-1,2,3,4,5,6,7,8-octahydroanthracene-1-carboxyl-
ate 30). Carboxylic acid 29 (75 mg, 0.163 mmol) was
dissolved in diethyl ether (6 mL) and was cooled to 0°C.
Into this solution was condensed an approximately 0.4 M
solution of diazomethane in diethyl ether (9 mL), which was
prepared from diazald (1 g, 4.6 mmo}) using a commercially
available Mini-Diazald Kit (Aldrich Chemical Company).
The reaction flask was sealed with a rubber septum and was
left standing inside a metal can in the back of a well-venti-
lated fume hood. After 12 h, excess diazomethane was
decomposed via the drop-wise addition of glacial acetic

acid (100 pL). The solvent was removed under high.

vacuum to yield 30 as a colorless oil (77 mg, quantitative).
[a]p?=-32.5° (¢ 1.5, MeOH); 'H NMR (400 MHz,
CDCl3; 60°C) 8 7.33 (s, 1H), 6.83 (s, 1H), 5.45 (sb, 1H),
4.75-4.65 (m, 1H), 4.58 (sb, 1H), 3.72 (s, 3H), 2.82-2.5 (m,
5H), 2.38-2.30 (m, 1H), 2.07-1.75 (m, 8H), 1.51 (s, 9H),
1.41 (s, 9H); ®C NMR (100.56 MHz, CDCls; 60°C) &
173.97, 155.69, 154.26, 137.51, 137.45, 136.15, -133.86,
130.14, 126.92, 79.83, 79.68, 61.18, 52.94, 49.12, 32.50,
30.78, 29.36, 29.2, 28.82, 28.70, 20.15, 20.03; HR-
MALDI-MS m/z 497263 (M+Na™) (caled for
CyH3sN,06Na ™, 497.262)

4.5.12. Methyl (1R,8S5)-1-amine-8-tert-butoxycarbonyl-
amino-1,2,3,4,5,6,7,8-octahydroanthracene-1-carboxyl-
ate (5). Ice-cold trifluoroacetic acid (0.5 mL) was added to
30 (27 mg, 0.056 mmol) at 0°C. This solution was left stand-
ing in an ice bath for 1 h. The solvent was removed in vacuo.
The remaining 27b-2CF;COOH was taken up in aqueous
saturated Na,CO; (2 mL) and was extracted with ethyl
acetate (2X5 mL). The combined organic layers were
dried over MgSQO, and concentrated. The remaining crude
27b was redissolved in dioxane (I mL). A solution of
(BOC),0 (12.5mg, 0.057 mmol) dissolved in dioxane
(0.2 mL) was added via syringe. The reaction mixture was
stirred at room temperature for 2 h until which all 27b had
been consumed (TLC control: SiO,; mobile phase: ethyl
acetate/n-butanol/acetic acid/water (2:1:1:1; Re(27b)=0.3;
Rr(5)=0.8). The solution was concentrated in vacuo. The
residual crude product was purified by reversed phase
HPLC (TARGA C18 20x250 mm (Higgins Analytical);
MeOH/water (7:3); flow 20 mL/min, detection at 254 nm;
retention time of 5=13.9 mm) to give 5 as a colorless foam
(13mg, 61% yield). [a]lp®=-21° (¢ 0.32, MeOH);
NMR (400 MHz, CDCl;; 60°C) & 7.13 (s, 1H), 6.83 (s,
1H), 4.73 (sb, 1H), 4.64 (sb, 1H), 3.71 (s, 3H), 2.8-2.62
(m, 4H), 2.3-2.21 (m, 1H), 2.03-1.75 (m, 9 H), 1.49 (s,
9H); '>C NMR (100.56 MHz, CDCl;; 60°C) & 179.07,
155.79, 137.16, 137.02, 136.07, 135.96, 130.04, 127.07,
79.73, 60.09, 52.82, 49.17, 36.79, 30.86, 29.59, 29.27,
28.83, 20.22, 1947, HR-MALDI-MS m/z 397.212
(M+Na*) (caled for CyH3oN,O4Na™, 397.210).
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Donor and acceptor strengths in C—H:--O hydrogen bonds quantified
from crystallographic data of small solvent molecules

Thomas Steiner*

Department of Structural Biology, Weizmann Institute of Science, Rehovot 76100, Israel

The influence of donor and acceptor strengths on mean distances in C—H- - -O hydrogen bonds is quantified in
a crystallographic database study. Small solvent molecules are used as donors, which are cocrystallized in
organic and organometallic crystals. This system provides chemically homogeneous sets of C—H groups,
allowing better defined statistical analysis compared to studies based on molecular fragments. Eight kinds of
O-atom acceptors are considered, ranging from the very strong acceptor P==0 to the weak acceptor M—CO
(M = transition metal atom). For the strongest donor considered, chloroform, mean hydrogen bond distances
vary by ca. 0.5 A as the acceptor strength is varied from P=0 to M—CO. For the weak donor acetone, this
variation is only ca. 0.1 A. It is confirmed that even weakly polar C—H groups can donate, and that the
O-atoms of M—CO groups can accept C—H: - -O hydrogen bonds.

The general properties of intermolecular C—H---O inter-
actions are at this time the subject of intense research, and
several reviews are already available.!~® It is found that
C—H- - -O interactions possess all characteristics of hydrogen
bonds, including complex properties such as cooperativity
within hydrogen bond arrays.® Because carbon acidities span
a range of over 50 orders of magnitude, the strength of
C—H---O hydrogen bonds covers a wide range which over-
laps with ‘normal’ O—H:--O hydrogen bonds for more
acidic C—H donors,”® and merges with van der Waals inter-
actions for the weakest C—H donor types. It could be shown
that for C—H- - -O contacts in crystals, mean C- - -O distances
correlate with the conventional C—H acidity (in DMSO).*®
Notably, even for C—H of methyl groups, the angular charac-
teristics of C—H- --O contacts show weak preference for lin-
earity, indicating weakly hydrogen-bonding character.!!
Because weak hydrogen bonds are primarily electrostatic
interactions, they operate also at long distances exceeding the
van der Waals separation: for alkynyl donors, contacts with
H---O distances of 2.9 A still show clearly the spectroscopic
effects of hydrogen bonding.!?

The influence of donor strength on mean C—H: - -O hydro-
gen bond distances has been described by Desiraju and
co-workers in a series of crystallographic database
analyses.!®!3-1* Related data were only recently reported for
C—H---Hal~™ hydrogen bonds.'® The influence of acceptor
nature is more difficult to quantify, and has long resisted
detection from crystallographic data. In a preliminary com-
munication, it was shown that for C—H- - -O contacts formed
by solvent molecules cocrystallized in organic crystal lattices,
mean H---O distances clearly depend on the acceptor
nature.'® The system of cocrystallized solvent molecules is
exceptionally well suited for such a study because it provides
chemically homogeneous sets of C—H donors, such as
CHCl,, CH,Cl,, etc. Furthermore, solvent molecules can
- relatively freely orient in crystal lattices and effects of steric
hindrance are smaller than for C—H donors that are part of
larger molecules. In the present contribution, the concept of
the initial communication is followed, but the work is expand-
ed to a comprehensive form by including organometallic
crystal structures and considering a larger set of acceptors.

* On leave from: Institut fiir Kristallographie, Freie Universitit
Berlin, Takustr. 6 D-14195 Berlin, Germany. e-mail:
steiner@chemie.fu-berlin.de

This does not only widen the scope, but it also increases the
number of analysed contacts by almost a factor of four (from
311 to 1183), thereby considerably improving the statistical
significance of the results. The study is based on ‘normalised’
X—H bond lengths, that is on bond lengths adjusted to corre-
sponding neutron diffraction values. This procedure should be
generally used in statistical hydrogen bond studies.!’

It is necessary to give a comment on the terminology used.
The quantities that are analysed in crystallographic database
studies, i.e. distances and angles, are purely geometrical. Mean
donor-acceptor separations in D—H- - - A hydrogen bonds are
related to a number of physical and chemical properties of the
groups involved, but do not directly measure them. For
example, the geometric solid state property of mean H.--A
separations in crystals is correlated to the chemical property
of D~—H acidity,'® but this is only a correlation and not a
strict dependency. H- - -A separations in crystals are influenced
by many effects, and acidities vary from solvent to solvent.
The terms ‘donor strength’ and ‘acceptor strength’ are used
here solely to characterise distance properties of donor-
acceptor combinations in the solid state, meaning that a
strong donor (or strong acceptor) will on average attract a
given partner to a shorter distance than a weak one. Charac-
terizing the relationships of strengths to properties such as
acidity and basicity in solution, partial charges on H and on
O, interaction energy, etc., is non-trivial and not the subject of
this study.

Results

To obtain results of statistical significance, only organic
solvent molecules can be considered that are found cocrystal-
lized in a relatively large number of crystal structures.
Futhermore, these crystal structures must be chemically
diverse so that C—H- - -O interactions are formed with a wide
variety of acceptor types. Finally, the solvent molecules must
not show a too strong tendency for disorder. Only five kinds
of molecules fulfil all these requirements: chloroform,
dichloromethane, acetonitrile, dimethy! sulfoxide and acetone.
Benzene, unfortunately, is unsuitable because of its notorious
tendency to disorder. The terminal alkyne group, C=C—H, is
also included in the set of donors because it is one of the very
few molecular residues that is in almost all molecules fully
accessible to intermolecular contacts.
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Compared to the previous communication, the range of
acceptor strengths is widened by including the strong accep-
tors P=0 and H,0, and the weak acceptor M—CO
(M = transition metal atom; only terminal CO ligands
considered). For the latter functional group, the potential to
accept C—H---O hydrogen bonds has been shown only
recently.!®!® Further subdivision of the acceptors, such as
(CC)IC=0, (NC)C=0, (OC)C=0, instead of >C=0, or
primary, secondary and tertiary hydroxy groups instead of
C(sp®)—OH, would be desirable in principle, but is not feas-
ible because of the limited numbers of crystal structures.
Many important O-atom acceptors such as C(sp?)—OH,
N—OH, P—OH, —0—0—, bridged CO ligands, could not
be considered because the available crystal structures are too
few for analysis of statistical significance.

As the first step of the analysis, the sequence of C—H
donors strengths is determined based on the mean distances
to the acceptors O, N and C1~, Table 1 (Cambridge Structural
Database,?® January 1998 update). Because the data for O
and N acceptors are averaged over all chemical types of O
and N atoms, respectively, this is only a rough initial descrip-
tion. Ideally, the sequence of donor strengths should be the
same for all acceptor types, and this is actually observed in
Table 1, with the exception of minor uncertainties for the
methyl donors. For the three stronger donor types, the
sequence is clearly CHCl, > C=C—H > CH,(l,, and for
the weak methyl donors, it appears to be
N=C—Me > DMSO > acetone.

In the second step, a ranking of strengths is set up for the
eight types of O-atom acceptors under study. This is per-
formed by determining mean hydrogen bond distances with
the conventional donors H,0 and —NH;*, which occur in
very large numbers of crystal structures, Table 2. The accep-
tors H,0, C=0 and S=0 have very similar mean distances
to the donors, but for the other acceptors the ranking of
strengths is unambiguous: P=0 > H,0 > C=0 > §S=0 >
C(sp®)—OH > C—0—C > —NO, > M—CO. Within this
sequence, the mean hydrogen bond distances vary by ca. 0.5 A
from the strongest to the weakest acceptors. The poor accep-
tor strength of the nitro group is in accordance with a recent
database and theoretical study on N/O—H---O,N hydrogen
bonds.?!

If the six C—H donors in Table 1 are combined with the
eight O-atom acceptors in Table 2, this leads to a 6 x 8

Table I Database results:® mean H---A and C---A distances/A in
hydrogen bonds of different C—H donors to the acceptors O {all
types)® N (all typesy and Cl~. The chemically more important dis-
tance is H- - -A

Donor QO acceptors N acceptors Cl~ acceptors
Mean H-- -A distance

CHCl, 231(1) {2223 2.37(3) [32] 2.38(3) [16]
C=C—H 240(2) [145] 2.40(6) [12] 2.56(4) [8]
CH,Cl, 2492(8) [356] 2.53(2) [58] 2.59(3) [34]
N==C—Me 2.567(9) [323] 2.59(1) [114] 2.72(3) [20]
DMSO 2.56(1) [203] 2.65(2) [18] 294 [3]
Acetone 260(1) [92] 2.64(3) [11] 298 [1]
Mean C: - -A distance

CHCl, 3.24(1) [222] 3.3403) [32] 3.41(2) [16]
C=C—H 3.35(1) [145] 3.36(5) [12] 3.58(4) [8]
CH,Cl, 3.347(8) [356] 3.45(2) [58] 3.54(2) [34]
N=C—Me 3.40(1) [323] 3.47(2) [114] 3.68(3) [20]
DMSO 345(1) [203] 3.57(3) [18] 3.86 [3]
Acetone 348(1) [92] 3.63(2) [11] 3.88 [1]

° Standard uncertainties are given in parentheses (given only for
Ny...» > 3), data quantities ny. .., are given in brackets. Numerical
values are given for normalized H-atom positions. ® Excluded are N
and O atoms directly bonded to metal atoms, or carrying a positive
charge.
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Table 2 Database results:® mean H---O and D---O distances/A in
hydrogen bonds of H,O and —NH,"* donors to various O-atom
acceptors

Acceptor H,0 donor C—NH,* donor
Mean H---O distance

P=0 1.871(7) [374] 1.856{7) [336]
H,0 . 1.903(3) [3002] 1.918(8) [325]
=0 1.903(3) [3280] 1.918(6) [1035]
s=0 1.906(7) [650] 1.936{12) [162]
Clsp®—OH 1.921(5) [795] 2.00(2) [130]
C—0—C 2.018(11) [307] 2.07(2) [72]
C—NO, © 2.158(12) [175] 2.1902) [37]
M—CO 229 [2] 23537
Mean C- - -O distance

P=0 2.793(5) [374] 2.817(4) [336]
H,0 2.808(2) [3002] 2.851(5) [325]
=0 2.823(2) [3280] 2.839(3) [1035]
Ss=0 . 2.824(5) [650] 2.859(7) [162]
Clsp*)—OH 2.834(4) [795] 2.90(1) {130]
C—0~C 2.894(8) [307] 294(1) [72]
C—NO, 2.988(9) [175] 3.05(2) [37]
M—CO 3.04 [2] 324 [3)

® Standard uncertainties are given in parentheses (given only for
My..0 > 3) ‘data quantitics' ny...o are givcp. in brackets. Numerical
values are given for normalized H-atom positions.

matrix of 48 possible donor-acceptor combinations. The
mean hydrogen bond distances for these combinations are
given in Table 3, the total number of contacts for each accep-
tor type is given in Table 4. In the lines of Table 3, the effect of
donor strength on mean hydrogen-bond distances can be seen,
and in the columns the corresponding effect of acceptor
strengths. Because donors and acceptors are arranged in
sequence of falling strengths, the strongest hydrogen bonds
are formed with the combinations in the top left corner, and
the weakest hydrogen bonds with those in the bottom right
corner of the matrix. When looking at the numerical values, it
must be considered that for many of the donor-acceptor com-
binations, only very few examples occur in crystal structures,
leading to large standard uncertainties of the mean contact
distances. The effect of donor strengths can be best seen in the
lines for C=0, C(sp®)—OH and C—O0—C acceptors, for
which the largest numbers of contacts are found, and also in
the line for P==0, for which the effect is strongest. Within the
lines, the mean H---O and C---O separations systematically
increase from the left to the right. The effect of acceptor
strength is best seen for.the more acidic donors, in particular
for chloroform. In essence, the sequences of donor and accep-
tor strengths that were initially set up in Tables 1 and 2 lead
to a self-consistent picture in Table 3. It appears that the
sequence of acceptor strengths derived from O/N—H---O
hydrogen bonds is fully valid also for C—H- - -O interactions.
The effect of acceptor strength is qualitatively the same for
all kinds of donors, i.e, the mean hydrogen-bond distances
systematically increase down the columns from P=0 to
M~—CO. Quantitatively, however, there are large differences
between the different donors. If the acceptor strength is
reduced from P=0 to M—CO, the mean H---O distance
increases by 0.52 A for the strongest donor, CHCl,, but only
by 0.12 A for the weakest, acetone. For the other donor types,
this value systematically falls with falling domnor strength,
Table 5. This shows that hydrogen bonds from strong donors
are strongly influenced by variations of acceptor strength,
whereas hydrogen bonds from weak donors are influenced
only slightly. On the other hand, it is of importance- that
C—H---O contacts even of the weakest donors in the set are
not completely insensitive to variations of acceptor nature
(insensitivity would be an indication that such contacts do not
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Table 3 Database results* mean H---O and C- - -O distances/A in hydrogen bonds of different C—H donors and various O-atom acceptors

CHCl, C=C—H CH,Cl, N=C-Me DMSO Acetone
Mean H---O distance
P=0 197 [2] 2.02 [5] 2.2%(7) [6] 240(4) [4] — [0} 249 2]
H,0 211 [1] 2.11[3] 216 2] 2.65 3] 273 [3] 2.61(9) [4]
2C=0 2.22(3) [52] 2.29(3} [40] 2.41(2) [123] 2.53(3) [42] 2.52(2) [73] 2.60(2) [67]
_8=0 2.25(6) [21] 2.50(6) [9] 2.40(4) [31] 2.57(3) [14] 2.57(2) [58] 2.538) [5]
C(sp*)-OH 2.31(8) [5] 2.40(3) [31] 2.47(11) (4] 2.526) [11] 2.52(2) [73] 2.53(19) [4]
C—0—C 2.33(5) [16] 2.45(4) [19] 2.55(2) [57] 2.56(2) [56] 2.65(4) [4] 2.64(3) [14]
C—NO, 2.52(6) [4] 2.63(3) [6] 2.48(4) [15] 2.59(3) [17] 2.60(3) [22] 2.57(5) [5]
M—CO 2.49(3) [20] 2.48(12) [4] 2.57(1) [176] 2.63(3) [21] — [0] 2.61(2) [29]
Mean C---O distance
P=0 30302 3.06 [5] 3.1%(7) [6] 3.36(5) [4] — 0] 330[2]
H,0 309 1] 3.15[3] 322[2]) 341 [3) 3.61 3] 3.57(11) [4]
2C==O 3.18(2) [52] 3.28(2) [40] 3.27(2) [123] 3.36(3) [42] 3.43(2) [73] 3.48(2) [67)
8=0 3.22(5) [21] 3.45(5) [9] 3.31(4) [31] 3.36(4) [14] 347(2) [58] 3.39(11) [5]
C(sp’)-OH 3.28(11) [5] 3.3533) [31] 3.427) [4] 3.35(4) [11] 3.432) [73] 3.43(15) [4]
C—0—C 3.26(4) [16] 3.35(2) {19] 3.442) [57] 3.44(2) [56] 3.63(3) [4] 3.58(4) [14]
C—NO, 3.48(7) [4] 3.45(4) [6] 3.33(4) [15] 3.25(5) [17] 347(3) [22] 3.31(5) [5]
M—CO 3.32(4) [20] 347(11) [4) 3.40(1) [176] 3.45(4) [21] —[0] 3.52(3) [29]

“ Standard uncertainties are given in parentheses (given only for ny.. .o > 3), data quantities ny. .. are given in brackets. Numerical values are

given for normalized H-atom positions.

represent hydrogen bonds at all: for pure van der Waals con-
tacts, one would expect to find the value 0.0 in Table 5).

Analogous observations can be made for the effect of donor
strength on hydrogen bonds to different acceptors. For the
strong acceptors P=O and H,0, the H---O distances
increase by ca. 0.5 A if the donor is varied along the lines. For
the weak acceptors NO, and M—CQ, this variation is much
smaller, only ca. 0.1 A {Table 6).

It is of some interest to look at the top left corner of Table 3
which contains the strongest hydrogen bonds. It is not sur-
prising that the shortest C—H---O hydrogen bond in the
data sample (H---O = 1.88 A) is formed by the combination
of the strongest donor with the strongest acceptor considered,
Cl;C—H---O=P. This crystal structure, an organometallic
phosphine,?? is shown in Fig. 1. The second Cl;C—H- - -O=P
hydrogen bond in the sample is somewhat longer,
H.--O = 2.06 C--0=314 A? Remarkably short
C—H---O hydrogen bonds are also formed if the alkyne
donor, C=C—H, is combined with the strong acceptors
O=P and H,O; since examples have been discussed in the

Table 4 The structural data set. Numbers of C—H---O contacts
analysed for the different acceptor types (summed over all donors)

Acceptor fc -0
P=0 19

P\IZO 16
<C=O 397
8=0 138
C(sp*)—OH 128
C—0-—-C 166
C~NO, 69
M—CO 250

Table § Difference of mean H---O distances/A to P=0O and
-M—CO acceptors (using data in Table 3)

Donor (H- - -O)y_co minus (H- - Olp g
CHCl, 0.52
C=C—H 0.46
CH,Cl, 0.30
N=C—Me 022
Acetone .12

original literature, they need not be shown here again (ref. 8
for P=0, ref. 9 for H,0O acceptors). Finally, the combination
of the chloroform donor and the water acceptor also leads to
short C—H- - -O hydrogen bonding; the only example in crys-

Table 6 Difference of the mean H---O distances of hydrogen bonds
formed by CHCl, and acetone to given acceptors {using data in Table
3)

Acceptor (H- - -O)euy, minus (H- - -O)ceppme
P==0 0.52
H,0 0.50
<C=O 0.38
<s=0 0.28
C(sp®)—OH 0.22
C~0—C 0.31
C—NO, 0.05
M—CO 0.12

Fig. 1 The shortest hydrogen bond contained in the structural data
set, donated from a CHCl, molecule to a P=0 acceptor bonded to a
Pd atom. Crystal structure determined by Braunstein and co-
workers.22 Numerical values are given for a normalized H-atom posi-
tion
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H---0=2.11°
C---0=30%

Fig. 2 The only hydrogen bond in the CSD which is donated from
CHCI, to H,0, occurring in a pyridinophane crystal structure con-
taining one CHCl; and five water molecules. Crystal structure deter-
mined by Végtle and co-workers.?* Numerical values are given for a
normalized H-atom position .

tals is found in a pyridinophane structure containing chloro-
form as well as water molecules?® (Fig. 2).

There has been some debate in the recent literature as to
whether C—H---N interactions deserve generally the classi-
fication as ‘hydrogen bonds’.25-27 The data in Table 1 show
that the effect of C—H donor strength in C—H- - -N contacts
is the same as the effect in C—H- - -O contacts. It is of interest
to see whether there is also an effect of N-atom acceptor
strength. Because the number of relevant C—H. - -N contacts
in the CSD is about a factor of 10 smaller than that of
C—H:---O contacts, a detailed analysis similar to that in
Table 3 cannot be performed. However, at least for the accep-
tors C=N—C and N=C—C, it can be shown that the influ-
ence of the acceptor type on H:--N distances is similar for
C—H:--N and O—H:-‘N hydrogen bonds, ie. contacts to
C=N—C are systematically shorter than to N==C—C (Table
7.

Conclusions

It is shown that in intermolecular C—H---O contacts, the
mean H---O separations depend strongly on the natures of
both contact partners. Earlier studies on donor strengths of
different C—H groups are confirmed.!®'3!* The sequence
of acceptor strengths found for conventional O/N—H---O
hydrogen bonds (Table 2) is valid also for C—H---O inter-
actions (Table 3). It is, furthermore, confirmed that even
weakly polar C—H groups such as those in —CH; can
donate, and that the O atoms of M—CO groups can accept
(albeit weak) C—H- - -O hydrogen bonds.

Table 7 Database results® mean H---N distances/A in hydrogen
bonds of different C—H donors and two kinds of N-atom acceptors.
The conventional denor C(sp)—OH is included for comparison

C—N=C N=C—C
CHCl, 2.4%5) [16] 2.53[2]
CH,Cl, 2.49(5) [13] 2.59(6) (8]
N=C—Me 2.60(5) [10] 261(1) £112]
DMSO 2.61(2) [8) 2.67(9) [9]
Clsp®)—OH 1.888(6) [418] 2.02(2) [35]

® Standard uncertainties are given in parentheses (given only for
ny...o > 3), data quantities ny...o are given in brackets. Numerical
values are given for normalized H-atom positions.

1102 New J. Chem., 1998, Pages 1099-1103

It has been stated repeatedly that the influence of acceptor
strength (or acceptor basicity) on C—H:--O hydrogen bond
distances is small compared to the influence of donor
acidity.®!® The results in Table 3 suggest that this view
should be modified: it appears that the variation range of
mean donor-acceptor distances due to variation of donors
(0.5 A; Table 5) is just as broad as that due to variation of
acceptors (0.5 A; Table 6). Earlier observations have been
made for the O-atom types that occur in organic crystals most
frequently, such as C=0, C—OH and C—O—C. These rep-
resent only a small section of the range of acceptor strengths
(and of O-atom basicities), so that the observed variation of
mean H- --O distances could be only small (ca. 0.1-0.2 A). The
early analyses of C—H donor strengths,!*!* in contrast, did
not suffer much from truncating the acidity range: structural
data on strong (CHCI,) and very weak (—CH,) C—H donors
are readily available in large quantities, so that a pronounced
effect of donor strength became immediately obvious.

The functional groups and molecules in Table 3 cover
neither the whole range of C—H acidities, nor the whole
range of O-atom basicities. Considerably stronger carbon
acids than CHCl; are known, such as HCN, CH(NO,),, and
CH(CN);. Notably, in the only crystal structure of a
CH(NO,), complex, a very short C—H- - -O hydrogen bond is
formed although the acceptor is one of the weaker types,
C—0—C (H--0=200 A C--0=294 A)" Similarly,
stronger O-atom acceptors than P=0 are known, such as
C—O"~ in phenolate ions.?® This suggests that the formation
of even shorter C—H- - O hydrogen bonds should be possible
than the shortest known today. Experimentally, this could be
realised for example by cocrystallisation of a P==0 acceptor
molecule such as triphenylphosphinoxide with a carbon acid
stronger than CHCl,.

Finally, it is noted that in the preceding short communica-
tion, the acceptor —NO, has been ranked at a high position
between C=0 and $=0.!° This is peculiar because in O/
N—H---O hydrogen bonds, the acceptor strength of the nitro
group is poor.2! In the present analysis, this ranking is not
confirmed and the nitro acceptor is placed at the weak end of
the scale, between C—O—C and M—CO. The previous
ranking is interpreted as a statistical artifact.

Database Analysis

The study is based on the organic and organometallic crystal
structures archived in the Cambridge Structural Database
(CSD),2® January 1998 update with 175093 entries. Only
ordered and error-free structures with R-values < 0.08 were
used. H-atom positions were normalized using the CSD
default X—H bond lengths. M—CO acceptors are defined as
carbonyl ligands bonded to exactly one transition metal atom.
Carbonyl ligands bonded to more than one metal atom were
not considered. O- and N-atom acceptors directly bonded to
metal atoms were generally disregarded. D—H---A contacts
were considered to distance cut-off values of 28 A for D = C
and A=O/N, 30 A for D=C, A=Cl", and 24 A for
D =N/O and A = O. No angle cut-off criteria were used.
Comments and warnings concerning the use of cut-off criteria
have been published previously.? Because of their structural
importance, two crystal structures were included that did
not pass the quality criteria defined above: the partially
disordered structure of the complex triphenylsilylacetylene-
triphenylphosphinoxide containing short C=C—H:.-O=P
hydrogen bonds,® and a structure with R = 0.084 containing a
Cl,C—H---O=P hydrogen bond.?* The total number of con-
tacts included in Table 3 is 1183, compared to 311 in the cor-
responding table of the preliminary report.!¢
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1. INTRODUCTION

Solid form selection is one of the key milestones in the development of any new small
molecule drug candidate. It is critical from not only a drug substance manufacturing
standpoint but also from a drug product processing, performance and stability perspec-
tive. Regulatory authorities dictate that the solid form of a compound is fully under-
stood. DeCamp (2001) and Byrn er al. (1999, 2002) provided excellent overviews of
the solid-state chemistry of drug molecules. There is potential for considerable delays
during the development or even post-approval issues of a compound, should changes
in the solid form be observed, e.g. the anti-viral compound Norvir™ (Chemburker
et al., 2000). The importance of intellectual property around polymorphs are well docu-
mented (Glaxo Group Limited versus Novopharm Limited). The effects on properties
of a different solid form of a pharmaceutical compound are summarised in Table I.

Despite much work and progress by leading academics (Desiraju, 1991; Davey, 1997,
Gavezzotti, 1997; Bernstein, 2002), there remains a lack of a structural rationale or a
theoretical treatment for predicting such observations. Recently Stahly (2003) has
shown that of the numerous polymorph screens carried out

87% have more than one form
51% have multiple polymorphs
37% have hydrates

31% are solvates

It has been proposed by McCrone (1965) that the number of polymorphic forms
known for a given molecule is proportional to the time, money and experiments
spent on that compound. Thus by increasing the number of experiments performed
during the development of a drug molecule it will be more likely that the large
majority of different polymorphs will be identified as shown in Table IL
Pharmaceutical companies continue to strive for greater robustness in solid form
selection without a significant increase in the resource/timelines required to achieve

TABLE 1 Summary of properties affected by different solid forms

Drug Processing Drig product
Yield Milling Solubility
Filtration Mixing Dissolution
Washing Granulation Freeze-drying
Habit Flow Syringeability
Drying (especially hydrates) Tabletting

Intellectual property rights

TABLE Il Summary of number of experiment performed on different compounds in the recent literature

API Crystallisations Results Ref.

Acetaminophen 10000 Elusive form I1I identified and Peterson er al. (2002)
characterised beyond debate

Norvir 2000 Three new forms identified Morisette ez al. (2003)

Sumatriptan succinate 2000 Two rew polymorphs identified for Almarsson (2003)
material not thought to be polymorphic

30 Different API 25000 108 New forms identified Wu and Desrosiers (2003)
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this desired level of confidence. Thus there is a definite need for automated procedures
during solid form selection. These procedures have been shown to be fruitful in the
identification of new forms and recent publications have illustrated the value of such
technologies. _ .

During the development of an automated solid form screening system some basic
considerations must be taken into account. Firstly, they should automate the best
practices and regulatory guidance and not change or compromise the science or process
to accommodate ease of automation. Secondly, the design of the actual screen must
take into account the potential solid-state chemistry of the drug, the likely intermolecu-
lar interactions with solvent, the process conditions and the type of dosage form.
Thirdly, single characterisation methods are likely to be a risky proposition and
multiple analytical techniques should be employed. Finally, the technology must
be specifically designed to eliminate bottlenecks and allow rapid analysis of large
quantities of data.

Robotic platforms are traditionally based around liquid handling systems and have
provided an increase in the throughput in the screening of novel compounds in a
drug discovery environment. During the late 1990s the potential was recognised
for utilising these technologies to aid in the preparation, screening and characterisation
of salis, polymorphs and hydrates of new chemical entities. As within the chemical
discovery environment, simply automating sample preparation will only shift the
bottleneck further down the process. To ensure a smooth workflow a fully integrated
experimental design, solid form preparation, sampling, analysis and data review
strategy are required.

This article reports our automation of the polymorph screening procedure in combi-
nation with automated isolation of samples with a particular focus on their analysis
by powder X-ray diffraction and pattern classification, analysis and visualisation.

2. AUTOMATION OF SCREENING EXPERIMENTATION

The development of bespoke robotic platforms to perform crystallisations of many
samples using different techniques with automated sample isolation and analysis has
proved challenging. The majority of robotic systems are focussed on the analysis of
liquid preparations and, to allow for solid form analysis, bespoke preparation
robots have been specifically designed in collaboration with key partners. These systems
have to be as flexible as possible ensuring that their role is not limited and they provide
a range of crystallisation environments using equipment comparable to those utilised
on a larger scale. This will provide potential for different solid forms to be formed
and isolated as well as the ability to challenge the robustness of a process in an attempt
to avoid issues on scaling up the process. The robotic designs have focussed on maxi-
mising experimental diversity given the limited amount of bulk available at a particular
stage in the development process. Figure 1 summarises the different robotic systems,
the amount of bulk required to run these systems and how the samples from each of
the robots are analysed using common techniques.

Analysis of the samples produced by the robotic workstations provides infor-
mation on the solid form of the materials produced using accepted solid-state
* techniques. Of these techniques PXRD provides the ‘gold standard’ for solid form
analysis. Other techniques such as Raman and image analysis are also of great
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{ for small
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Technique -
Pattern Comparison Automated
Software Report

FIGURE 1 Robotic systems available at different stages in development.

samples)

value and have been incorporated into a number of automated systems (Peterson e al.,
2002; Wu and Desrosiers, 2002). Due to the difficulty of automated sample prepara-
tion, fully robotic thermal analysis remains a challenge. However, recent advances by
. external technology vendors using a combination of a hot stage and optical microscopy
‘has allowed the melting point of compounds to be automatically assessed (Wu and
Desrosiers, 2002).

With the introduction of high throughput screening systems the analysis of the
data produced is a key concern. Pattern comparison packages have permitted large
datasets to be analysed with highly visual interactive output allowing trends in the
data to be observed, interpreted and new experiments designed. Such data examina-
tion strategies allow the user to relate sample generation condition to polymorphic
form, enabling critical parameters in the preparation and edges of failure to be
identified.

3. LIQUID HANDLING SYSTEM

The robotic system utilised to perform the polymorph screening procedures is shown
in Figs. 2 and 3. It has been specifically designed to allow crystallisations using a
realistic scale and procedures that are commonly used for the production of bulk
pharmaceuticals. The robotic system is extremely flexible allowing multiple isolations
from single reactors as well as a wide range of crystallisation conditions using
commonly used crystallisation techniques, e.g. cooling, anti-solvent precipitation and
evaporation.

The robotic system has the capability of producing crystallisations from 96 reactors
of volume ca. 2ml, in a stirred environment with a wide range of solvents and a wide
variety of cooling/stirring regimes as the reactors are separated into eight different
zones each of which can be independently heated/cooled/stirred without any cross-
talk to adjacent zones. Multiple samples can be taken from the system, which will
allow up to 384 samples to be produced from ca. 5g of bulk.

The introduction of a multiple reactor-based system can quite quickly overwhelm any
manual analytical processes. Hence a system, which automatically isolates the samples
in a format ideal for analysis, had to be devised. As metastable polymorphs have the
potential to ripen if left for long periods of time in contact with solvent, it is required
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Filtration
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FIGURE 2 Robot pictures.

. Robotic platform
Range of vavel of cannula

FIGURE 3 Schematic of robotic bed.

to halt any further ripening by isolation of the solids from the solvents using filtration.
Once the crystallisation procedure has been completed the samples are isolated from
the reactors using a wide bore cannula and deposited on a specifically designed
filtration plate. This plate isolates the solids from the reaction slurry by vacuum,
onto a substrate ideal for automated analysis, and allows evaporation of the filtrate
to dryness producing a further sample, also in a format ideal for automated analysis.
The design of the filtration plates utilises ‘off the shelf® components ensuring that
samples can be easily retained for future reference with barcodes fitted to all plates
to maintain sample integrity.

During experimentation the robotic system records a large number of parameters.
The ability to recall these parameters to investigate how a sample has been generated
is key to the success of the system. In our laboratory we output selected experimental
parameters using a specifically designed macro. This exports sample information in a
spreadsheet format, which is easily incorporated into the analytical techniques so
that processing parameters can be quickly identified. Other automation technologies
utilise the storage of experimental design, sample parameters and a results database
centrally which allows multiple analytical techniques to access sample preparation
information.
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4. ANALYTICAL TOOLS

Automated sample generation and isolation requires the need for automated analysis
to avoid bottlenecks. As mentioned above, single analytical tools are a risky option
and multiple techniques provide an extra degree of confidence in the results. Of these
techniques PXRD provides the method of choice for solid form analysis. Recent devel-
opments in the use of two-dimensional detectors, motorised stages and laser-guided
autofocus have dramatically reduced the time for analysis without a major compromise
on quality, although peak widths tend to be larger than conventional systems. High
throughput software equipped with bar-code readers allows plate dimensions and
sample identities to be automatically imported into the data-analysis ensuring sample
integrity (Figs. 4 and 5).

Due to the rapid data collection and small sample requirements with the addition
of motorised stages and autofocus routines, Raman spectroscopy has also successfully
been incorporated into solid form analysis in the automation laboratory (Peterson,
2002). The incorporation of polarised light image analysis with Raman spectroscopy
has provided an ideal opportunity to locate automatically and subsequently analyse

FIGURE 5 Output of a crystalline material analysed by GADDS.
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FIGURE 6 lmage analysis picture showing areas of high and low crystallinity.

extremely small samples such as those produced from vapour diffusion with minimal
user input. In these experiments the samples (as shown in Fig. 6) have areas of high
and low crystallinity. Using polarised light microscopy and image analysis software
it has been possible to locate the crystalline zones and record their co-ordinates.
These crystals can be subsequently relocated, with the help of graticules fitted to the
sample well plates for Raman spectroscopic analysis.

5. PATTERN COMPARISON AND VISUALISATION SOFTWARE

Due to the large amounts of data being generated it will quickly become impossible
to manually view and interpret the results from automated screens. Furthermore
the data collected from high throughput systems have associated problems:

. Possible poor signal-to-noise ratio.

. Broad peaks with variable shapes.

. Strong backgrounds.

. Problems with amorphous samples.

. Inherent preferred orientation effects.

Wb W N —

The incorporation of robust pattern comparison software and associated visuali-
sation tools are key to interpreting the results and, indeed, without such tools the
hardware is of very limited value. Patterns can be compared to each other using
a weighted mean of parametric and non-parametric correlation coefficients
(the Pearson and Spearman coefficients respectively) using the whole pattern, i.e.
every measured data point (Gilmore et al., 2003). From this a correlation matrix, g,
can be derived. This matrix can be converted to a distance matrix, d, via

d = 0.51.0 — p) ()

Thus highly correlated patterns with large p gives small corresponding distance
and vice-versa. We can use the matrices d and p as an input to a set of clustering
and multivariate data analysis methods (Barr ef al., 2003) with associated visualisation
tools.

Cluster analysis can arrange the patterns into distinct clusters and display them
as a dendrogram. (For a useful introduction to this methodology, see Gordon, 1999.)
This simplifies the process of examining the diffraction patterns since all the patterns
in a given cluster should be very similar. A typical dendrogram is shown in Fig. 7.

UMO00011891

NOVARTIS EXHIBIT 1017
Novartis v. Regents, IPR2023-01346

Page 637 of 4460



52 R. STOREY et al.

In this case we have 21 samples containing five polymorphs and two mixtures. Each
pattern begins at the bottom of the plot as a separate class, and these amalgamate
in stepwise fashion linked by horizontal tie bars. The height of the tie bar represents
a similarity measure as measured by the relevant distance. The samples 20 and 21,
believed to be mixtures, are the least tightly linked.

It is necessary to estimate the number of clusters present and so ‘cut’ the dendrogram,
i.e. draw a horizontal line across the graph so that all the tie lines above the cut line
are ignored and only the connections below this line are retained. Accurately determin-
ing cluster numbers is an unsolved problem, but there are tools which can help. We
use estimates based on the eigen-analysis of the correlation and related matrices
integrated with techniques based on cluster analysis, especially techniques developed
by Goodman and Kruskal (1954), Calinski and Harabasz (1974) and Milligan
and Cooper (1985). Again, space precludes any detailed discussion, and the reader is
referred to Barr et al. (2003) for further information.

The cut line is shown on the dendrogram in Fig. 7, and defines the chosen
clusters. The colours given to each cluster can be translated into pie charts,
which give the contents of each well in the data measurement system; this is shown
in Fig. 8.

The data can also be summarised using three-dimensional plots derived from
either metric multi-dimensional scaling or three-dimensional score plots from principal
component analysis. There is insufficient space here to discuss these methods but there
is a good introduction by Jobson (1992). The metric multi-dimensional scaling plot
corresponding to the polymorph data is shown in Fig. 9.

Each sphere in this plot represents a powder diffraction sample; the further the
distance apart of the spheres the greater the corresponding distance as measured by
Eq. (1) and the lower the corresponding correlation. It can be seen that the patterns
form natural clusters. The dendrogram had some evidence that patterns 20 and 21
were less well-linked than others: the sphere corresponding to pattern 21 is isolated
from other patterns. However, that of pattern 20 seems quite close to another cluster.
Ambiguities of this sort are to be expected, and it is because of this that a raft
of techniques is required for high throughput data analysis.

We can clarify the situation further by investigating the possibility of mixtures
of polymorphs being present. To do this we define for each cluster with more than
one member, the most representative member, i.e. that member which has the minimum
mean distance from every other sample in the cluster. These samples are used to
generate a pure phases database. Every pattern in the original data set is matched
against the entries in this database, and if a significant correlation is found the
data are analysed quantitatively via a least-squares procedure using singular value
decomposition methods (Gilmore et al.,, 2003). The results are best displayed in pie
chart in Fig. 10.

Patterns 20 and 21 can be seen to correspond to mixtures. We can conclude that our
21 samples contain five polymorphs and two mixtures. All this has taken less than | min
of computer time on a 2.5 GHz PC.

Amorphous samples are an inevitable consequence of high throughput experiments,
and need to be handled correctly. To do this we estimate the total background for each
pattern and integrate its intensity; at the same time we also calculate the integrated
intensity of the non-background signal. If the ratio of the two falls below a pre-set
limit (usually 5%) the sample is treated as amorphous. The distance matrix is then
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FIGURE 7 A typical dendrogram arising from the cluster analysis of 21 pharmaceutical powder data
patterns involving five polymorphs and two mixtures.

FIGURE 9 A metric multi-dimensional scaling plot of the polymorph data used to generate the dendro-
gram in Fig. 5. The colours match those of the dendrogram.
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o

FIGURE 10 The pie chart corresponding to Fig. 3 but using a database of most representative as a
reference followed by quantitative phase analysis.

FIGURE 11 A typical dendrogram with amorphous data present. The five amorphous patterns are isolated
at the right hand end of the dendrogram and thus clearly identified.

modified so that each amorphous sample is given a distance of 1.0 from every other
sample, and a correlation coefficient of zero. This automatically excludes the samples
from the clustering until the last amalgamation steps, and also limits their effect on
the estimation of the number of clusters. A typical dendrogram with five amorphous
samples present is shown in Fig. 11.

This methodology of pattern matching and data visualisation should work with
any one-dimensional data set. Techniques which should be amenable to this approach
thus include Raman, IR and solid-state NMR spectroscopies. Preliminary tests on
Raman data have proved encouraging.
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As part of the data import process the sample preparation details are also included in
the display. This allows rapid access to how particular forms have been manufactured.
It also allows the operator to investigate which of the variables investigated in a screen
are important in the production of a partlcular solid form and the edges of failure
in a process.

6. CONCLUSIONS

High throughput systems provide a significant increase in the number of experiments
performed on a given system, and are becoming a central feature of drug research
especially in areas concerned with crystallinity and polymorphs. Properly designed
robotic systems coupled with suitable powder X-ray and Raman facilities maximise
the amount of data produced with the amount of bulk available. In addition, a correctly
implemented automated sample preparation and analysis procedure ensures no sample
backlog, and the automatic transfer of sample information maintains sample integrity.
The design of high throughput systems must ensure minimal user input in an attempt
to avoid bottlenecks, and the automation of best practices using current theory
and state of the art technology is essential. There is still a role for manual exper1menta~
tion — high throughput is not a substitute for thinking! -

An essential component of the process outlined here is a suitable software that can

provide sound statistical techniques for interpreting the large amounts of data pro-
duced. These are not infallible, and visualisation techniques can assist in identifying
problem areas that need further investigation. The goal here is, for example, to take
1000 or more patterns and analyse them such that 95% can be effectively ignored,
and the experimenter can then focus on the remaining 5% whose behaviour seems
anomalous. There is no doubt that with experience, and the increasing prevalence of
robotic systems, the software will become increasingly sophisticated.
- The high throughput nature of these systems, linked with the data generated by
manual screening, informatics and theoretical considerations, can ultimately be used
for the production of an expert system. This will allow subsequent polymorph screening
to be guided using previous learning, ensuring extra robustness in the screening
procedures and providing increased confidence on scale-up.
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Abstract

Crystalline complexes of pyridine betaine (PBET) with one and two molecules of 2,6-dichloro-4-nitrophenol (DCNP) were
prepared and characterized by single-crystal X-ray analysis and Fourier transform IR (FTIR), Raman, 13C CP/MAS NMR and
UV spectroscopies. Both complexes are monoclinic, space group P2,/c, with Z=4, In PBET- DCNP, the proton from DCNP is
transferred to PBET and both residues are linked by an O-H---O~ hydrogen bond of length 2.419(3) A and angle 165(4)°. In
PBET-(DCNP),, the COOH group is engaged in two hydrogen bonds resulting in a short O-H---0~ bond of length 2.452(4) A
and angle 178(4)° and a long C=0---H-O bond of length 2.623(4} A and angle 160(6)°. The '>C NMR spectra in the solid state
show signals at 167.7 and 170.2 ppm due to the carboxyl group in PBET-DCNP and PBET.(DCNP), respectively. The
powdered FTIR spectrum of PBET-DCNP shows a broad absorption with a maximum at 806 cm™ tentatively assigned to
vou. Although in PBET-(DCNP), the analogous hydrogen bond is longer than in the 1 : 1 complex, the absorption is shifted to
lower wavenumbers (773 cm™'), The absorption due to the longer hydrogen bond is at 2832 cm™ and is shifted towards higher
wavenumbers relative to the analogous hydrogen bond in the complex of PBET with two molecules of pentachloropherol
(PBET(PCP),; O---O = 2.582(6) and 2.611(6) A: vy = 2725 ecm™'). The observed absorption shifts suggest that, in
PBET-(DCNP),, the hydrogen bonds perturb each other. Two peaks near 300 and 420 nm in the UV spectra of the title
complexes in acetonitrile confirm the presence of phenol and phenolate residues in equilibrium. © 1997 Elsevier Science B.V.

Keywo.rds: 2,6-Dichloro-4-nitrophenol (DCNP); Hydrogen bonding; Molecular structure; PBET-DCNP complexes; Pyridine
betaine (PBET)

- 1. Introduction

—_— Betaines, inner salts and zwitterionic compounds,
* Cormresponding author. Tel.: +48 61 699181: fax: +48 61 658008; containing a carboxylate and a t
e-mail: szafran@chem.amu.edu.pl g Y group quaternary

Dedicated to Professor G. Zundel on the occasion of his 65th ammoniurq group, are important from a biological
birthday. . point of view, since they are widely distributed in

0022-2860/97/317.00 © 1997 Elsevier Science B.V. All rights reserved
PIl $0022-2860(97)00041-0

UMO00011898

NOVARTIS EXHIBIT 1017

Novartis v. Regents, IPR2023-01346
Page 644 of 4460



146 M. Sz&fran et al./lournal of Molecular Structure 416 (1997) 145-160

plants and animal tissue as products of the methyla-
tion of «- or w-amino acids or pyridine carboxylic
acids in the presence of methylating agents such as
methionine or S-adenylomethionine [1-3]. Betaines
can also be biologically demethylated by transferring
their methyl group to L-homocysteine [1].

Due to their basic properties, betaines form com-
plexes (adducts) with various acids and cations, exhi-
biting phase transitions with ferroelectric,
antiferroelectric and ferroelastic behaviour [4,5].
Numerous structural X-ray analyses of betaine com-
pounds of this type, such as Me;NCH,CO,-H,0 [6],
CsHsNCH,CO, (7], (Me;NCH,COH)Cl [8,9],
(CsHsNCH,CO,H)Cl [10], (Me;NCH,CO,H)Cl-
H,0 [11], (Et;NCH,CO,H)CI-2H,0 (123,
(CsHsNCH,CO,)HICIH,O  [13], (Me;NCH,.
CO;H)Br- H,0 [14], (Me;NCH,CO,),-H,80, [15],
(CSHSNCH2C02)2'H2504 [16], (Me;NCH;COz)z
Te(OH)s [17], (Me;NCH,CO,H)HSeO,H,O [18]
and (Me3sNCH,CO,H)Y(HOOCCH=CHCOO) [19],
have been carried out to explain the interaction of
the proton with the carboxylate groups.

Two types of complex are known with betaine—
acid stoichiometries of 1:1 and 2:1. The 2:1 com-
plexes form centrosymmetric dimers bonded by short
hydrogen bonds, characterized by very broad absorp-
tion in the IR spectra [20,21].

In this study, we have prepared a third type of com-
plex of pyridine betaine (PBET) with two molecules
of 2,6-dichloro-4-nitrophenol (DCNP) ([PBET:
(DCNP},]), and have performed X-ray crystallo-
graphic, Fourier transform IR (FTIR), Raman, B¢
CPMAS and UV studies to determine its structure
and hydrogen bonding.

2. Experimental details

Pyridine betaine, 1-(carboxymethyl)pyridinium
inner salt (PBET), was prepared by a modified proce-
dure of von Gerichten as described previously [22].

The 1:1 complex of PBET with DCNP
(PBET-DCNP) was prepared by adding a stoichio-
metric amount of phenol in acetonitrile solution to a
methanol solution of PBET. The resulting yellow pre-
cipitate was washed with acetonitrile, recrystallized
from a CH;CN-CH;OH mixture (1:1) and dried
over P,Os5 (m.p., 155-156 °C decomp.). Analysis

for Cy3HoCI;N,0s: calculated: C, 45.24%; H,
2.92%:; N, 8.12%; found: C, 45.51%; H, 2.93%: N,
7.88%. The complex of PBET with two molecules of
DCNP (PBET-(DCNP),) was obtained by adding 2
mol of DCNP in acetonitrile solution to 1 mol of
PBET in methanol. The resulting orange product
was recrystallized from a CH3;CN-CH;OH mixtwre
(1:1) and dried over P,Os (m.p., 160-162 °C
decomp.). Analysis for C,H3C14N;Oyg: calculated:
C, 41.25%; H, 2.37%; N, 7.60%; found: C, 41.24%;
H, 2.47%; N, 7.44%.

During recrystallization of PBET-DCNP, some
PBET(DCNP), may be formed; however, these com-
plexes are easily distinguished by the colour and
shape of their crystal forms.

The solvents CH,Cl; and CH;CN were purified by
standard methods, stored over 4 A and 3 A molecular
sieves respectively and, finally, were freshly distilled
over P,0;5 before use.

The FTIR spectra were recorded using Bruker IFS
113v and IFS 88 spectrometers with a resolution of
1 cm™. The FTIR spectra at low temperature (300~
14 K) were measured using a closed cycle helium
cryostat (Displex Closed Cycle Cryogenic Refrigera-
tion System Model CSW-202 and Lakeshore Model
330-11 Dual Sensor Temperature Controller). Solu-
tions (¢ = 2 x 107 mol dm™) were measured in a
KBr cell (I = 1.0 mm). The solid state spectra were
recorded in Nujol and Fluorolube suspensions using
KBr plates.

The centre of gravity of the broad absorption was
estimated using the following  equation:
wu= [vloglo/I) dv/ [ logly/D)dv  (in  cm™),
where [, is the intensity of radiation incident on the
sample at wavenumber », / is the transmitted intensity
and dv = 0.964 cm ™,

Raman spectra were recorded on a Bruker IFS66
spectrometer equipped with an FRA 106 Raman mod-
ule operating at the 1064 nm excitation line of an
Nd:YAG laser (power, approximately 150 mW).

UV-visible spectra were determined on a Carl
Zeiss Jena Specord M 40 spectrometer.

'H- -'3C CP/MAS NMR spectra were recorded
on a Bruker MSL 300 NMR spectrometer at
75.496 MHz with high-power proton decoupling.
Powdered samples of PBET-DCNP and
PBET-(DCNP), were placed in a cylindrical rotor
and spun at 2.0-10.5 kHz. For the '*C experiments,
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the field strength for 'H decoupling was 1.05 mT; a
contact time of | ms, a repetition time of 6 s and a
spectral width of 50 kHz were used. 8K data points
represented the Free Induction Decay (FID). Spectra
were accumulated 1000 times, giving a reasonable
signal-to-noise ratio. The '*C chemical shifts were

calibrated indirectly using the glycine set at 176.34

ppm. The principal elements of the 13C chemical shift
“tensor and the shielding parameters for the carbonyl
groups were determined employing the WIN-MAS
program [23]. The details of the fitting routine have
been fully discussed elsewhere [24,25]. The principal
components &; were used to calculate the anisotropy
(A6), asymmetry (7), span (1) and skew (k) [26]
according to the following: if 18;, — 8isol > 1833 = ;50!
and 6” > 622 > 633. then A6=él| —(522 +633)/2 and
1=(022-833)/(811 = Biso)s if 16y = Gigol <135~ i

and 6” > 622 >533, then A5=533-—(5“ +522)/2 and
1=(8 - 811}/(633~8iso).

Single  crystals  of PBET-DCNP  and
PBET-(DCNP), were grown by slow evaporation of
an acetonitrile—methanol (1 : 1) solution. X-Ray mea-
surements were carried out at room temperature on a
KUMA diffractometer with a graphite monochroma-
tor, and the w~2@ scan mode was applied. The struc-
ture was solved by direct methods [27] and refined by
full-matrix least squares using the SHELXL g3 program
{28]. Anisotropic thermal factors were refined for all
non-hydrogen atoms. The hydrogen atoms were
located from a difference Fourier map and their
positions and isotropic thermal parameters were
refined. The crystal data and details concerning the
data collections and structural refinement are given
in Table 1.

Table 1

Crystal data and details of X-ray diffraction measurements and structural refinements for PBET-DCNP (1 : 1) and PBET(DCNP); (1:2)
PBET-DCNP PBET-(DCNP),

Molecular formula CuH wCl 2N ;05 C wH uCl;N]Og

Molecular weight 345.13 553.12

Crystal system Monoclinic Monoclinic

Space group P2ic P2y/c

Unit cell dimensions

a(A) 12.676(3) 9.27%7)

b(A) 14.260(3) 10.452(7)

c(A) 8.343(2) 22.978(9)

[:X%) 105.30(3) 93.39(6)

V(AY 1454.6(6) 2223(2)

Zz 4 4

Density (calculated) (g cm™) 1.576 1.653

Absorption coefficient (mm™) 0.471 0.586

Temperature (K) 293(2) 293(2)

Wavelength (A) 0.71073 0.71073

F(000) 704 1120

0 ax ) 25.07 22.04

index ranges ~4=sh=15 ~9=h=<9
0=k=16 0=k=13
EEYEIY 24 =122

Reflections collected 2769 2945

Independent reflections 2577 (R i = 0.0205) 2740 (R = 0.0190)

Observed reflections 2576 2740

Refinement method Full-matrix least squares on F2 Full-matrix least squares on F?
we= a,‘z w= a{z

Data parameters 25767240 2740/360

Goodness-of-fit on F? 1.085 1.029

Final R indices (1 > 20(1)) R, =0.0379, wR; =0.0896 R, =0.0335, wR, = 0.0863

Extinction coefficient 0.037(2) 0.0046(5)

Largest AF peak and hole (¢ A™) 0.384 and -0.330 0.169 and ~0.175
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Table 2
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Atomic coordinates ( x 10* and. for H atoms, x 10%) and equivalent isotropic displacement parameters (A* x 10% for PBET-DCNP and
PBET-(DCNP),. U(eq) is defined as one-third of the trace of the orthogonalized U ; tensor. The dimensions of the unit cells are listed in Table |

x ¥ F4 Uleqg)
PBET-DCNP
() 6552(2) 6101(2) 4538(3) 36(1)
o) 7456(1) 5687(1) 4545(2) 471y
c2) 6468(2) 6924(2) 5426(3) 40(1)
CK1) 7658(1) 7419(1) 6659(1) SUD
c(3) 5492(2) 7358(2) 5361(4) 46(1)
C(4) 4545(2) 6947(2) 4420(3) 45(1)
N(2) 3507(2) 7390(2) 4358(3) 58(1)
O4) 2667(2) 6972(2) 3693(3) 79(1)
o(5) 3514(2) 8174(2) 4958(4) 93(1)
C(5) 4559(2) 6135(2) 3536(3) 42(1)
C(6) 5544(2) 5736(2) 3578(3) 39(1)
Cl2) 5586(1) 4737(1) 2419(1) 60(1)
ot 10076(2) 6214(2) 5317(3) 35(1)
0o2) 9907(2) 6534(2) 3924(2) 59(1)
o) 9365(1) 5886(2) 5992(2) 52(1)
C(8) 11236(2) 6200(2) 6420(3) 39(1)
N(1) 11320(2) 5864(1) 8121(2) 35(1)
(9 10880(2) 6393(2) 9120(3) 45(1)
C(10) 10935(3) 6097(3) 10695(4) 61(1)
can 11454(3) 5279(3) 11254(4) 70(1)
Cc(12) 11898(3) 4754(3) 10224(4) 66(1)
C(13) 11812(2) 5053(2) 8645(4) 48(1)
H(1) 845(4) 590(3) 528(5) 120(15)
H(3) 545(3) 800(3) 589(4) 70(10)
H(S) 392(3) 585(2) 287(4) 64(9)
H(81) 1153(2) 683(2) 646(4) 55(8)
H(82) 1171(2) 579(2) 599(3) 47(8)
H(9) 1058(2) 694(2) 869(4) 48(8)
" H(10) 1062(3) 649(2) 1137(4) 71(10)
H(D 1151(3) 508(3) 1239(6) 107(14)
H(12) 1231(3) 422(3) 1061(5) 83(12)
H(13) 1207(3) 477(2) 791(4) 58(9)
PBET(DCNP),
iy 1745(4) ~1186(3) 1053(1) 41
o) 1959(3) -1140(2) 1619(1) SK(1)
Cc2) 2739(4) —608(3) 690(2) 41(1)
) 4226(1) 14701) 1020(1) 61(1)
c@3) 2587(4) ~643(3) 95(2) 45(1)
C(4) 1399(4) -1237(3) -165(1) 41(1)
N(2) 1243(4) -1286(3) ~796(1) S
0O(4) 2203(4) -851(3) -1079(1) 83(1)
0(5) 169(4) ~1789(3) ~1023(1) 83(1)
(s) 365(4) -1784(4) 160(2) 471
C(6) 542(4) -1752(3) 760(1) 43(1)
Ci2) ~763(1) -2433(1) 1168(1) 70(1)
o(n 1814(4) -3943(4) 2203(2) 49(1)
o) 2787(3) —4211(3) 1886(1) 70(1)
o(3) 1251(3) -2857(3) 2271(1) 62(1)
C(8) 1164(4) ~4977(4) 2565(2) a9(1)
N() 2011(3) -6161(3) 2553(1) 421
(o)} 1593(5) ~7104(4) 2202(2) " 59(1)
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Table 2 Continued

x y 2 Uleq)
C(10) 2403(6) ~8197(5) 2184(3) 79(1)
C(1n 363%T) ~8278(5) 2523(3) 87(2)
C(12) 4077(6) -7282(6) 2880(2) 80(1)
C(13) 3239(5) -6235(5) 2887(2) 60(1)
C(l') 3821(3) -3791(3) 388(1) 40(1)
o1’y 4166(3) -3659(3) 953(1) 54(1)
C(2') 4728(4) ~3222(3) ~7(2) 42(1)
CI(1" 6206(1) -2396(1) 278(1) 60(1)
C(3") 4473(4) ~3312(4) -596(2) 48(1)
C(4") 3279(4) -3972(4) ~808(2) 47(1)
N(2') 2988(5) -4074(4) -1444(2) 68(1)
O@') 3877(4) -3665(4) ~1756(1) 104(1)
O(5") 1858(4) -4582(4) -1617(D) 95(1)
C(5') 2370(4) -4567(4) —444(2) S5
C(6"} 2662(4) -4488(3) 146(2) 44(1)
Ci(2") 1573(1) ~5283(1) 617(1) 70(1)
H(1) 156(5) -205(4) 196(2) 85(13)
H(3) 323(4) =-32(3) -1 34(9)
H(S) -47(4) ~218(3) =2 47(10)
H(81) 17(5) -516(4) 240(2) 70(12)
H(82) 116(4) —470(4) 295(2) 60(12)
H(9) 67(5) -693(4) 194(2) 73(12)
H(10) 200(5) -874(5) 184(2) 110(18)
HOD 410(5) ~897(5) 52(2) 77(15)
H(12) 505(6) ~735(5) 311(2) 122(19)
H(13) 350(5) =551(5%) 315(2) 91(15)
H(1") 362(6) -394(6) 119(2) 123(23)
H(3") 510(4) ~286(4) -84(2) 61(11)
H(5") 156(4) —494(3) -61(2) 48(10)

3. Results and discussion
3.1. X-Ray structural analyses

The fractional atomic coordinates and equivalent
isotropic thermal parameters for the crystal structures
of PBET-DCNP and PBET-(DCNP), are presented in
Table 2. The bond lengths and bond angles are listed
in Table 3.

As illustrated in Fig. 1(a), in the crystalline state,
the proton is transferred from DCNP to PBET. The
observed hydrogen bond (O---O = 2.419(3) A) is
*‘very strong’’ [29]. The O---O distance is compatible
with that found in analogous hydrogen-bonded com-
plexes of betaine with DCNP [30]. The C(1)-O(1)
bond length and C(2)-C(1)-C(6) bond angle (Table
3) are very close to those in phenolate residues [31], in
agreement with proton transfer from DCNP to PBET.
In the 1:2 complex, both oxygen atoms of PBET are

linked to DCNP by two different hydrogen bonds:
O(1)---0O(3) of 2.452(4) A and O(1')---0(2) of
2.623(4) A (Fig. 1(b), Table 4). The shorter hydrogen
bond is that in which the proton is transferred from
DCNP to PBET. It is notable that the interaction of
two molecules of DCNP with one PBET molecule
leads to a lengthening of [he shorter hydrogen bond
by approximately 0.03 A. In PBET-(DCNP),, the
C(1)~0 bonds and C(2)—C(1)-C(6) angles in the A
and B moieties (Table 3) are different, but very close
to those in phenolate and phenol respectively [31].
The conformations of the investigated complexes
can be described by five planes, A~E, fitted to the
pyridine ring of PBET, carboxy! group of PBET,
two pheny! rings of DCNP and to the O(2), O(3),
C(7), C(8), N(1) and C(11) atoms of PBET respec-
tively (see Fig. 1). The mean deviation of the atoms
from coplanarity and the dihedral angles between the
planes are listed in Table 5. In PBET-DCNP,
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Table 3
Bond lengths (A) and valence angles (°) for PBET-DCNP and PBET-(DCNP),
PBET-DCNP PBET-(DCNP), PBET-DCNP PBET-(DCNP),
Bond lengths Bond angles
C(1)-0O(h) 1.288(3) 1.305(4) O(1)-C(1)-C(6) 120.2(2) 124.3(3)
C(1)~C(6) 1.415(3) 1.399(5) o(1)-C(1)-C(2) 124.8(2) 120.4(3)
C(H-C2) 1.407(4) 1.414(5) C6)-C(1)-C(2) 115.0(2) 115.2(3)
C(2)-C(3) 1.371(4) 1.367(5) C(3)~C(2)~C(1) 123.3(2) 123.1(3)
C(2)-CI(1) 1.737(2) 1.725(4) C(3)~-C(2)-CI(1) 118.3(2) 119.0(3)
C(3)-C(4) 1.380(4) 1.370(5) C(1)~-C(2)~-CI(1) 118.4(2) 117.9(3)
C(4)~C(5) 1.374(4) 1.375(5) C()-C(3)-C(4) 118.1(3) 118.8(4)
C(4)-N(2) 1.448(3) 1.449(4) C(3)-C4)-C(5) 122.0(2) 121.3(3)
N(2)-0(5) 1.224(4) 1.216(4) C(3)~C(4)~N(2) 118.7(3) 118.9(3)
N(2)-0(4) 1.219(3) 1.221(4) C(5)-C(4)-N(2) 119.3(2) 119.8(3)
C(5)-C(6) 1.365(4) 1.379(5) O(5)-N(2)-04) 123.0(3) 122.5(3)
C(6)~Cl(2) 1.730(3) 1.726(4) O(5)-N(2)-C(4) 118.4(3) 118.4(4)
C(7)-0(2) 1.213(3) 1.225(4) O(4)-N(2)-C(4) 118.6(3) 119.1(3)
C(7)-0(3) 1.271(3) 1.263(8) C(4)-C(5)-C(6) 118.6(2) 119.2(3)
C(NH-C(8) 1.516(4) 1.511(5) C(5)~C(6)-C(1) 123.0(2) 122.3(3)
C(8)-N(1) 1.475(3) 1.467(5) C(5)-C(6)-C)(2) 119.5(2) 119.1(3)
N(D-C(9) 1.348(4) 1.318(5) C(1)-C(6)~Cl(2) 117.6(2) 118.6(3)
N(1)-C(13) 1.333(4) 1.336(5) 0(2)~-C(T)-0(3) 126.6(2) 127.1(4)
C(9)-C(10) 1.364(4) 1.370(7) O2)-C(NH-C(8) 119.02) 119.7(4)
C(10)-C(11) 1.359(5) 1.349(8) 0(3)-C(NH-C(8) 114.4(2) H13.43)
C(11)-C(12) 1.367(5) 1.373(8) N(1H-C(8)-C(7) 113.6(2) 111.2(3)
C(12)-C(13) 1.361(4) 1.343(6) C(9)-N(1)-C(13) 121.1(2) 121.2(4)
C(1H)-01" 1.327(4) C(9)-N(1)-C(8) 118.5(2) 120.2(3)
C()-C(6") 1.387(5) C(13)-N(1)-C(8) 120.4(2) 118.5(3)
C(1")-C2") 1.405(5) N(1)-C(9)-C(10) 119.9(3) 120.¢4)
C(2")-C3") 1.365(5) CU-C(0)-C(9)  119.5(3) 118.9(5)
C(2")-CK1’) 1.716(4) C(10)-C(11)-C(12) 119.8(3) 120.6(5)
C(3"-C@') 1.368(5) C(13)-C(12)-C(11)  119.7(3) 118.3(5)
C(4")-C(5") 1.371(8%) N(H-C(13)-C(12) 120.0(3) 121.0(5)
C4)-N2) 1.475(5) O(1")-C(1)-C(6") 125.6(3)
N(2")-0(4") 1.203(5) O(1")-C(1")-C(2") 118.0(3)
N2)-0(5") 1.220(5) C(6")-C(1")-C(2") 116.3(3)
C(§")~-C(6") 1.370(5) C(3")~-C(2")-C(1") 122.4(3)
C(6")-Cl(2") 1.733(4) C(3)-C(2)-Cl(1") 120.1(3)
C(1")-C2")-CK1") 1172.5(3)
C(2")-C(3")-C(4") 118.4(4)
C(3")-C(4"y-C(5") 121.8(3)
C(3")-C(4")-N@2'y 119.0¢4)
C(5")-C(4")-N(2") 119.2(4)
O(4")-N(2")-0(5") 124.5(4)
O(4")-N(2')-C(4") 118.3(4)
O(5")-N(2')-C(4") 117.3(4)
C(6")-C(5")~C(4") 118.9(4)
C(5')-C(6')-C(1") 122.1(3)
C(5")-C(6')-Cl(2") 120.0(3)
C(1')-C(6")-CU2") 117.9(3)
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Table 4
Geometry of hydrogen bonds between PBET and DCNP in the title
compounds

PBET-DCNP PBET-(DCNP),
O(1)-0(3) (A) 2.419(3) 2.452(4)
O(1')--0(2) (A) : 2.623(4)
O(l)H (A) C1.28(5) 1.30(5)
O(1)-H (A) 0.83(6)
O(3)-H (A) 1.16(5) 1.16(5)
O(2):--H (A) 1.83(5)
O(1)-H-0(3) )  165(4) 178(4)
O(1)-H~0(2) (°) 160(6)

PBET-(DCNP);, PBET-H,O and PBET-HCI, the
betaine residues form quasi-planar molecules com-
prising all non-hydrogen atoms except the a,&’ and
8,8’ carbon atoms of the pyridine ring. The latter are
arranged symmetrically with respect to plane E (Table
5). The dihedral angle between the carboxymethyl
groups and the pyridine ring varies with the com-
plexes: PBET-DCNP, 68.3°; PBET-(DCNP),, 82.7°;

PBET-H,0, 84.5°; PBET-HCI|, 84.6°. Planes A and
C form dihedral angles of 75.9° in PBET-DCNP and
86.5° in PBET-(DCNP),. In PBET-(DCNP),, the two
DCNP residues are nearly parallel; the dihedral angle
is 3.80°.

3.2. FTIR and Raman spectra

The FTIR powder spectra of PBET-DCNP and
PBET-(DCNP), at two different temperatures show
a broad absorption which extends from 1600 cm™
down to 400 cm™ (Fig. 2); however, in the Raman
spectra (Fig. 3) this feature is absent. Broad absorp-
tion is typical of compounds with strong hydrogen
bonds and arises from the stretching (strong absorp-
tion) and bending (much weaker absorption) vibra-
tions of the O-H group involved in the short
OH:--O hydrogen bonds. A similar broad absorption
has been observed in the spectra of pyridine N-oxide
hemi-perchlorate, bis(pyridine betaine) hydrochloride
hydrate and several acid salts of carboxylic acids

Fig. 1. Perspective view of the arrangement of the complexes of PBET with DCNP with the atomic numbering scheme: (a) | : | complex; (b)
1:2 complex.
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Table 5
Mean deviation from the least-squares planes and dihedral angles between the planes®

PBET-DCNP PBET-{DCNP), PBETH,0 PBET-HCI
Mean deviation from coplanarity Ay
A 0.007 0.005 0.004 0.004
B 0.002 0.0 0.006 0.00!
C 0.009 0.010 -
D - 0.011 -
E 0.045 0.094 0.005 0.008
Dihedral angles between planes (°) .
AB 68.3 827 845 84.6
AC 759 86.5
AD - 89.2
BC 81.0 81.7
BD - 79.5
CD ~ 38

*Atoms used for the planes: A: N(1), C(9)-C(13): B: 0(2). O(3), C(7). C(8); C: C(1)-C(6): D: C(1")-C(6'): E: O(2), O(3). C(7), C(8), N(1),

C(11).

[32,33]. An additional less intense broad absorption in
the 3300-2100 cm™ region, due to the »qy vibration
of the long hydrogen bond, is present in the
PBET-(DCNP), spectrum (Fig. 5).

According to the reasonably good correlation
between the »oy frequencies and R(O---O) distances
[33], the frequency shifts to lower wavenumbers with
shortening of the hydrogen bond. In the investigated

T v T

075}t a

T
- s,

0.50

0.25 ¢

0.00 |
0.75

Absoerbance

0.50

0.25

0.00
3500 3000 2500 2000 1600 1200 80O 400

Fig. 2. Nujol FTIR spectra of PBET-DCNP (a) and PBET-(DCNP), (b): full line, 299 K: dotted line, 14 K.
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Fig. 3. Powdered FT-Raman (full lines) and second-derivative FTIR (dotted lines) spectra of PBET-DCNP (a) and PBET-(DCNP). (b).
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Fig. 4. FTIR spectra in Fluorolube of PBET-DCNP (1), PBET-(DCNP), (2) and PBET«(PCP): (3).
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Fig. 5. FTIR spectra of: (1) CD;CN: (2) DCNP + CD;CN: (3) PBET + CD:CN; (4) PBET-DCNP + CD,CN.: (5) PBET-(DCNP), + CD;CN.

¢~0.004 mol dm™; I = 1.04 mm.

complexes, this general rule is broken. The short
hydrogen bond in PBET-(DCNP), is longer than that
in PBET-DCNP, but the broad absorption is at lower
wavenumbers (Fig. 2, Table 6). On the other hand. the
longer hydrogen bond can be compared with the
hydrogen bonds in PBET-(PCP), (PCP, pentachloro-
phenol) [34), but as shown in Fig. 4 and Table 6, this
band in PBET-(DCNP), is shifted to higher frequency.
The observed shifts in absorption suggest thai, in
PBET-(DCNP)., the hydrogen bonds perturb each
other.

The vc-o stretching mode in carboxylic acids and
their acid salts appears as a very strong band around
1740 cm ™' in the IR spectra. As shown in Fig. 2, in the
investigated complexes, the v bands are weak:

PBET-DCNP (at 14 K): 1712cm™, Avip =69 cm™;
PBET-(DCNP), (at 14 K): 1710 cm™, Ar,p = 64
cm™, In the Raman spectra, these bands are very
weak and difficult to localize [16]. The low intensity
and relatively large half-width of the »c=(, bands sug-
gest that the proton dynamics in the investigated com-
plexes are slower than those in acid salts and 2:1
complexes of PBET with mineral acids.

In complexes with short hydrogen bonds, the broad
absorption overlaps the skeletal vibrations. In order to
visualize the narrow bands due to the skeletal vibra-
tions, the second-derivative spectra were calculated
(Fig. 3). In the second-derivative spectra, the minima
have the same wavenumbers as the maxima in the
absorption spectra [35-37]. The relative amplitudes

Table 6
Centre of gravity (vy) of selected absorption {due to the hydrogen bond and skeletal vibrations) for PBET-DCNP. PBET-(DCNP), and
PBET-(PCP),
Compound 0---0 distance (A) Region of integration (cm ™) Temperature(K) vy (em™)
PBET-DCNP 2.419(3) 1130400 299 806
1130-400 14 772
PBET-(DCNP}, 2.452(4) 1130-400 299 773
1130~-400 14 : 723
2.623(4) 3400-2000 299 2832
PBET«(PCP), 2.582(6) 34002000 299 2725
2.611(6) 3400-2000 299 2725
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of the bands in the second-derivative spectra vary
inversely with the square of the half-width of the
absorption bands.

The origin of the voy bandwidth and its frequency
in hydrogen-bonded systems is a long-standing
problem. It is probable that this unusual spectroscopic
feature originates from the strong anharmonic
coupling between the high-frequency (vay) and low-
frequency (v 5_u...p) vibrational modes or between v,y
and the low-frequency lattice phonon [38]. The pre-
sent results show an additional coupling between two
different hydrogen bonds.

Although in the carbonyl region acetonitrile-d has
four weak overtones (approximately 1766, 1710, 1680
and 1640 cm™), they cause some difficulties in the
subtraction of absorption due to the investigated

@)

®)

155

complexes. Hence Fig. 5 shows the absorption spectra
of the samples (almost saturated solutions) and sol-
vent. The band at 1657 cm™ in the spectra is attributed
to the »,cop vibration. Its intensity decreases in the
order PBET > PBET-DCNP > PBET-(DCNP),. The
additional absorption at approximately 1710 cm™
must be due to the vc-g vibration of the complexes.
The band at 1639 cm™ is due to the pyridine ring
vibration. Although the diluted solution spectra are
only qualitative, the presence of the »,co0 band at
1657 cm™ indicates that, in solution, PBET is only
partly protonated, and hence the investigated com-
plexes can be described by a prototropic equilibrium,
A~H:--B &= A™---H-B". It seems that the 1:2 com-
plex in solution exists as an equilibrium of the 1:1
complex and *‘free’’ DCNP.

T T T

" 240 260 160

Fig. 6. (a) 'H- -

T

1
{ppm

?o"aﬁ ' ¢

3C CP/MAS (75.468 MHz) experimental spectrum of PBET-DCNP. The spectrum has 8K data points with 20 Hz line

broadening, a contact time of I ms, 1000 scans and v = 2 kHz. The spinning sidebands of the carboxyl group are labelled with asterisks. (b)

Theoretical spectrum of carboxy! group calculated employing the win-Mas program [23); 8, = 246 ppm: b3, = 153 ppm: 63, = 104 ppm.
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3.3. 3C CP/MAS NMR spectra

Fig. 6(a) and Fig. 7(a) display the '*C CP/MAS
spectra of PBET-DCNP and PBET-(DCNP), recorded
at room temperature with rotation speeds of 2 kHz and
2.5 kHz respectively. The assignment of the 3¢C reso-
nances to the carbon atoms of PBET-DCNP and/or
PBET-(DCNP), from such spectra is ambiguous.
Both spectra show a large number of partially over-
lapped spinning sidebands due to the large chemical
shift anisotropy (CSA) of the pheny! rings and carbo-
nyl groups. Furthermore, the presence of the quadru-
polar nuclei "N (/= 1), ¥Cl (/= 3/2) and Cl (1 = 3/
2) directly bonded to the carbon atoms causes signifi-
cant line broadening of the signals.

In order to avoid the problem related to CSA.

(a)

(b)

TR

further results were obtained from spectra monitored
with fast sample spinning (v,; = 10 kHz). The differ-
ences between the spectra shown in Fig. 6(a), Fig. 7(a)
and Fig. 8 are apparent. Fig. 8 presents only isotropic
3C resonances with a clearly resolved aliphatic
region as well as aromatic and carbony! signals. The
CH; signals for PBET-DCNP and PBET-(DCNP), are
found at 6 = 61.3 ppm and § = 61.9 ppm respectively.
The resonances are broadened due to the ’C- ~'*N
quadrupolar effect. Significant differences between
the spectra of PBET-DCNP and PBET-(DCNP), are
observed in the aromatic region covering the chemical
shift range from 130 to 148 ppm. The larger number
of signals in this region for the complex
PBET(DCNP), is related to the presence of two
molecules of DCNP in the asymmetric part of the

A

T T

| S B e £

240 220 200 180 16D xi?wm)liu 00 B0 60 &0 D

Fig. 7. (a) 'H— ~'3C CP/MAS (75.468 MHz) experimental spectrum of PBET-(DCNP),. The spectrum has 8K data points with 20 Hz line
broadening, a contact time of | ms, 1000 scans and v, = 2.5 kHz. The spinning sidebands of the carboxy! group are labelled with asterisks. (b}
Theoretical spectrum of the carboxy! group calculated employing the WIN-MAs program [23]: 8, = 237 ppm; 82, = 168 ppm; 6. = 105 ppm.
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Fig. 8. 'H- - °C CP/MAS (75.468 MHz) experimental spectra of PBET-DCNP (a) and PBET-(DCNP), (b). The spectra have 8K data points
with 20 Hz iine broadening, a contact time of | ms, 1000 scans and v, = 10 kHz.

unit cell. These results clearly show how sensitive
solid state NMR is to molecular packing. Unfortu-
nately, because of the Be--3cchy  and
BC—~"N line broadening effect, the aromatic
resonances cannot be assigned unambiguously.
Interesting information was obtained from a com-
parison of the BC chemical shifts of the carboxyl
groups. For PBET-DCNP, 6 = 167.7 ppm, whereas
for PBET-(DCNP),, the signal is downfield by
2.6 ppm. It is well known that the 3C NMR chemical
shift of carboxyl carbon is sensitive to the spatial
arrangement of the nuclei comprising the hydrogen
bond, since the electronic structure of the carboxyl
group is greatly affected by hydrogen bonding. The
origin of this effect is related to the decrease in elec-
tronic shielding of the carbon as the carboxyl group
becomes more polarized during bond formation. It

seems that the hydrogen bonding effect is responsible
for the small difference observed in the '*C chemical
shifts of PBET-DCNP and PBET-(DCNP),. As shown
by the X-ray data, the carboxyl group of
PBET-(DCNP), is bonded to two molecules of
DCNP via hydrogen bonds (2.452 and 2.623 ;\). How-
ever, in PBET-DCNP, only one shorter hydrogen bond
is present (2.419 A).

Detailed information about the nature of the hydro-
gen bond can be obtained from an analysis of the
principal elements of the chemical shift tensors, 6.
The graphical method based on the Herzfeld and
Berger [25] algorithm was used to establish the §;
parameters for PBET-DCNP and PBET-(DCNP)..
The intensities of the spinning sidebands correspond-
ing to the carboxyl groups were assigned from the
slow spinning spectra (Fig. 6(a) and Fig. 7(a))
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Table 7

13C chemical shift parameters for PBET-DCNP and PBET-(DCNP),

Compound i (PpM) &y, (ppm) 81y (ppm) 81 (ppm) laslippm) O (ppm) 7 I
PBET-DCNP 167.7 246 153 104 117 142 0.63 -0.31
PBET-(DCNP), 170.3 237 . 168 105 102 132 0.94 -0.05

Estimated error in 8y, 821, 833 and A is 2.5 pprﬁ: error in &, is 0.2 ppm. The principal components of the chemical shift tensor are
defined as follows: 8, > 8y, > 833 The isotropic chemical shift is given by §;,=(8); + 632 +833)/3.

employing a deconvolution procedure. The theoretical
spectra of the carboxyl groups for PBET-DCNP and
PBET-(DCNP), are displayed in Fig. 6(b) and
Fig. 7(b). The calculated values of the principal ele-
ments &;, anisotropy A8, asymmetry 7, span { and
skew k are given in Table 7.

From an analysis of the 3C chemical shift para-
meters, it is apparent that the shielding of the carboxy!
groups for the two complexes is different. Moreover,
significant differences are observed for the 6, para-
meters. The orientation of &; with respect to the mole-
cular frame of the carboxyl group is shown in Scheme
1. As 82, is oriented along the C=0 bond, it can be
concluded that the observed downfield shift of
approximately 15 ppm in PBET-(DCNP), relative to
PBET-DCNP is caused by the engagement of the C=0
group in the hydrogen bond. The difference in the &,
parameter (9 ppm), which is aligned along the C-O
bond, is related to the different strength of C-O-
H---O bonding [39]; however, the opposite trend
(downfield shift for PBET-DCNP with a stronger
hydrogen bond) should be emphasized. The changes
in 85, and &,; for PBET-DCNP and PBET-(DCNP),

B33 4

correspond very well to small differences in C=0
(1.213(3), 1.225(4) A) and C-0 (1.271(3), 1.263(5)
A) bond lengths (see Table 3). The most shielded
element 63;, which is orthogonal to the plane con-
taining the C(O)OH group, is very similar for both
complexes.

3.4. UV spectra

In the case of nitrophenols, molecular complexes
(A-H---B) and hydrogen-bonded ion pairs (A™---H~
B) are relatively easily distinguished in the UV spec-
tra, because the ' Ly, transition of nitrophenols is close
to 300 nm, whereas that of nitrophenolate ions is close
to 400 nm (see, for example, Ref. [40]).

Fig. 9 shows the UV absorption spectra of DCNP,
its tetra-(n-butyl) ammonium salt and the 1 : 1 and 1: 2
complexes with PBET. In all the spectra, two bands
near 300 and 420 nm are present (Table 8). The band
near 420 nm in the DCNP spectrum is very weak and
reflects the dissociation in acetonitrile; in less basic
and polar solvents, e.g. CH,Cl,, this absorption
disappears. Another interesting feature is the fine

Scheme 1.
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Table 8
UV absorption data for DCNP and its complexes in acetonitrile

BusN*-(DCNP)~, whereas the reverse is true for the
absorption at 300 nm. This result shows that, in
acetonitrile, both phenolate and phenol residues are

A (cl
Compound 2 (n@ il present and that the acid—base interactions in solution
DCNP 3‘83 :zgg are different from those in the crystal. The comparable
"y 280 absorption intensity at 420 nm in the spectra of
PBET-DCNP 260° 7370 PBET-DCNP and PBET-(DCNP), suggests a similar
(268) (6660) degree of proton transfer in these complexes. As
297 6290 shown in Fig. 9, PBET-DCNP in acetonitrile exists in
(;‘2)(7)) (g:‘l‘g) equilibrium: {0C2:0~-H-0]~ = 0=C-O-H--0".
4 10240 Both forms can interact with a second molecule of
PBET-(DCNP), 261" 9540 DCNP; however, the interaction of the former species
268 9730 ({0::C:-0---H-0J") is preferred and lowers the degree
(297) (13530 of proton transfer. The similar intensity of absorption at
igf‘ :?g;g 420 nm of the two complexes suggests that
Bu.N.DCNP 295¢ 3910 PBET-(DCNP), is not stable in solution and the equili-
308 4110 brium is shifted towards PBET-DCNP and ‘‘free”
321 4340 DCNP.
426 2840

e=2x 107" M. 1=0.0525cm. 'e=125x 107 M, 1=0,0525 cm.
‘=2 x 107 M. /= 0.0151 cm. Shoulders are given in parentheses.

structure of absorption at 300 nm in the UV spectra of
the complexes. The band near 420 nm confirms the
presence of the phenolate moiety in solutions of
PBET-DCNP and PBET.(DCNP),. However, the
absorption intensity at 420 nm in PBET-DCNP and
PBET-(DCNP), is much weaker than that in

30000 T T

-1

20000 | :

mmol

2

10000

¢/cm

500

400
A/nm

Fig. 9. UV specira of DCNP and its complexes in acetonitrile: (1)
DCNP; (2) PBET-DCNP: (3) PBET(DCNP)2: (4) BusN"-(DCNP)™;
¢=2x10"" mol dm™; I = 0.0525 cm.

4. Conclusions

X-Ray studies of the title compounds show that the
betaine molecule is protonated and forms very short
hydrogen bonds with phenolate anion (PBET-DCNP,
0---0 =_2419(3) A; PBET«(DCNP);, OO =
2.452(4) A). In the 1: 2 complex, the second molecule
of DCNP interacts with the second oxygen atom of
betaine with an O---O distance equal to 2.623(4) A.In
the investigated complexes of PBET, a quasi-planar
residue is formed comprising all non-hydrogen atoms,
except the carbon atoms at the o, and 3,8’ positions
of the pyridine ring. The latter are arranged symme-
trically with respect to this plane. The dihedral angle
between the pyridine and phenol rings varies from
75.9° 10 89.2°. In PBET-(DCNP),, the two phenol
rings are nearly coplanar (dihedral angle, 3.8°).

The '*C CP/MAS NMR spectra show signals at
167.7 and 170.3 ppm due to the carboxylate group
in PBET-DCNP and PBET-(DCNP). respectively,
confirming the structures. The most valuable informa-
tion is obtained from an analysis of the principal ele-
ments of the '*C chemical shift tensors; the
anisotropic §; elements can distinguish even subtle
structural differences between the two complexes.
The 65, parameter is sensitive to the character of inter-
action between the C=0 group and DCNP, whereas
the &,, parameter corresponds to the strength of the
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C-O-H---0 hydrogen bond. The isotropic chemical
shift. 8, =(8;, +822+053)/3 ‘‘masks™ the specific
interactions.

The FTIR spectra of the investigated complexes
show a broad absorption at approximately 800 cm™'
due to the vy vibration of the short hydrogen bonds.
The long hydrogen bond in PBET-(DCNP), absorbs at
about 2800 ¢m™'. In PBET-(DCNP),, the absorption
of the short hydrogen bond is shifted to lower frequen-
cies, whereas that of the longer hydrogen bond is
shifted towards higher frequencies when compared
with similar hydrogen bonds in PBET-DCNP and
PBET-(PCP), respectively. These shifts suggest that,
in PBET-(DCNP),, the hydrogen bonds perturb each
other.

The two peaks near 300 and 420 nm in the UV
spectra of PBET-DCNP and PBET-(DCNP), of very
different intensity from those of Bu;N*-(DCNP)~,
demonstrate the prototropic equilibrium of PBET
complexes in acetonitrile. The similar absorption
intensity at 420 nm in the investigated complexes
suggests a similar degree of protonation.
PBET-(DCNP); in solution can be described as an
equilibrium between PBET-DCNP and ‘‘free”
DCNP. The IR spectra in CD;CN confirm this
conclusion.
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ABSTRACT: Polymorphic influences on the phase behavior of three types of binary mixtures of saturated monoacid
triacylglycerols (TAGs), trilaurin/trimyristin (LLI/MMM), trilaurin/tripalmitin (LLL/PPP), and trilaurin/tristearin
(LLL/SSS), were examined by small- and wide-angle X-ray scattering (SAXS/WAXS) using synchrotron radiation.
The carbon numbers (C,) for the fatty acid chains of the three TAGs are 12 (LLL), 14 (MMM), 16 (PPP), and 18
(SSS). In the LLL/MMM system, miscible phase behavior occurred in metastable a and §’ forms, whereas the most
stable 8 form exhibited a eutectic phase. On the other hand, LLL/PPP and LLL/SSS mixtures showed immiscible
phases for a, 8’, and 8 forms. Therefore, the TAG binary mixtures were miscible in metastable polymorphs of a and
B’ forms when C, differed by 2, whereas the immiscible mixtures were constructed in all polymorphic forms when

C, differed by 4 and 6.

Introduction

The phase behavior of triacylglycerol (TAG) mixtures
in a crystalline phase is important in foods, pharma-
ceuticals, and cosmetics!~3 because the fat structures
play dominant roles largely in determining the products’
physical properties such as texture, plasticity, and
morphology. TAG crystals present in the fat products,
such as chocolate, suppository, and lip cream, contain
different types of fatty acid.®® Although the physical
properties of the fat systems are complex because of
polymorphism and mixing behavior of the TAG mix-
ture,’ these properties are highly crucial in industrial
applications of fat blending? and solid/liquid separation.®
Therefore, it is important to precisely analyze the
physical and chemical properties of TAGs in multicom-
ponent TAG mixture system.%1° For this reason, several
groups have studied binary TAG mixtures, but much
remains to be done.11-14

Organic crystals often have several phases.1536 In the
case of binary mixtures of TAG molecules, three phase
types generally occur; (i) the TAGs with similar chemi-
cal structures form a miscible solid-solution phase; (ii)
TAGs with different chemical structures form a eutectic
phase; and (iii) specific interactions between the TAG
molecules result in the formation of a different molec-
ular compound.121417 In addition, polymorphism of TAG
crystals makes the phase behavior more complicated.
For example, miscible mixtures are formed between
tripalmitin (PPP) and tristearin (SSS) in metastable o
and §° polymorphs, whereas the mixtures are eutectic
in the most stable 8 polymorph.’® Systematic studies
using different TAG mixtures have not been done even
though this means that the binary TAG mixtures are
highly influenced by polymorphism. Synchrotron radia-
tion X-ray diffraction (SR-XRD) is a good tool to menitor
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polymorphic phase transformations of various TAG
mixtures in-situl$18-20 and thus was used in the present
study.

In the present work, we used an SR X-ray beam to
examine the kinetic phase behavior of three binary
mixtures of saturated monoacid TAGs, trilaurin/trimyris-
rtin (LLL/MMM), trilaurin/tripalmitin (LLL/PPP), and
trilaurin/tristearin (LLL/SSS). By controlling the cooling
rate of the mixture liquid and by using high-speed
monitoring of the SR X-ray beam, we could detect the
occurrence of metastable (oo and f°) and stable (8)
polymorphs. Traditional phase behavior studies deal
with thermodynamically stable f phase of the mixture
in which metastable a and §’ forms are not isolated,
because of polymorphic transformation to the most
stable B form. In contrast, the phase behavior that
describes melting temperatures of metastable forms
identified during rapid cooling and temperature control-
ling can be defined as phase behavior kinetically. The
carbon number, C,, of the fatty acid chains of the four
TAGs are 12 (LLL), 14 (MMM), 16 (PPP), and 18 (SSS).
These TAGs crystallize in three polymorphic forms, o,
#’, and B, that are characterized by a particular hydro-
carbon chain packing and thermal stability.?1-28 a is an
unstable form in which the TAG molecules are arranged
perpendicular to the lamellar plane and the hydrocar-
bon chains are packed in a hexagonal subeell. § form
is a metastable form that has an orthorhombic perpen-
dicular subcell and hydrocarbon chains that are inclined
with respect to the basal plane by about 108 degrees. 8
is the most stable form and has a triclinic parallel
subcell with the hydrocarbon chains inclined at about
128 degrees. The TAG chains are most densely packed
in B, less dense in #, and loosely packed in a. The
thermal and structural properties of polymorphic forms
of LLL, MMM, PPP, and SSS are listed in Table 1.

‘Experimental Section

Samples of trilaurin (LLL), trimyristin (MMM), tripalmitin
(PPP), and tristearin (SSS) with more than 99% purity were
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Table 1. Physical Properties of Polymorphic Forms of Each Sample®

LLL MMM PPP 88§
o g8 a g o 3 B « g B
T (°C) 16.0 35.0 46.5 33.0 46.5 44.7 56.6 66.4 54.9 64.0 73.1
LD (nm). 3.6 - 8.2 3.1 4.1 3.7 4.6 4.2 4.0 5.1 4.6 4.5
88 (nm) 0.42 0.42 0.46 0.42 0.42 0.46 0.42 0.42 0.46 0.42 0.42 0.46
0.38 0.39 0.38 0.39 0.38 0.39 0.38 0.39
0.38 0.38 0.38 0.38

¢ T'n: melting temperature, LD: lamellar distance, SS: short spacing.
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Figure 1. Time-resolved synchrotron radiation X-ray diffraction spectra concentration ratio LLI/MMM =

left, the temperature change with time.

purchased from Sigma Chemical Co. (St. Louis, MO). No
further purification was done. The binary mixtures of LLL/
MMM, LLL/PPP, and LLL/SSS were prepared by melting the
mixtures of weighted samples above 90 °C followed and by
rapid cooling to 0 °C. Concentration ratios (molar %) examined
for each combination of LLI/MMM, LLL/PPP, and LLL/SSS
were 90/10, 80/20, 70/30, 60/40, 50/50, 40/60, 30/70, 20/80, and
10/90.

The SR-XRD measurement was done on beam lines 9C and
15A at the Photon Factory (PF), a synchrotron radiation
facility in the National Laboratory for High-Energy Physics
(KEK), Tsukuba, Japan. The PF operates at 2.5 GeV and the

X-ray wavelength was 2 = 0.15 nm. Both small-angle X-ray

scattering (SAXS) and wide-angle X-ray scattering (WAXS)
spectra were recorded simultaneously every 10 s with two gas-
flown one-dimensional, position-sensitive detectors, The dif-
fraction spectra of SAXS give information about the lamellar
distance and those of WAXS give information about subcell
packing of the hydrocarbon chains.?” The temperature of the
sample was controlled by LINKAM LK-600PM (Cambridge,

UK). The spectra were taken as the sample went through the

following temperature program: (i) 100 °C for 5 min, (ii)
cooling to 0 °C at a rate of 100 °C/min, (iii) 0 °C for 2 min, (iv)
heating to 100 °C at a rate of 5 °C/min.

The phase diagram of TAG mixtures was constructed with
the melting and transformation temperatures.(T, and T),
which were determined when the SAXS (001) reflection spectra
appeared and disappeared. The polymorphic structures were
determined by the WAXS spectra: in particular, o was

26 (deg.)

70/30 (unit; nm). At

identified by a single peak at 0.42 nm, £ by the closely spaced
peaks at 0.42 and 0.38 nm, and f by a strong peak at 0.46 nm
and the closely spaced peaks at 0.39 and (.38 nm.?"28

Results and Discussion

(a) LLL/MMM System. Figure 1 shows the SR-XRD
spectra of LLL/MMM = 70/30 mixture. After rapid
cooling of the sample from 100 to 0 °C, a single peak
appeared in SAXS with a lamellar distance of 3.7 nm.
In addition to the SAXS peak, a WAXS peak at 0.42
nm appeared. The peak of o in the SAXS spectrum
corresponds neither to LLL (ayry) nor to MMM (ammm)-
This indicates that the o form was a miscible solid-
solution phase.

An increase of temperature caused a solid-state -
transformation from o to £’ in the miscible phase at
about 15 °C; this was identified by the appearance of a
SAXS peak at 3.4 nm and WAXS peaks at 0.42 and 0.38
nm. After further heating of the sample to 35 °C, three
WAXS peaks at 0.46, 0.39, and 0.38 nm appeared which
identify the 8 form. In the SAXS region, a single peak
of the miscible 8’ form (3.4 nm) changed into two peaks
at 3.4 and 3.1 nm. The former 3.4-nm peak identifies
the 8 form of MMM (frvmu), and the latter 3.1-nm peak
is the f form of LLL (Brru). This indicates that separa-
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Figure 2. Phase diagram of the LLL/MMM system con-
structed by using data in Table 2.

tion of Arrr and Aumum occurred after the f'—f polymor-
phic transformation. The same results were observed
at all of the LLL/MMM mixtures that we examined.

Figure 2 shows the phase diagram obtained from the
SR-XRD experiments (Table 2). This phase diagram
indicates the following three points: (i) 8’ was formed
in the mixture system, whereas o transformed directly
to B in the single component systems of LLL and MMM,;
(i) miscible solid-solution phases were formed in the
metastable o and B’ forms of the mixtures over the
entire concentration range; and (iii) a eutectic phase was
formed in the most stable 8 form. These three results
are consistent with the results from the PPP/SSS
system.8

Results of (ii) indicate that the phase behavior of TAG
mixtures is remarkably dependent on the methyl end
packing of the components. In the LLL/MMM mixture,
C, differs by 2. Hence, irregularity of methyl end
packing in the mixture might be so small in a and £
forms, because of their less-dense chain packing, that
mixing of LLL and MMM molecules does not cause
instability of the methyl end packing. LLL and MMM
can, therefore, form a solid-solution phase in the meta-
stable o and §’ forms. On the other hand, § has tight
hydrocarbon chain packing and the degree of chain
inclination with respect to the lamellar plane is high
(128 degrees). This might cause instability of the methyl
end packing of the mixture systems of LLL and MMM,
resulting in the formation of the immiscible 8 phase.

(b) LLL/PPP System. In this mixture system, the
phase behavior is sensitive to the LLL/PPP concentra-
tion ratios. The phase diagram is divided into three
domains: high LLL concentration domain (LLL > 90%),
low LLL concentration domain (LLL < 10%), and
intermediate domain (50% < LLL < 90%).

Figure 3 shows the SR-XRD spectra of the LLL/PPP
= 90/10 mixture taken during cooling and heating
processes. When the mixture liquid was cooled to 0 °C,
opy with a SAXS peak at 3.5 nm and a WAXS peak at
0.42 nm was crystallized. Soon after the crystallization
of opry, By with a SAXS peak at 3.2 nm and two
WAXS peaks at 0.42 and 0.38 nm appears. As the
témperature increased, o melted at 13.9 °C and §
transformed to 8 at about 25 °C. The g'-8 transforma-
tion was revealed by the conversions of SAXS peak from
3.2 to 3.1 nm and WAXS peak from 0.42 to 0.46, 0.39,
and 0.38 nm. Finally, § melted at 51.0 °C. There was
no evidence of crystallization of the PPP fraction at any

Crystal Growth & Design, Vol. 3, No. 3, 2003 371

Table 2. Transformation and Melting Temperatures (°C)
of Binary Mixtures of , LLL/PPP, and

S8
(a) LLL/MMM System
LLL Ty T, T T
(ol %) (o) @) (Brin) (Bram)
0.0 32.1 64.7
0.1 255 36.7 59.8
0.2 26.2 40.9 59.5
0.3 25.2 38.0 60.3
0.4 23.5 37.5 57.4
056 -~ 22.3 37.2 54.2 54.7
0.6 21.0 37.2 511 529
0.7 15.6 851 50.3 50.5
0.8 16.4 37.9 514 52.0
0.9 14.2 197 50.7
10 13.9 52.7
(b) LLL/PPP System
LLL T, T: T T, T
(mol %) (o) (8Ll Briu) (appp) (Brep)
0.0 45.2 69.4
0.1 39.9 73.0
0.2 354 67.8
0.3 35.4 87.8
0.4 37.7 71.4
0.5 24.9 63.0 35.4 - 66.7
0.6 254 50.8 34.6 83.9
0.7 23.4 48.6 33.7 64.4
0.8 23.6 51.0 32.9 59.5
0.8 13.9 237 51.0
10 146 52.7
(¢) LLL/SSS System
(mol %) (a1 (B'LLL (BLw) (asss (Bsss)
0.0 62.3 80.5
01 52.5 7.0
0.2 475 79.7
03 449 778
0.4 43.7 73.8
0.5 24.7 51.2 435 75.0
0.6 . 23.4 481 419 702
0.7 24.3 49.9 43.3 712
0.8 23.1 511 42.5 69.8
0.9 219 511 38.7 64.2
1.0 13.9 627

¢ Ty transformation temperature; Tn: melting point.

temperature examined, which indicates that the PPP
fraction was incorporated into the LLL crystal lattice
in this mixture.

The SR-XRD spectra of the LLL/PPP = 60/40 mixture
taken during cooling and heating processes are shown
in Figure 4. During cooling, it was clearly shown the g
form of LLL and the o form of PPP were crystallized
separately. For LLL fraction, direct crystallization of
B'rir with a SAXS peak at 3.2 nm and two WAXS peaks
at 0.42 and 0.38 nm occurred without the crystallization
of arpy- Almost at the same time, oppp with a SAXS peak
at 4.6 nm and a WAXS peak at 0.42 nm appeared at
35.2 °C. Upon heating, #/111 transformed to fri. at
about 25 °C, as identified by the SAXS peak at 3.1 nm
and WAXS peaks at 0.46, 0.39, and 0.38 nm. On the
other hand, appp transformed to Bppp with a 4.0-nm
SAXS peak at 33.7 °C. The intensity of the (001) SAXS
peak of fppp (4.0 nm) started to increase soon after the
melting of Sy at 50.8 °C. This suggests that the
presence of S, might hinder the transformation from
appp to fppp. The same phase behavior as shown in
Figure 4 was observed in the concentration ranges for
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system for the three polyrhorphic fbrxﬁs. This indicates
that the steric hindrance in the mixture is too large to’

miscible phases were formed in the LLL/PPP mixture

LLL concentrations from 50 to 90%. Hence, the im-

temperature change with time.
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adjust the methyl end packing that might cause the % Liquid
miscible phases, when C, differs by 4 between the 70 FSmmtt b
B :@ component TAGs. 601 y v+
The SR-XRD spectra of LLL/PPP = 20/80 mixture are g fore Prse + Liguid “.
shown in Figure 5. No crystallization of the LLL fraction g 30 M
during the cooling and heating processes was observed § \A_ Bus+ Prer }
in this mixture. appp with a SAXS peak at 4.6 nm and g =
a WAXS peak at 0.42 nm transformed to Sppp that has 03 Busi * aprr
a SAXS peak at 4.0 nm and WAXS peaks at 0.46, 0.39, zai Orre BuL* Gerr
and 0.38 nm. These results show that the LLL fraction ) o EP
is dissolved in the PPP fraction, which revealed the T e oe  os o8
polymorphic stallization of o and transformation LLL (mol%)
from o to § in the same manner as those of pure PPP. . . : :
] The same behavior occurred for LLL concentrations - bB‘lygl:rls; a;giievg;ﬁ:af of the LLLIPPP system constructed
below 50%. .
Figure 6 shows the phase diagram of the LLL/PPP phase behavior of the mixture was same as that of pure
mixture system constructed from the polymorphic trans- .PPP. -
formation and melting temperatures (Table 2). This (c) LLL/SSS System. The phase behavior of the LLL/

phase diagram is subdivided into the following three SS8S system was similar to that of the LLL/PPP system
regions: (i) for the LLL concentrations above 90%, the . (the SR-XRD spectra are not shown), Figure 7 is a phase

LLL fraction transformed from o to § and noindepen-  diagram of the LLL/SSS system constructed from the
dent PPP crystals were detected; (i) for LLL concentra- data in Table 2. For LLL concentrations abave 50%, tisss
il tions between 50 and 90%, the -8 transformation of and f'1uL, erystallized separately and no erystals of oy,
P the LLL fraction and the direct a—f transformation of were observed, when the mixture liquid was cooled to 0

the PPP fraction occurred separately. This indicates that ~ °C. During heating, ogss transformed to fSsss and f'uL
eutectic phases were formed in the three polymorphic transformed to fryr. This shows that LLL and SSS are
forms; (iii) for LLL concentrations below 50%, the LLL immiscible in the three polymorphic forms. Below 50%
fraction was dissolved in the PPP fraction. Hence, the LLL concentration, the SSS fraction involving the LLL
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Figure 7. Phase diagram of the LLL/SSS system constructed
by using data in Table 2.

fraction transformed from a to f without passing
through #'.

In conclusion, it was confirmed that the phase be-
havior of binary TAG mixtures depended on the differ-
ence of C,. The influences of C, have been suggested:
(i) when C, differed by 2, the metastable forms had
solid-solution phases, but the most stable form had a
eutectic phase; (ii) when C, differed by 4 or 6, both TAGs
were not miscible in all polymorphic forms. Unfortu-
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O1(G), 3.8 A between O1(G) and C1(G’), and 4.6 A across the gap
C4(G')~C4(G). Therefore, the occupancies of G and G’ were kept fixed
at 0.25, yielding R = 0.099, R, = 0.097, and an isotropic U value of
0.077 (3) A? for the guest atoms. )

We had assumed for G and G a cis Cg~—C,—C==0 conformatior as
had been definitely indicated by the difference map in which the oxygen
peaks were by far the highest (Figure 14) and by the evidence already
provided above in the analysis on DCA-methyl pentyl ketone. Moreover,
the acetyl moieties of the ethyl methyl ketone G and G’ molecules occupy

. almost the same locations (relative to steroid host) in the channel as the

corresponding H,CCOC,H, moieties of methyl pentyl ketone. Never-
theless, lcast-squares calculations were carried out to verify the positions
of atoms O1 and C! of ethy! methyl ketone in a procedure akin to that
adopted on methyl pentyl ketone. The refinement yielded R = 0.095 and
R, = 0.094. The refined geometries of the guests, shown in Schemé IX
(in angstroms) did not distinguish between the oxygen and methyl groups

. certainly not in terms of the esd’s in the C==0 and C—CH; bond lengths.

Nevertheless, in terms of all the facts presented here, there can be no
doubt as to the cis conformation of C,—C,—C==0 in ethyl methyl
ketone.

"Structure Determination (at 293 K). The final x, y, and z coordinates
of DCA—cthyl methyl ketone at 103 K were used as a starting model for
refinement of the room-temperature crystal structure. An R value of
0.097 was obtained. The isotropic thermal parameter of the guest
molecules converged to 0.169 (6) A%, keeping the occupancies of G and
G’ each fixed at 0.25. )

5.8. DCA-Cyclohexanone (at 293 K). The crystal structure was
solved by MULTAN® although we had strong reason to believe that the
host structure was isomorphous with that of DCA-~di-rerr-butyl diper-
oxymonocarbonate,'? as indeed it proved to be. The host structure be-
longs to the v motif. The C and O atoms of the guest molecule were
unambiguously located, not being subject to disorder by virtue of the
14-A ¢ axis. The occupancy of the guest molecule was taken to be 0.5,
its maximum possible value. Refinement proceeded smoothly to an R
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vAazlue of 0.086; the average U value of the guest C and O atoms was 0.23

5.9. Results of X-ray Crystal Structure Refinements. Details on the
final cycle of refinements are given in Table [1I.  The atomic x, y, and
z coordinates and U, of DCA-acetone (at 103 K), APA—acetone,
DCA~diethyl ketone, DCA-cyclohexanone, DCA-cthyl methyl ketone
(at 103 K), and DCA-methyl pentyl ketone are listed in Tables IV-1X,
respectively. Anisotropic temperature factors Uy, bond lengths, and bond
angles are listed in supplementary material Tables 4S-9S; the x, y, and
2z coordinates of DCA~acetone (at 293 K) and DCA-ethy! methyl ketone
(at 293 K) are listed in Tables 4S and 85, respectively,
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Reaction Pathways in Crystalline Host-Guest Inclusion
Complexes: Rotation by a Net 180° of the Acetyl Group on
Photoaddition of Guest-Acetophenone and
—~m-Chloroacetophenone to the Atom C5 of Host Deoxycholic

Acid
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L. Leiserowitz,*'* and R. K. McMullan'®

Contribution from the Department of Structural Chemistry, The Weizmann Institute of Science,
Rehovot, Israel 76100, and the Department of Chemistry, Brookhaven National Laboratory,
Upton, New York 11793. Received July 11, 1984

Abstract: The crystalline host—guest channel inclusion complexes 5:2 (DCA) deoxycholic acid—acetophenone (C¢HsC’OCH,)
and 3:1 DCA-m-chloroacetophenone (CLCH,C'OCHj;) each yield on UV irradiation a photoproduct via addition of guest
to the steroid tertiary carbon atom CS5 with the formation of a new chiral carbon center C'(OH)(CH,3)(C4H)(DCA) of S
configuration. The crystal structures of the two host-guest complexes were determined by low-temperature (103 K) X-ray
diffraction; a low-temperature (16 K) neutron study was made on DCA-C,H;COCD;. The inclusion compounds DCA~
C¢HsCOCH; and DCA-CLC4H,COCH, each contain two crystallographically independent guest molecules G and G’ arranged
along the channel axes such that both G and G’ should form the same diastereomeric product at C5. A comparison of the
stereochemistry of each of the two isolated photoproducts and the host-guest arrangements at the reaction sites in each
. corresponding complex indicates that photoaddition of the guest molecule to CS5 takes place with a net rotation of 180° by

the guest acetyl group.

1. Introduction

1.1. Statement of the Problem. In the previous paper in this
issue,? we described the regiospecific solid-state photoaddition of

(1) (a) Weizmann Institute of Science. (b) Brookhaven National Labo-
ratory.

0002-7863/85/1507-4058501.50/0

several guest aliphatic ketones to the host deoxycholic acid (re-
ferred to as DCA) in the channels of the bile acids. A comparative
analysis of the stereochemistries of the reaction products formed,

(2) Popovitz-Biro, R.; Tang, C. P.; Chang, H. C.; Lahav, M.; Leiserowitz,
L. J. Am. Chem. Soc., preceding paper in this issue.
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with the corresponding host—guest arrangements at the sites of
reaction prior to photoaddition, demonstrated the topochemical
nature of this reaction. In all the complexes where reaction
occurred, the plane of the guest carbonyl system >C=0 tends
to be perpendicular to the C~H bond of the steroid hydrogen to
be abstracted. Consequently, in these systems, the P, orbital of
the guest oxygen atom tends to be perpendicular to the C-H bond,
and the 7* orbital tends to be paraliel to the C-H bond (Scheme
I). A number of theoretical and experimental studies have been
carried out probing the mechanism of the hydrogen abstraction
in terms of the orientation of the to-be-abstracted hydrogen
vis-a-vis the carbonyl >C==0 system. Zimmerman® suggested
that the hydrogen abstraction is dominated by the electrophilic
attack of the P, orbital of the n — »* excited carbonyl group. This
suggestion was. further supported by Salem’s symmetry plane
assumption,* stating that the most favorable orbital interaction
is one in which the >C=0 and H—X groups are coplanar. On
the experimental side, Turro® observed that irradiation of 2,6-

(3) Zimmerman, H. E. Adv. Photochem. 1963, ], 183 and references cited
therein.
(4) Dauben, W. G.; Salem, L,; Turro, J, N. Acc. Chem. Res. 19758, 8, 41.
(5) Turro, N.J., Weiss; D. W. J. Am. Chem. Soc. 1968, 90, 2185. Davies,
. K.; Dalton, J. C.; Turro, N. J. Mol. Photochem. 1971, 3, 71.
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Figure 1. Atom labeling. (a) Deoxycholic amd (DCA). (b) Accto-
phenone, x = H; m-chloroacetophenone x = CL.

"33

Figure 2. Photoproduct 2 from DCA-acetophenone in its own crystal
structure.

Figure 3. Packing arrang of DCA molecules in the a motif viewed
along the channel ¢ axis. The guest molecules are not shown.

di-n-propylcyclohexanone yields the less stable axial isomer of
2-n-propylcyclohexanone, which he rationalized by an in-plane
approach of the equatorial C~H bond toward the P, orbital of
the excited carbonyl {(Scheme II). From these results, however,
the author could not exclude unambiguously the possibility that
hydrogen can be abstracted by the =* orbital as well. In this
respect, Sugiyama et al.5 noticed that in compound 1, where the
x* orbital is directly aligned toward hydrogen H, the carbonyl
oxygen atom does not abstract that atom upon photoirradiation.
Scheffer, Trotter, and co-workcrs, in their studies on the pho-
tochemistry of rigid tetrahydro-1,4-naphthoguinones in solution
and in the solid state, confirmed that the abstracted hydrogens
are almost coplanar with the carbonyl system >C==0, deviating
from it by an angle no more than 8°. Recently similar studies
were carried out on low-melting a-cyclohexylacetophenones. In
these systems, the hydrogen lies outside the mean plane of the
carbonyl group. The C~H bond of the to—bc-abstractcd hydrogen
and the carbonyl group tends to be parallel.?

(6) Sugiyama, N.; Nishio, T.; Yamada, K.; Aoyama, H. Bull. Chem. Soc.
Jpn. 1970, 43, 1879,

(7) Scheffer, J. R. Acc. Chem. Res. 1986, 13, 283. Trotter, J. Acta
Cryswallogr, Sect. B 1983, B39, 373,

(8) Ariel, S.; Ramamurthy, V.; Scheffer, J. R.; Trotter, J. J. Am. Chem.
Soc. 1983, 105, 6959.
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Table I. *C NMR Data on Photoaddition Products 2 and 3

2 3

C1 32.5 323
Cc2 30.9 309
C3 69.2 69.3
C4 38.1 38.0
Cs 49.3 . 491
Cé 29.1 29.7
o)) 28.8 28.8
C8 37.5 376
Cc9 36.3 36.4
Ci10 417 41.7
Cll 30.8 309
C12 75.2 75.2
C13 46.7 46.7
Ci4 49.2 49.]
Cl1s 24.7 24.7
Clé : 284 28.5
C17 47.9 47.9
C18 13.0 13.0
C19 20.6 204
C20 36.4 36.4
C21 17.6 176
C22 3177 . 316
C23 37 316
C(OH)CH, 85.3 85.1
C(OH)CH, 30.1 30.1
phenyl C's 128.1 127.3

129.0 128.0

129.0 128.0

129.4 128.0

153.0 154.3

Figure 4. (a) Overlapping pair of guest acetophenone molecules G(x,y.z)
and G’(x,y,z") referred to the same molecular site. (b) Molecular overlap
of acetophenone guest moltecules G (shaded atoms) and G’ (unshaded
atoms) in the channel. The arrangement may be derived from the mo-
lecular pair in (a) by applying 2, symmetry to G and G’ along the
channel,

The deoxycholic acid—ketone complexes are ideal for probing
the relative roles of the P, and =* orbitals in the abstraction process
because the carbonyl plane >C==0 of the guest—ketone tends to
be perpendicular to the steroid C-H bond of the to-be-abstracted
H atom. Prochiral ketones are appropriate guests for this purpose
because the prochirality allows a correlation to be made between
the absolute configuration of the new chiral center of the pho-
toproduct with the relative orientation of the guest >C==0 and
host H—C groups prior to reaction. Moreover, we have recently

Tang et al.
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Figure 5. Closest-packed arrangement of acetophenone molecules in a
channel derived from the two independent molecules G{x,y.z) and G-
{x.y.2°) shown in Figure 4. {The coordinates of the channel 2, axis are
x='/,y=0) (a) View edge-on to planc of guest molecules. The
channel walls shown are a part of steroid rings A and B. (b) View
perpendicular to plane of guest molecules. The channel walls are a part
of the steroid side chain.

VI
i Pt
VI

Figure 6. String of nearest neighbor acetophenone G molecules in the
channel. The channel 2, axis passes through x, y = '/,, 0.

observed that the ketone complexes of the bile acids maintain their
crystalline integrity on photoreaction. This fact provided a new
tool to elucidate the fine details of the molecular pathway of a
reaction by allowing one to determine the crystal structure both
before and after reaction.

1.2. Selection of the Models. In the previous paper in this issue,?
it was demonstrated that the prochiral methyl alkyl ketones
(H,C~CO-C,H;,4y, n = 2-5) are unsatisfactory for the above
purpose because these guests from pseudocentrosymmetric pairs
(Scheme 11Ia) in the channels of DCA arranged in such a way
as to yield the two diastereomeric photoproducts (Scheme IIIb).
These host—guest arrangements cannot be exploited to elucidate
the comparative role of P, vs. =* orbitals in the hydrogen ab-
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Figure 7. Four disordered guest arrangements in a given channel which
differ in their z coordinates. The host—guest contacts are the same for e
all arrangements. Z‘L.u I&o Z&e z{ zé\;

i‘ Figure 10. Variation in lattice energy as a result of moving the aceto-
k ?‘q _L phenone molecules G’ and G separately, along the +¢ and —¢ directions

o RS respectively.
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i« _i( )’} Figure 11. Variation in lattice encrgy as a result of separately rotating
i ;} & g : 'i( the acetyl groups COCH; of G and G'.

reactions carried out on complexes of deoxycholic acid (DCA)

(U ) ( b) ( c) occluded with acetophenone and with m-chloroacetophenone
(Figure 1).
Figure 8. Three guest arrangements for which intermolecular potential
energies were calcuiated: (a) 4:10 guest-host arrangement derived from 2. Crystalline Molecular Complex DCA-Acetophenone

the X-ray study; (b) 3:8 guest-host arrangement; (c) 1:3 guest~host
arrangement. 2.1. Seiid-State Photochemistry. Crystals of the complex were
; obtained from a solution of DCA with acetophenone in methanol.
(Kcal /mol) Irradiation of thesg crystals for about 30 days, A >300 nm, yielded
7+30 a single topochemical addition product 2 with 25% yield, as shown

in Scheme IV, The molecular structure of photoproduct 2 (Figure
- 2) was unambiguously assigned from an X-ray analysis (see section
5.9) and C NMR. 3C NMR analysis easily differentiates
-*-020 between the two diastereoisomers, as shown for 1:>hot<>pr'oducts2
from DCA~ethy! methyl ketone and DCA~methyl propy! ketone.
TLC analysis and a 1*C NMR analysis of the product (Table 1)
+40 indicate that only a single diastereoisomer is formed.®
2.2. Crystal Structure and the Guest Arrangement in the
Channel. The crystal structure of DCA—acetophenone was de-

bl T (A°) termined via low-temperature X-ray and neutron diffraction
-8 -3 -2 - | 32 4 analyses (see sections 5.5 and 5.7). The host DCA molecules are
-C +C arranged in the o motif? (Figure 3), as would be expected for

nonbulky guest molecules. Two independent guest molecules, G

;“ x‘ Ir“ and G, were located in the channel. These two molecules nearly
zf' E(‘ coincide in terms of the diffraction analysis; G and G’ differ in

& A position only in the z coordinate along the channel axis by a

. : ?ﬁ separation of 0.8 A as shown in Figure 4. We shall deduce that

the guest molecules are arranged along each channel as depicted

Z'L’ I“‘° ZA‘ 2“’ r‘* I’L° in Figure 5. They form close-packed pairs GG’ separated by gaps.
Within each pair, G and G’ are related along the z direction by

Figure 9. Variation in lattice =nergy as a result of moving the X-ray-
derived chain of acetophenone molecules as a unit along the channel axis.

(9) The protons of methyl-19 appear as two singlets due to hindered ro-

\ . straction. Inan attempt to circumvent such difficulties, we in- tation around the C(5)-COM(CH,}(Ph) bond. When crystals of the product
— itiated a study with acetophenones as qccluded guests, a choice were dissolved at —60 °C, only one conformation was observed; after heating
which eventually proved to be auspicious. Here we describe above 30 °C, the second conformer started to appear.
UMO00011923
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Figure 12. Neutron study of DCA~CH;COCD,. Difference density
syntheses using calculated structure factors based on contribution of
DCA-C¢H;COC. The four maps were calculated in planes perpendi-
cular to the C7—C8 (i.e., C—CD,) and C7~—0 (i.e., C==0) bonds of
guests G and G’. Each plane passes through a point which lies on
extension of bond at 2 distance 1.1 A sin(110-90)° from atom C8 or Ol.
(2) Molecule G. (b) Molecule G’. (i) Maps perpendicular to the
C7—C8 bond. The three peaks of each map correspond to a2 symmetric
D, methyl group as demonstrated by the good fit to the triangles of sides
1.8 A which is the intramolecular distance between D atoms of a methyl
group. (ii) Maps perpendicular to the C7~01 bond. Neither map shows
evidence of a Dy group.

Table II. Distances d (A) between the Guest C=0 Group and the

Host DCA

C==0 DCA d, 103 K d,293 K
(a) DCA-Acetophenone '

O(G) H5 31 31
Héy 32 3.2
Hé6 34 32

C(G) Cs5 3.8 3.9
Ceé 38 39

o(G) H5 29 3.0
Hé 3.7 4.0
Heé’ 39 3.6

C(G") C5 38 39
Cé 4.1 4.0

(b) DCA~-m-Cloroacetophenone

o(G) H5 2.4
Hé* 3.5
He™ 3.3

C(G) Cs 4.0
Ce* 3.5

O(G) H35 2.4

: Hé6 3.8

He¢’ 3.8

(@) Cs 3.6
Cé 3.9

¢Symmetry operation '/; - x,~y,'/, + z was applied to the guest
atom.

a pseudotranslation of ¢+ 0.8 A. The neighboring pairs are related
by a 5¢/2 translation plus a rotation about the 2, axis which passes
along the center of the channel.

Deduction of the Guest Arrangement from the Diffraction
Analysis. The occupancies of G and of G/, i.e., the molar ratio
of guest to host, were refined by X-ray structure factor least
squares to values of 0.202 (6) and 0.215 (8), respectively. These
two individual occupancies were kept fixed at 0.2 in the X-ray

(@)

-4 G)
=G

(13
AR

()

5
T

Figure 13. DCA~acetophenone. Host—guest packing at site of reaction.
The two guest molecules G and G’ and ring A of the steroid are shown.
H atoms omitted on ring A but for H5. (a) View along the steroid
H5-C5 bond. {b) View perpendicular to the H5~C5 bond.

o8,

Figure 14. Moicty C*OHCH,C¢H; and rings A and B of photoproduct
2 of DCA-~acetophenone in its own crystal structure (see aiso Figure 2).
View along the C*~C5 bond. C and O of rings A and B in open circles.

Scheme V
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least-squares refinement. We shall now make use of the principle
of closest molecular packing to demonstrate that the maximum

_ total guest occupancy is 0.4, with individual occupancies of G and

G’ equal to each other at 0.2. Furthermore, we shall show that
the occupancy of 0.4 arises from a unique packing within the
channel; any other feasible arrangement would lead to a lower
occupancy.

The observed individual occupancies of G and G indicate that,
on the average, one in every five crystallographic sites of G, and
G’, is occupied. First we examine whether the channels are
occupied by separate extended strings of G and of G’ molecules,
namely GGGGG and G’'G'G’G’G’. Let the coordinates of 2 G
molecule be x, y, and z and that of G’ be x, y, and z’ where 2z’
=z + 0.8 A/c, G and G’ being referred to the same molecular
site as shown in Figure 4a. A generated string of closest-packed
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Figure 15, Deduced packing arrangement of chloroacetophenone mole-
cules in the channel viewed perpendicular to the plane of the guest
molecule.

Figure 16. Host—guest packing at site of reaction showing chloroaceto-
phenone molecules G and G, as referred to the same steroid site, and
parts of neighboring rings A and B of steroid. H atoms H35, H6, and H6'
are drawn.

G molecules is shown in Figure 6. The nearest neighbor of
G(xy,2) along the channel would be G(!/, - x,~y,}/, + z) because
of the twofold screw symmetry along the channel ¢ axis. In other
words, one in three consecutive sites may be occupied in separate
strings of G and G’ molecules, resulting in a2 maximum total
occupany of 1:3, which is incompatible with the derived total value
of 0.42 (1). Substituting a G’ molecule for G at any molecular
site, in the string, i.e., G’(x,p,z") instead of G(x,y,z), would leave
the maximum occupancy unchanged at 1:3. It is possible to
construct a denser arrangement only if G and G’ form the
close-packed pair G(x,y,z) and G’(x,p,1 + z’) shown in Figure
5. G and G, in this pair, are separated by the length of the ¢
axis + 0.8 A to bring about an acceptable intermolecular HeQ
contact between C4(G)-H and 0(G’) of 3.1 A. When translation
and 2, symmetry are applied (the 2; axis passes through the
channel center at x = !/, y = 0), the nearest neighbor that follows
G'(xy,1 + 29 in the +z direction is G('/, - x,~y,%/, + z) followed
by G'(‘/, - x,-v,’/; + 2", the latter two also forming the
close-packed GG’ pair. The next nearest molecuie, G(x,y,5 +
), is removed by a translation distance of 5¢ from the starting
guest G(x,y,z). This guest structure has a total guest occupancy
of 2/5 = 0.4, with values of 0.2 for both G and G. It is the densest
possible arrangement given that the crystal structure contains only
the two independent guest molecules G{x,y.z) and G'(x,y,z). This
arrangement fits the X-ray structure-factor least-squares results
excellently. The guest molecules thus form a one-dimensional
superstructure in the channel with a translation repeat of 5¢ =
36 A. Room-temperature oscillation photographs about the ¢ axis
of single crystals of DCA~acetophenone did not appear to reveal
any explicit evidence of this superstructure in terms of diffuse
reciprocal layers corresponding to the Sc¢ repeat distance or, what
would appear to be more likely, a 5¢/2 repeat distance which
represents the separation along z between the close-packed GG”

J. Am. Chem. Soc., Vol. 107, No. 13, 1985 4063

pairs in the channel. Nor were we clearly able to discern evidence
of this superstructure by low-temperature (103 K) X-ray dif-
fraction measurements. We infer therefore that the diffuse layers
were 100 weak 1o be observed or that there must be an occasional
break of the superstructure pattern along the channel axis.
Naturally such faults would reduce the total guest occupancy. In
a given channel, there are five different arrangements of the
one-dimensional guest superstructure, four of which are shown
in Figure 7. Thus, there are 25 different arrangements of the
one-dimensional guest superstructure in a disordered unit cell,
because there are two symmetry-related channels per unit cell (see
Figure 3).

Guest Arrangement by Potential Energy.Calculations and
Neutron Diffraction. To furnish complementary evidence for the
correctness of the guest arrangement derived from the X-ray and
neutron diffraction analyses, we examined possible guest ar-
rangement in terms of atom-atom potential energy calcula-
tions.!® ¥ A similar approach has been recently applied to the
inclusion compounds of DCA with phenanthrene and p-(di-
methylamino)azobenzene to help establish the locations of the
guest molecules.!*

We first consider lattice energies of channel motifs as a function
of guest occupancy. The highest possible guest-host molar ratio
is 4.9 for an arrangement in which the neighboring guest molecules
would be separated along the channel by 8 A, which is the distance
between G and G’ molecules of the close-packed pair (Figure 5)
derived from the X-ray diffraction study. The repeat translation
distance along the channel would be 9¢ =~ 64 A = 8 x 8 A. Such
an arrangement may be precluded because it would need to in-
corporate four independent guest molecules, as against the two
(G, G’) derived from the diffraction analysis; moreover, such a
motif would incur poor guest-host contacts as shall become evident
below. Thus, the motif of the highest guest occupancy examined
via lattice energies was that derived from the X-ray study, with
an occupancy of 4:10 (Figure 8a). A plausible arrangement with
the next most dense packing is found in DCA-p-fluoroaceto-
phenone described in the following paper in this series.'* The
motif is shown in Figure 8b, containing a guest occupancy of 3:8
with a2 G’/G molar ratio of 2:1. We may construct an analogous
motif with a G’/G molar ratio of 1:2. A crystal structure con-
taining a random arrangement of these two strings would have
a total guest occupancy of 3:8 and a G/G’ molar ratio of 1:1,
values close to what was found in the present X-ray study. A third
plausible arrangement is the string of G’, or G, molecules (Figure
8c) with a guest occupancy of 1:3. The relative lattice energies
of these three crystal structures a, b, and ¢ are 0, +0.4, and +1.1
kcal/mol,'é respectively. Thus, the most stable structure is the
X-ray-derived complex.!?

Next, the lattice energy was calculated on moving the X-ray
derived chain of molecules in the channel in steps of 1 A. Ateach -

(10) A computer program written by A. T. Hagler and R. Sharon
(CMIN2, Department of Chemical Physics, Weizmann Institute, Rehovot,
Israel) was used for calculation of lattice energies by atom-atom potentials.
Lattice energy minimization was done for several interactions with respect to
the nine parameters defining the Cartesian components of the unit cell vectors
as well as the six translational and rotational parameters for each, but one,
of the molecules in the unit cell. A cutoff distance of 11 A was used for all
minimizations. A 9-6-1 potentia] was used with energy parameters for the
O, C, and H atoms (given in Table 1S, supplementary material) taken pri-
marily from force ficld studies of amides and carboxylic acids'! but for the
oxygen of the acetyl group and the arom. C-H groups. For the O atom of
the acetyl group, we assumed that the net negative charge is 0.38 ¢ instead
of 0.46 ¢ found for the corresponding carbonyl O atom. Here we were assisted
by quantum chemical calculations on formaldehyde and formic acid.'? The
partial charges of C and H of the phenyl group were taken at ~0.08 ¢ and
+0.08 ¢, respectively.!?

(11) Lifson, S.; Hagler, A. T.; Dauber, P. J. Am. Chem. Soc. 1979, 10/,
5131 and references therein.

(12) Eisenstein, M. Ph.D. Thesis, The Feinberg Graduate School, Weiz-
mann Institute, Rehobot, Israel, 1981.

(13) Williams, D. E. Acra. Crystallogr., Sect. 4 1974, A30, 71.

(14) De Sanctis, 8. C., Acra Crystallogr., Sect, B 1983, B39, 366.

(15) Chang, H. C.; Weissenger, Y.; Frolow, F.: Popovitz-Biro, R.; Lahav,
M.; Leiserowitz, L., unpublished results.

(16) One mole = one mole of DCA + the molar fraction of guest, which
equals 0.4, 0.375, and 0.333 for arrangements 3, b, and ¢, respectively,
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Table IIl. Cell Constants and Experimental Data on X-ray and Neutron Intensities of (a),(b) DCA-Acetophenone (C(H;COCD,), (¢).(d)
DCA-Acetophenone (C¢H;COCH,), () DCA-m-Chioroacetophenone, (f) 58-(S)(1-Phenylethanol)deoxycholic Acid (Photoproduct 2)

a b c d e f

cryst temp, K 16 23 103 293 103 293
formula® C1eHeO. C14H 004 C2HO4 C2sHyO; CH 4004 C32H 50;5

*/s(CHD,0) 1/s(CyHsD;0)  */5(CeHeO)  ¥/(CiHs0)  1/5(CH,0CH)
a, ola), A® 25.199 (6) 25.285 (8) 25.243 (7) 25.589 (6) 25.283 (8) 12.107 {2)
b 13.602 (3) 13.611 (4) 13.606 (2) 13.709 (3) 13.639 (4) 15.115 (5)
¢ 7.192 (2) 7.182 (3) 7.198 (2) 7.247 (2 7.198 (4) 7.522 (2)
8, deg 94.08 (3)
zZ 4 4 4 4 4 2
v, A} 2465 2475 2475 2542 2470 1373
space group P2,2;2, P2,2,2, P2,2,2, P2,2,2, P2,2,2, P2,
Dy, g/cm? 1.17 1.14 117 1.24
mp, °C 177-178 177-178 170172 216
diffractometer Brookhaven neutron CAD-4 Siemens CAD-4 Siemens

diffractometer .
crysial size of IX§Sx122 2X3IX6 2X2x4 2X3IX3 1X1 x4
specimen, (mm X 10°%)

radiation’ N(=1.1611 A) X(Mo Ka) X(Cu Ka) X(Mo Ka) X(Cu Ka)
w, cm™ 2.95 0.9 6.3 1.0 6.6
f(maximum) 52 36 70 33 70
w/6 scan ratio 1/1 3/2 1/1 6/5 i/1
max scan time, s 60 50 80 50
no. of reflects? 2564 15196 5425 5930 5415

1313 6488 2770 5812 2712
R, 0.033 0.038 0.03 0.025 0.04

2 The guest-host molar ratios of compounds ¢ and ¢, equal to 2:5 and 1:3, respectively, were determined by X-ray structure-factor least-squares
refinement. ®A(Mo Kay) = 0.70926 A, AM(Cu Ka|) = 1.54041 A. ¢N = Neutron radiation; X = X-rays. ¢Two values given for each compound are
total and independent number of reflections measured. ‘R, = 3|F* - F?|/ L F? where F is an observed structure factor and F the weighted mean of

the corresponding symmetry-related set of observed structure factors.

1,048 1.627 (x) 1.205]1.383
o “CH

Figure 17. Bond lengths and bond angles of the acetyl groups of aceto-
phenone G and G’ after constrained—-restrained refinement.

step, the energy was minimized for two or three cycles. The energy
minimum (Figure 9) corresponds to the observed arrangement,
and the sharp rise in the curve on both sides of the minimum
clearly demonstrates the role played by the host-guest interactions
in determining guest packing.'* The energy was also calculated
on a movement of G’ and G separately from their X-ray-derived
positions. These energy curves (Figure 10) show not only a rise
in energy on guest displacement but that guest G can be more
easily displaced along the -c direction than guest G’ can be
displaced along the +c¢ direction.

In order to support the results of the X-ray analysis that the
acetyl and phenyl moieties of the guest molecules are coplanar,
the crystal energy was calculated on rotation of the acetyl groups
of G and of G’ separately about the exocyclic C(phenyl)-C-
(carbonyl) bonds. These calculations (Figure 11) show that planar
guest molecules yield the lowest lattice energy.

The oxygen and methyl carbon atoms of G and G’ occupy
regions of atomic overlap in the X-ray structure analyses (see

(17) It is relevant that the.calculated lattice energy difference between
observed and hypothetical crystal structures may be as low as 0.5 keal/mol.

See: Berkoviteh-Yellin, Z.; Leiserowitz, L. J. Am. Chem. Soc. 1982, 104, 4052

and references therein. .

(18) One may also infer from this curve that the closest-packed arrange-
ment of guest molecules with a 4:9 guest-host molar ratio would be less stable
than the X-ray derived arrangement.

Scheme VII
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Table IV. X-ray Structure-Factor Refinement of

(a) DCA~Acetophenone at 103 K, (b} DCA~-Acetophenone
at 293 K, (c) DCA-~m-Chloroacetophenone at 103 K, and
(d) Photoproduct 2 at 293 K from DCA-Acetophenone

a b [ d
no. of refined 429 428 407 334
parameters

criterion for
Fonsg exclusion

Q.
[¢)

F < 30(F) F<30(F) F<36(F) F<20(F)

no. of reflect 4260 2511 2536 2686
used in
refinement
weighing scheme  1/(e*(F) + | (5 + 1
0.002F%) 0.002F%)
R 0.059 0.058 - 0.075 0.041
R, 0.051 0.058 0.076 0.041

2H atoms belonging to a CH, or a CH; group of steroid (DCA)

. constrained for most groups to have same isotropic temperature factor.

Figure 4). Thus, several strategies were adopted by using X-ray
structure-factor least squares (see section 5.5) to unambiguously
locate these two atoms and to distinguish between them. However,
this X-ray study could not definitely establish that there is no
minor amount of orientational disorder of the methyl C and O
atoms of the guest acetyl group. The neutron study, at a tem-
perature of 16 K on DCA-C{H;COCD; (see section 5.7), con-
firmed the positions of the oxygen and methyl carbon atoms of
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Table V. (DCA) Deoxycholic Acid-Acetophenone (at 103 K): (a) x, y, and z Coordinates (X10%) and U, (x10° A% of the C
and O Atoms of Deoxychoiic Acid (Average o(Ug) = 0.001 A?), (b) x, y, and z Coordinates (X10%) and Isatropic U (A% X 10%) of H
Atoms of Deoxycholic Acid, () x, y, and z Coordinates? (X10%) and {# (Isotropic) (A%X10%) of the Guest Acetophenone Molecules and G’

(a) x, y, z, and U, of C and O Atoms of Deoxycholic Acid

atom X ¥ z Uy atom X y z Ue
) 1260 (1) 2124 (2) 3537 (3) 22 c(1s) 1616 (1) 5597 (1) 22477 (3) 21
c(2) 702 (1) 1826 (2) 2977 (3) 2 C(16) 1357 (1) 6620 (2) -2305 (3) 22
c(3) 725 (1) 1116 (2) 1358 (3) 21 camn 1063 (1) 6641 (1) -407 (3) 17 )
C(4) 1021 (1) 1561 (2) -271 (3) 19 c(18) 1864 (1) 6114 (2) 1479 (3) 19 i
Cs) 1584 (1) 1893 (1) 274 (3) 19 c(19) 2148 (1) 2741 (2) 2702 (4) 26
C(6) 1874 (1) 2337 (2) -1400 (3) 22 C(20) 1062 (1) 7678 (1) 431 (3) 19
c(7) 1660 (1) 3344 (2) -1942 (3) 20 c@l 780 (1) 7742 (2) 2312 (3) 26
C(8) 1646 (1) 4060 (1) -311 {3) 16 c(22) 836 (1) 8441 (2) -939 (3) 22
C(9) 1338 (1) 3602 (1) 1333 (3) 16 c(23) 257 (1) 8294 (2) ~1493 (4) 28
c(10) 1580 (1) 2609 (1) 1953 (3) 18 C(24) 83 (1) 9088 (2) -2807 (3) 23
cay 1258 (1) 4348 (1) 2901 (3) 17 0(25) 190 (1) 874 (1) 860 (3) 27
C(12) 999 (1) 5312 (1) 2268 {3) 16 0(26) 469 (1) 5106 (1) 1652 (2) 20
c(13) 1325 (1) 5786 (1) 703 (3) 16 o@n 91 (1) 9956 (1) ~2444 (3) 39
C(14) 1379 (1) 5019 (1) -868 (3) 17 0(28) -84 (1) 8758 (1) -4420 (2) 24
atom x y z U atom x 3% z v
(b) x, y. 2, and U of H Atoms of Deoxycholic Acid (¢} x, y, z. and U of Guest Molecules
H(1) 1246 (9) 2546 (17) 4714 (35) 20 (6)
H) 1417 (9) 1515 (17) 3925 (33) 18 (6) Acetophenone Molecule G
HQ) 483 (10) 2391 (17) 2621 (34) 24 (6) o 2747 174 -158 331 (1)
H(2) 501 (10) 1511 (19) 3984 (38) 31 (7) (1) 2539 13 1761 33 (1)
H(3) 928 (9) 470 (17) 1710 (34) 21 (6) Cc2) 2074 ~522 1976 48 (1)
H(4) 1051 (9) 1066 (17) ~1150 (36) 20 (6) C(3) 1869 -686 13734 48 (1)
H(4") 815 (8) 2100 (15) -783 (29) 4(5) C{4) 2125 -321 5285 33 (1)
H(S) 1776 (10) 1280 (20) 691 (40) 36 (7) c(5) 2588 211 5084 48 (1)
H(6) 1823 (9) 1906 (16) ~2438 (34) 15 (5) C(6) 2796 379 3321 48 (1)
H(6") 2267 (11) 2431 (18) -1088 (36) 30 (7) H(1) 1896 -177 852 48 (1)
H(7) 1869 (10) 3637 (19) -2986 (39) 30(7) HQ2) 1530 -1077 3839 48 (1)
H(7") 1292 (10) 3309 (17) ~2436 (36) 24 (6) H(3) 1987 -427 6598 48 (1)
H(8) 2013 (10) 4188 (18) 170 (37) 28 (7) H(4) 2770 472 6213 48 (1)
H(9) 969 (9) 3456 (16) 800 (32) 15 (5) H(S5) 3136 m 3208 48 (1)
H(D 1034 (9) 4108 (16) 3816 (34) 15 (5) C(3) 3269 682 -400 58 (3)
H(11) 1602 (10) 4506 (16) 3430 (34) 20 (6) H(6) 3270 1341 148 58 (3)
H(12) 971 (9) 5721 (16) 3272 (33) 16 (6) H(T 3354 751 -1743 58 (3)
H(14) 1023 (9) 4879 (15) ~1258 (31) 12 (5) H(8) 3560 m 203 58 (3)
H(15) 2029 (10) 5635 (18) -2372 (36) 28 (6) o(1) 2502 -134 -149} 78 (3)
H(15) 1537 (9) 5240 (16) ~3655 (34) 16 (5) }
H(16) 1623 (10) 7103 (19) ~2251 (37) 27 (6) Acetophenone Malecule G
H(16") 1082 (11) 6708 (19) —3387 (40) 34 (7) C(7) 2683 10 852 3N
H(17) 687 (8) 6448 (14) -578 (28) 6 (5) C(1) 2491 =52 2812 33(
H(18) 2067 (9) 6480 (18) 674 (36) 23 (6) C(2) 2028 =574 3170 48 (1)
H(18") 2083 (9) 5543 (17) 1883 (33) 22 (6) C(3) 1838 ~647 4970 48 (1)
H(18") 1816 (9) 6494 (18) 2567 (37) 25 (6) C(4) 2106 -204 6421 33
H(19) 2398 (11) 3074 (19) 1788 (38) 39 (8) €(5) 2566 315 6077 48 (1)
H(19") 2307 (10) 2101 (19) 2998 (36) 32 (7) C(6) 2759 392 4271 48 (1)
H(197) 2173 (9) 3141 (1) 3891 (37) 25 (6) H() 1842 -885 2116 48 (1)
H(20) 1445 (8) 7830 (15) 577 (30) 12 (5) H(2) 1501 ~1031 5180 48 ()
H(21) 973 (10) 7455 (18) 3265 (38) 32(7) H(3) 1979 -242 7760 48 (1)
H(219 428 (11) 7408 (19) 2348 (39) 40 (8) H(4) 2757 633 7134 48 (1)
H(217) 715 (10) 8402 (20) 2696 (36) 30(7) H(5) 3098 778 4033 48 (1)
H(22) 1046 (10) 8435 (18) ~2044 (39) 31 C(8) 3203 503 467 38 (3)
H(22%) 892 (9) 9107 (17) -414 (34) 23 (6) H(6) 3206 1187 891 38 (3)
H(23) 40 (12) 8357 (21) -456 (44) 45(8) H(7) 3276 S04 -890 58 (3)
H(23") 203 (11) 7675 (21) -2032 (40) 40 (8) H(8) 3498 126 1113 58.(3)
H(25) 209 (10} 610 (20) ~192 (42) 36 (7) o) 2427 -365 -393 78 (3)
H(26) 252 (10) 5311 (18) 2416 (38) 26 (7)
H(28) -175 (13) 9249 {24) ~5066 (49) 63 (10)

Uy = '/5L T Usa"a*aa; G and G’ each refined as a rigid body. Thus, all atoms of each molecule have same o(x), a(y), o(z) for G = 3, 6,
and 9 (X10%), respectively, for G’ = 3, 6, 10 (X10%). °Atoms witlun each group [C(7), C(1), C(4)], [C(2)...H(5)], [C(8)...H(8)], and O(1) refined
with same U

{ -her,

G and G’ (see Figure 12) as determined by the X-ray analysis.
Moreover, Figure 12 displays no evidence of orientational disorder
of the acetyl groups of G and of G’. These results are supported
by potential energy calculations. Interchanging oxygen and CH;
of guest G’ induces relatively unfavorable contacts between the
methyl H atoms of G’ and the para H atom of G (see Figure 5);
the rise in energy of guest G’ is 1.7 kcal/mol of the guest. In-
terchanging oxygen and CHj of G induces a rise in energy of |
kcal/mol of the guest. We may conclude that these atom-atom
potential energy calculations are completely consistent with the
guest structure derived from the X-ray and neutron analyses.

2.3. Structure-Reactivity Relationship in DCA—Acetophenone.
The UV irradiation of the crystals was conducted at room tem-
perature, but the crystal structure determined was at 103 K. In
order to confirm that the structures at the two temperatures are
almost the same, X-ray diffraction data were collected at room
temperature, and this structure was refined to an R value of 0.06,
(see section 5.6). The guest-host distances at the site of reaction
at the two temperatures match to within 0.2 A (Table I1a) and
thus we may safely refer to the low-temperature structure in
considering structure-reactivity relationships at room temperature.

The orientation of the G and G’ acetophenone molecules in
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Table V1. Deoxycholic Acid-m-Chloroacetophenone (at 103 K): (a) x, , and z Coordinates (X10%) and Uy, (A2 x10% the C
and O Atoms of Host Deoxycholic Acid (Average o(Uy,) = 0.002 A?), (b) x, y, and z Coordinates (X10%) and Isotropic U (A%, X10%) U (A? x
10%) of Deoxycholic Acid, (c) x, y, and z Coordinates® (X10*) of the Guest m-Chloroacetophenone Molecules G and G’

(All Atoms Were Refined with an Overall U(Isotropic) = 0.055 (2) A?)

(a) x, , 2, and U of C and O Atoms of Deoxycholic Acid

atom X y z Ug atom X y z Usg
c() 1257 (2) 2095 (4) 3585 (8) 23 c(15) 1621 (2) 5584 (4) ~2402 (8) 24
) 710 (2) 1793 (4) 3014 (8) 24 c(16) 1355 (2) 6596 (4) -2227 (8) 24
c@3) 742 (2) 1084 (4) 1378 (8) 22 c(17) 1056 (2) 6616 (3) -335 (7) 16 .
C(4) 1038 (2) 1537 (3) -228 (7) 17 c(18) 1853 (2) 6087 (3) 1592 (8) 19
c(s) 1600 (2) 1870 {4) 339 (8) 22 c(19) 2146 (2) 2733 (4) 2802 (9) 27
c(6) 1890 (2) 2329 (4) ~1358 (9) 23 €(20) 1050 (2) 7641 (3) 516 (1) 20
() 1673 (2) 3338 (4) -1884 (7) 21 c2n 765 (2) 7702 (4) 2384 (8) 26
c(8) 1655 (2) 4043 (3) -233 (7) 17 C(22) 330 (2) 8414 (4) -852 (8) 2
C(9) 1342 (2) 3581 (3) 1393 (7) 15 c(23) 254 (2) 8253 (4) ~1449 (9) 29
c(10) 1582 (2) 2589 (3) 2035 (7) 17 C(24) 86 (2) 9051 (4) -2797 (8) 26
can 1250 (2) 4314 (3) 2996 (7) 17 0(25) 208 (2) 844 (3) 841 (6) 27
C(12) 990 (2) 5279 (3) 2339 (7) 16 0(26) 461 (1) 5065 (2) 1673 (5) 20
c(13) 1320 (2) 5760 (3) 784 (7) 16 0(27) 108 (2) 9920 (3) ~2466 (7) 45
C(14) 1385 (2) 5002 (3) -798 (7) 16 0(28) -100 (1) 8724 (2) -4383 (5) 25
atom x y z U atom x y z U
(b) x, y, 2z, and U of H Atoms of Deoxycholic Acid (¢) x, y, z, and U of the Guest Molecules G and G’
H{1) 1216 (22) 2619 (43) 4611 (87) 23 (11) ,
H(1) 1373 (23) 1471 (43) 3944 (87) 23 (1) m-Chloroacetophenone Molecule G
H(2) 504 (20) 2445 (37) 2557 (74) 22 (10) ci1) 2990 656 8033
H(2) 530 (21) 1530 (39) 4080 (81) 22 (10) c) 2375 -146 3143
H(3) 924 (20) 428 (41) 1573 (80) 25 c(2) 1898 -571 3676
H(4) 1009 (23) 966 (27). -1053 (61) 30 (10) c(3) 1761 -623 5560
H(4") 811 (21) 2115 (40) -721 (83) 30 (10) c(4) 2099 -230 6940
H(5) 1792 (18) 1267 (22) 655 (78) 30 c(s) 2572 187 6341
H(6) 1749 (20) 1932 (33) -2386 (50) 26 (10) c(6) 2716 244 4485
H(6) 2244 (23) 2364 (38) ~1278 (77) 26 (10) o 2542 -80 1147
H(7) 1875 (20) 3609 (36) ~2877 (79) 18 (9) c(8) 3061 394 687
H(7) 1322 (22) 3265 37) -2423 (77) 189 - o(l) 2265 -403 -95
. H(8) 2039 (19) 4219 (34) 317 (70) 6 (12) H(1) 1664 -850 2614
H(9) 980 (20) 3399 (36) 860 (75) 15 H(2) 1407 -340 5973
H(1) 1563 (11) 4475 (34) 3745 (58) 11 (8) H(3) 2001 ~263 8347
H(11) 997 (19) 3966 (33) 3891 (71) 11 8) H(4) 3067 558 4075
H(12) 967 (19) 5701 (28) 3443 (41) 12 (12) H(5) 3088 1068 1156
H(14) 1026 (8) 4763 (40) . -1053 (86) 27 (16) H(6) 3117 426 694
H(15) 2015 (22) 5551 (39) -2099 (80) 24 (10) H(7) 3363 -11 1235
H(15) 1626 (21) 5180 (38) ~3696 (80) 24 (10) )
H(16) 1617 (19) 7046 (35) 2196 (73) 10 (8) m-Chloreacctophcnonc Molecule G
H(16) 1089 (19) 6697 (35) ~3140 (75) 10 (8) CI(1) 3402 966 9435
H(17) 667 (21) 6414 (37) 421 (7. 22 C(1) 2478 -22 5339
H(18) 2088 (15) 6437 (30) 734 (53) 10 (7) C(2) 2067 -469 6321
H(18)) 2082 (18) 5511 (33) 2029 (67) 10 (7) C(3) 2071 -469 8263
H(18") 1763 (18) 6471 (28) 2706 (37) 10 (1) (4 2487 -12 9261
H(19) 2377 (24 3150 (44) 2030 (87) 35 (10) €(5) 2889 419 8220
H(19") 2340 (23) 2202 (44) 2612 (86) 35 (10) C(6) 2893 431 6292
H(19") 2140 (23) 3195 (43) 3868 (87) 35 (10) (M 2494 -4 3254
H(20) 1412 (10) 7727 (47) 981 (92) 44 (19) C(8) 2949 491 2300
H(21) 944 (18) 7319 (32) 3354 (50) 22 (8) O(1) 2145 -382 2333
H(21) 409 (21) 7333 (37) 2402 (76) 22 (8) H(1) 1772 ~788 5530
HQ21) 727 21) 8323 (41) 2882 (76) 22 (8) H(2) 1768 =197 9014
H(22) 1059 (21) 8270 (37) ~1945 (81) 20 (10) H(3) 2494 -10 10712
H(22) 838 (19) 9052 (38) -345 (75) 20 (10) H(4) 3194 756 5553
H(23) -23 (22) 8244 (38) -277 (87) 26 (11) H(5) 2991 1180 2670
H(2) 210 (21) 7540 (39) ~1889 (85) 26 (11) H(6) 2902 485 913
H(25) 250 (23) 499 (37) -319 (44) 38 (17) H(N) 3291 124 2591
H(26) 192 (14) 5318 (37) 2493 (64) 25
H(28) - -272 (19) 9254 (25) -5025 (72) 18 (15)

4G and G’ each refined as rigid body. Thus, all atoms of each molecule have same o(x), o(y), 6(z) = 5, 9, and 15 (X10*), respectively for G and

4, 8, 16 (X10% for G'.

proximity to the (abstracted) HS atom of the steroid is shown in
Figure 13. The O(G’)---H5 distance is 2.9 A, less by almost 1
A than either O(G’)--H6 or O(G’)-H6,, The carbonyl C7-
(G")~C5 and C7(G')~C6 distances are 3.8 and 4.1 A, respectively
(Table Ila). These distances are completely compatible with the
reaction involving addition of G’ to C5 of the steroid. The O-
(G)-H3 distance of 3.1 A is 0.1-0.3 A less than that of O(G)--H6
and O(G)--Hé’; the C7(G)--C5 and C7(G)--Cé6 disstances are
equal at 3.8 A, Thus, purely in terms of distances, one might have
expected addition of G to C5 and also to C6. Censequently other
factors may play a role, such as differences in ease of abstraction

of H5 and H6 and that it appears sterically easier to add a large
group at C5 than at C6, C5 being more centrally located on the
steroid wall. A comparison of the host-guest arrangement in
Figure 13 with the absolute configuration S about the newly
generated chiral center C(OHCH,;CgH;) of the product, as found
in its own crystal structure (Figures 14 and 2), shows that the
ketone adds from its Si face, which is the more distant from the
steroid in the starting structure, rather than from its Re face. This
stereochemical relationship, exemplified in Scheme V, implies the
need for unusual motion of the guest acetyl group on reaction.
Indeed it indicates that on photoexcitation, the acetyl group of
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Table VII. Photoproduct 58-(S)(1-Phenylethanol)deoxycholic Acid (2): x, y, and z Coordinates (X10%) and U/Uy, (X10%, A?) (The Averages
o(x), e(y), o(z), and (1) Values for the H Atoms Are 0.0045, 0.0040, 0.0065, and 0.015 A?, respectively)

x ¥ z U x y z U,

C(1) 4474 (3) 2400 (3) 5079 (6) 39 H(1) *4946 1920 5317 33
C(2) 4904 (3) 2890 (3) 3478 (7) 46 H(1) 4631 2842 6213 43
C(3) 4204 (4) 3691 (3) 3029 (6) 43 H(2) 4915 2343 1713 57
C(4) 2983 (3) 3418 (3) 2703 (5) 35 H(2) 5652 2975 3621 50
C(5) 2478 (3) 2944 (2) 4280 (4) 26 H(3) 4231 4094 4274 38
C(6) 1304 (3) 2629 (3) 3595 (6) 38 H(4) 2977 3054 1775 36
C(7) 1269 (3) 1921 (3) 2161 (6) 38 H(4") 2507 3971 2368 26
C(8) 1923 (3) 1113 (3) 2795 (5) 31 H(6) 858 3198 3098 49
C(9) 3134 (3) 1377 (3) 3337 (5) 31 H(6") 792 2288 4096 66
C(10) 3245 (3) 2112 (3) 4852 (5) 31 H(7) S 1522 2190 942 35
C(11) 3837 (3) 545 (3) 3819 (5) 35 H(7) 644 1819 2004 37
C(12) 3766 (3) -187 (3) 2411 (5) 33 H(8) 1437 807 3780 45
C(13) 2546 (3) -457 (2) 1947 (5) 28 H(9) 3388 1681 2172 32
C(14) 1918 (3) 397 (3) 1359 (5) 31 H(11) 3537 207 . 4881 29
C(15) 787 (3) 60 (3) 602 (6) 42 H(11) 4657 666 3974 38
C(16) 1064 (4) -816 (3) =315 (8) 46 H(12) 4313 -746 2742 41
c(17) 2290 (3) -1053 (3) 275 (5) 31 H(14) 2243 631 152 36
C(18) 2073 (3) -882 (3) 3594 (5) 40 H(15) 432 446 -256 31
C(19) 2972 (4) 1709 (3) 6652 (5) 45 H(15") 387 -92 1653 34
C(20) 2448 (2) -2063 (2) 478 (4) 32 H(16) 1020 -828 -1605 45
c@y) 3611 (3) ~2298 (3) 1268 (6) 44 H(16") 487 -1255 -17 40
C(22) 2177 (3) -2538 (2) -1308 (5) 35 H(17) 2849 -914 ~608 26
C(23) 1995 (3) -3540 (3) ~1116 (5) 39 H(18) 1443 -1135 3322 107
C(24) 2994 (3) -4131 (3) -891 (5) - 38 H(18%) 1979 -507 4649 58
0O(25) 4582 (3) 4082 (3) 1456 (6) 65 H(18") 2550 ~1325 3873 59
0O(26) 4292 (2) 126 (2) 901 (4) 44 H(19) 2183 1437 6773 67
027 2922 (3) -4882 (2) -279 (5) 61 H(19) 3228 2226 7677 89
0(28) 3904 (2) -3844 (2) ~1493 (4) 50 H(19"") 3498 1302 6832 67
C(29) 2297 (3) 3662 (2) 5844 (4) 35 H(20) 1824 -2295 1318 35
C(30) 1469 (4) 3390 (3) 7210 (6) 48 H2D 3689 ~2914 1304 59
C(31) 1894 (3) 4571 (3) 5056 (4) 37 H(21") 3778 -2108 2467 73
C(32) 2638 (4) 5267 (3) 4914 (6) 46 H(21") 4164 ~2045 650 72
C(33) 2277 (5) 6098 (3) 4313 (7) 62 H(22) 2747 -2408 -2109 47
C(34) 1187 (5) 6257 (4) 3875 (7) 64 H(22) 1438 ~234] -1757 48
C(35) 426 {(4) 5570 (4) 3991 (6) 55 H(23) 1646 -3777 -2348 71
C(36) 785 (3) 4737 (3) 4597 (5) 44 H(23) 1630 -3639 -41 50
o3 3345 (3) 3798 (2) 6801 (4) 47 H(25) 4012 4073 766 8
i H(26) 4383 -224 327 44
H(28) 4405 —4471 -1573 190

H(30) 657 3288 6667 56

H(30") 1495 3848 8100 51

H(30") 1895 2837 7683 98

H(32) 3407 5174 5294 44

H(33) 2733 6598 4203 112

H(34) 852 6900 3368 151

H(35) -312 5740 3733 63

H(36) 244 4319 4692 69

H(37) 3155 3872 7664 197

acetophenone undergoes a net rotation of 180°.

3, Crystalline Molecular Complex of
DCA-m-Chloroacetophenone

3.1. Choice of Guest. In order to further substantiate the
bizarre photochemical result from DCA-acetophenone, we con-
ducted a chemical-crystallographic study on DCA-~m-chloro-
acetophenone. '

3.2. Solid-State Photochemistry. Crystals of the complex were
obtained from a solution of DCA and m-chloroacetophenone in
methanol. Irradiation of this crystalline material, A > 300 nm,
for about 30 days led to the formation of one (15%) diastereomeric
product 3 of addition to position C5 (Scheme VI). The structure
assignment of the product was done by *C NMR analysis with
analogy to product 2 (Table I).

'3.3. Guest Packing and Structure Reactivity. The crystal
structure of DCA-m-chloroacetophenone was determined by
low-temperature (103 K) X-ray diffraction (see section 5.8). The
host structure is almost identical with that of DCA-acetophenone.
Two independent guest molecules G and G’ were located in the
channel from the structure-factor least-squares refinement. Their
occupancies were refined freely to values of 0.167 (3) and 0.168
(3). respectively, yielding a sum of 0.335 (6). These two occu-

pancies are very close to the value of 1:6. There are only two
distinct ways of arranging the guest molecules given their refined
positions and occupancies according to which one in six of each
of the different G and G’ crystallographic sites is occupied. In
the one possible motif, the guest molecules are arranged in separate
strings GGGG and G'G*G’G’. In each such string, the near-
est-neighbor guest molecules are related by one and a half
translations along c plus a rotation about the 2, axis, as in Figure
6 for acetophenone. In other words, if the coordinates of G be
x, y, and z, then its nearest neighbor along the channel will be
at '/, — x,~p}/, + z. Such an arrangement has a maximum total
guest occupancy of 1.3, which is completely compatible with the
refined individual occupancies. In such an arrangement, the
nearest neighbor guest atoms would be separated by approximately
5 A. In the alternative way of arranging the guest molecules,
G(x,y2) and G'(*/, ~ x,~y,} [, + z°) follow each other alternately,
as shown in Figure 15, In this arrangement the maximum total
occupancy is 1:3 and the individual occupancies of G and G’ =
1:6, which is aiso compatible with experiment. One would ten-
tatively assume that the latter arrangement is the one adopted,
otherwise why the necessity for two independent guest molecules
G and G’ with equal occupancies and which are arranged to form
close-packed pairs. The contact within a closed-packed pair is
4.3 A between C1(G) and O(G’). Between pairs there is a gap
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of 6.7 A. It is impossible to reduce this large gap to an acceptable
value by relating G and G’ by pseudotranslation as in DCA~
acetophenone. In such a hypothetical arrangement, G’('/, ~
x,-p,%/, + 27 would be followed in the +¢ direction by G('/, -
x,~p.3/, + 2), instead of by G(x,,3 + z); however, the former
two molecules would be separated by an prohibitively short Ci-
(G")+C(G) contact of 2.3 A.

According to Figure 16, the C5-H5 bond of the steroid is
situated on the Re side of the guest acetyl groups of G and G,
and thus the photochemical addition should follow a similar
sterecchemical pathway as in DCA-acetophenone. The host—guest
distances at the sites of reaction are listed in Tabie 1Ib. According
to this table and Figure 16, molecule G’ is best positioned to react
with atom C5 of the stercid. [O{G")--H5 2.4 A, CT(G)-C5 3.6
A). The short O(G)--HS$ distance of 2.4 A as opposed to O-
(G)~Hé6,, Hé,, distances of 3.3 and 3.5 A is compatible with
the observation that reaction occurs only at CS. However, the
relatively long C7(G)--C35 distance of 4.0 A may preclude pho-
toaddition of G to CS5, for we cannot say at this stage whether
G reacts as well as G'.

4. Conclusion

This unusuzl molecular reaction pathway found in DCA~
acetophenone and DCA-m-chloroacetophenone made it imperative
to design a crystalline complex of DCA-substituted acetophenone
whose host-guest packing would yield the (missing) diastereomeric
photoaddition product, with absolute configuration R at the newly
generated chiral carbon. In order to obtain this product, it was
necessary to modify the observed guest packing in the channel
such that a substituted acetophenone molecule would expose face
Si to the steroid C5—-HS5 bond. This piece of crystal engineering
is described in a forthcoming paper.!

5. Experimental Section

5.1. General Remarks and Chemical Procedures. Melting points were
measured on a Gallenkamp apparatus in capillaries and are uncorrected.
'H NMR spectra were recorded on a Varian A60, HFX-10-Bruker 90-
MHZ, and a Bruker WH-270 spectrophotometers by using tetra-
methylsilane as internal standard. “C NMR spectra were recorder on
a Bruker WH-270 spectrophotometer by using deuterated acetic acid or
deuterated methanol as solvents and as an internal lock and tetra-
methylsilane as internal standard. Mass spectra of the methyl esters of
the products were recorded on a Mat 731 high-resolution mass spec-
trometer. TLC separations were performed on silica gel on aluminum
foil, DC-Karten SI {supplied by Riede! de Haen AG, Seelze-Hannover).
Column chromatography was performed on Kieseigel 60 (0.063~0.2)
supplied by Merck. Irradiation was by Westinghouse sunlamps through
Pyrex Petri dishes. Commercial DCA (deoxycholic acid) was purified
from fatty acids and cholic acid on a silica gel column eluted by 0.5%
acetic acid in ethyl acetate.

All complexes were prepared by cocrystallization of DCA with the
guest from methanol by slow evaporation of the solvent. In a 1ypical
experiment, -2 g of complex was irradiated at room temperature
through Pyrex dishes, X > 300 nm, for about 30 days. The crystals were
generally in the form of powder. Single crystals preserved their integrity
during irradiation. The products were separated by chromatography on
silica gel 1:100 (eluted with CH,Cl,/CH,OH/AcOH in a ratio of
94.5:5.0:0.5) and by preparative TLC with the same eluent in a ratio of
90.5:9.0:0.5 by using UV detection and phosphomolybdic acid as coloring
spray.

5.1. Photoproducts from UV Irradiation of DCA Complexes. Pho-
toproduct 2 from DCA~Acetophenone: TLC r,= 0.65; mp 216-218 °C
{methanol/acetic acid); mass spectrum (methyl ester), m/e 404 (M -
CyH,00), 273 (M — CyHyO ~ H,O - side chain), 255 (M - CjH ;o ~
2H,0 ~ side chain), 121 (C3Hy0); '"H NMR® (CD,0D) 6 0.71 (3 H, s,
18-H), 1.0 (3 H, d, J = 5 Hz, 21-H) 1.23 (*/; H, s, 19-H), 1.28 ¢/, H,
s, 19-H), 1.73 (3 H. s, CH,C(OH)), 7.18 (5 H, m, CH;C(OH)C4Hy);
UV My 258, 290 (¢ 320, 130); IR 3500, 3440 (OH), 2950 (C—H), 1630
(C==0), 1600 {Ph -~ H) 770, 720 cm™'. Anal. Caled for C,,H 0 C,
74.96%, H, 9.44%. Found: C, 74.83%: H, 9.6%.

Photoproduct 3 from DCA-m-Chloroacetophenone: TLC 7, = 0.65;
'H NMR (CD,0D) 6 0.72 (3 H, s, 18-H),0.99 (3 H, d, 21-H), 1.23 (*/,
H,s, 19-H), 1.28 3/, H, 5, 18-H), 1.7 (3 H, s, CH,C(OH)C,H,CI), 7.2
{4 H, m, CH,C(OH)CH,CL); UV Ay, 253 (¢ 300); IR 3400 (O—H),
2950 (C—H). 1700 (C=0), 1580 (Ph - H) cm™. Anal. Calcd for

Tang et al.

CyHeOCl €, 70.24%; H, 8.66%. Found: C, 70.14%; H, 8.61%.

8.3. X-ray Iniensity Measurements. DCA Complexes. The X-ray
intensities of DCA~-acetophenone at room temperature (293 K) were
measured on 2 Siemens three-circle automatic diffractometer. The X-ray
data of the DCA-acetophenone and DCA-m-chloroacetophenone cooled
to ca. 103 K were measured on a CAD-4 diffractometer by using Mo Ka
radiation filtered with a graphite monochromator. Cell dimensions
(Table 111) were determined by least squares using 25 reflections. The
X-ray intensities were measured with crystals sufficiently small not to
be affected by the inhomogeniety of the X-ray beam due to the graphite
monochromator, This was verified by the excellent match between two
X-ray data sets on DCA-p-flucroacetophenone described eisewhere;'® for
one of these, the crystal was mounted along its needle direction while for
the other the needle was mounted on its side. Details on the X-ray
intensity measurements are given in Table 111, Absorption corrections
were not applied, being negligible.

Photoproduct 2. Needlelike crystals of 58-(S)(1-phenyl-ethanol)-
deoxycholic acid (2) were obtained by slow evaporation from an etha-
nol-acetic acid solution. The X-ray diffraction data were measured on
a Siemens three-circle diffractometer by using Cu Ka radiation. The cell
dimensions (Table [11) were determined by least squares from 30 re-
flections. Absorption corrections' were applied to the intensity dif-
fraction data, the crystal exhibited faces {100}, {001}, {101}, and {110] with
dimensions given in Table IIIa, The transmission factor applied to the
X-ray intensities varied from 1.06 to 1.19.

5.4. General Remarks on X-ray Structure Determination and Refine-
ment. It was obvious from the intensity diffraction data of the two DCA
complexes that their host steroid structures are isomorphous, belonging
to the known motif.? Thus, initial refinement of the host molecule was
straightforward. The crystal structure of photoproduct 2 was determined
by the use of MULTAN.?® The least-square refinements were carried out
with SHELX.?” The temperature factors of the C and O atoms of host
DCA and of photoproduct 2 were refined anisotropically and their H
atoms isotropically. The scatiering factors for H, C, and O were taken
from ref 22. The function refined was 3_w(F, - F)? where w = 1/q4%
(Foma)t 6(Fouq) was obrained from counting statistics and the match
between symmetry-related reflections. Refinement was carried out in two
blocks, full matrix not being feasible. The reliability factors given are
R = T|F, ~ FAfEFo Ru = Tw!F, = F4/Tw'F,, r = TwiF, -
FJ/EwFL

5.5. Refinement of the Low-Temperature (103 K) X-ray Structure of
DCA~Acetophenone. The DCA host structure was refined {irst with
isotropic and then anisotropic thermal parameters by using 4260 reflec-
tions, for which Fug > 30(Fup), yielding R = 0.13 (defined above). An
electron density diffference map yielded several peaks within the channel,
with heights ranging from 1.0 to 1.9 /A% It was not directly evident
from the peak heights and their distribution whether the channel con-
tained more than one guest molecule Ier asymmetric unit. The peak
distribution was coplanar to within 0.2 A. We proceéded by easily fitting
only one guest molecule of acetophenone to the peaks. This molecular
model was taken from an accurate low-temperature X-ray diffraction
study of crystalline acetophenone.? This molecule as guest was refined
positionally as a rigid body with a fixed isotropic value of 0.04 A? and
an initial occupancy factor of 0.4. The temperature factor of 0.04 A? was
assumed reasonable since the average temperature factor of the host
atoms was 0.025 A2, We had assumed the occupancy of 0.4 for the guest
because it was clear at that stage that the molar guest-host ratio could
not be higher than 1/2 according to the most hypothetical dense packing
of the guest within the channel. On refinement to R = 0.098, the oc-
cupancy factor of the guest reduced to 0.29. and a difference map yiclded
seven additional peaks whose heights ranged between 0.8 and 1.1 e/A%.
These peaks described an acetophenone molecule almost parallel to the
original but separated therefrom along the channel axis by approximately
0.8 A. Therefore, two independent acetophenone molecules, G and G*
as depicted in Figure 4a, were inserted in the channel and refined posi-
tionally as rigid bodies.

(19) Coppens, P.; Leiserowitz, L.; Rabinovich, D. Acta Crysialiogr. 1965,
18, 1035,

(20) Main, P.; Hull, S. E.; Lessinger, L.; Germain, G.; Declereg, J.-P.;
Woolfson, M. M. “MULTAN 78. A Sysiem of Computer Programs for the
Automatic Solution of Crystal Structures from X-ray Diffraction Data:
University of York, York, England and Louvain, Belgium, 1978.

(21) Sheldrick, G. M. “sHELx: Program for Crystal Structure
Determination”; University of Cambridge: England 1976.

(22) Stewart, R. F.; Davidson. E. R.; Simpsen, W. T. /. Chem. Phys. 1968,
42,3175, Cromer, D. T.; Mann. J. B. Acta Crystallogr., Sect. A 1968, 424,
321,

(23) Tanimoto, Y.; Kobayashi, H.; Nagakara, S.; Saito, Y. Acra Crys-
tallogr., Sect. B 1973, B29. 1822,
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Hosi-Guest Inclusion Complexes

Further refinement yielded occupancy factors of 0.215 (8) for G’ and
0.202 (6) for G and a guest thermal parameter of 0.055 Aland an R
value of 0.059. Utilizing the result that the crystal structure contains only
the two independent guest moiecules G and G’, we have demonstrated
by packing considerations that the total guest occupancy is maximally
0.4 with individual occupancies of G and G’ maximally 0.2 (see section
2.2). Thus, for further refinement, the occupancies of G and G’ were set
equal to 0.2. We replaced the constraint of one isotropic thermal pa-
rameter for G and G’ by that-in which four different atom groups each
had a different isotropic thermal parameter. Refinement yiclded the
reliability factors R = 0.089, R, = 0.051, and r = 0.0535, There is
pronounced overlap of the G and G’ molecules, due 1o the small sepa-
ration of 0.§ A along the ¢ axis, as well as the overlap induced by the
twofold screw axis along the channel (Figure 4b). This overiap neces-
sitated a walter-tight strategy for unambiguous location of, and differ-
entiation between, atoms oxygen Ol and methyl carbon C8 of each of
the guests G and G’. These atoms had been originally located from
difference maps by peak heights and peak-peak distances. We adopted
the following least-squares procedures to make certain that they are in
their deduced sites. Atoms Q1 and C8 were removed from both guest
molecules G and G’ and the structure was refined with guest tolyl C,H;
groups as rigid bodies with their thermal parameters fixed at their ori-
ginal refined values. R was refined 10 0.073. A difference map yielded
three, rather than four, peaks with heights of 1.37, 1.30, and 1.20 e/A3,
corresponding to two resolved oxygen peaks and one unresolved carbon

peak. We rationalize this result as follows: in the refined crystal -

structure, the distance between the methyl carbon atoms C8 of molecules
G and G’ of 0.65 A is appreciably shorter than the corresponding distance
of 0.82 A between the oxygen atoms (Figure 4). Insertion of three guest
atoms (i.e.. two oxygens and one methyi carbon) vielded the remaining
methy! C atom by a difference synthesis. However, it was still necessary
to prove that we have correctly differentiated between the oxygen and
methyl groups. Thus, we refined a structure in which cach guest mole-
cule G and G’ had been rotated by 180° about its long molecular axis
C7--Cl. Namely, we effectively interchanged the oxygen and methyl
positions in G and G’. The refinement, which yielded R = 0.0625, R,
= 0.0554, and r = 0.0621 (defined in section 5.4), indicated that both
acety] groups should be in their original positions for the following rea-
sons: (a) The temperature factor U of the guest G atoms increased from
0.078 (3) t0 0.102 73) A? and that of the methyl C atoms decreased from
0.058 (3) to 0.047 (3) A2 (b) A difference map showed peaks of height
0.6 ¢/A’ near the two oxygen positions of the original unrotated struc-
ture. (c) Applying the Hamilton test,?* the R ratio ry/r, (r, and r;
correspond to the original and rotated guest structures, respectively)
equals 0.0621/0.0555 = 1.09. We test this R ratio of 1.09 against
Rica2s0-184000s = 1.004, where 16 = 2X (six positional + two thermal
parameters for each guest molecule), 4260 = the number of refiections
used, 184 = the number of parameters refined, 0.005 = the significance
level.

We can emphatically reject at a significance level > 99.5% the model
structure in which the oxygen and CHj; groups of both independent guest
molecules are effectively interchanged.

In the third and most conclusive of the tests based on the X-ray data,
the guest molecules were refined with their phenyi rings as rigid bodies
and with constraints imposed on their acetyl groups; the bond length of
C7-C1 was maintained at 1.49 A and the i3 distance O1-~C8 at 2.38
A. On refinement, R = 0.0577 and R,, = 0.0493 were obtained. The
refined bond Jengths and angles of the acetyl groups of G and G’ (Figure
17) demonstrate that the acetyl oxygen and methyl carbon atoms, as
inserted in the criginal rigid body refinement, are in their correct sites.
These refinement resuits could not, however, rule out a minor amount
(up to, say, 15%) of conformationally disordered acetyl groups. This
ambiguity was removed by a neutron diffraction study described below.

5.6. Refinement of Room-Temperature X-ray Structure of DCA-
Acetophenone. The final x, y, and z coordinates of host and guest were
used as input for a refinement of the room temperature structure. The
R value converged to 0.059. The average temperature factor U for the
host C and O atoms is 0.063 A% For the guest atoms, U = 0.09 A2,
which is reasonable considering that at a crystal temperature of 103 K,
the average temperature factor of the guest atoms, is also 0.03 A? higher
than that of the host atoms.

5.7. Neutron Diffraction Study of DCA-Acetophenone (CsH,COCD,).
The diffraction data were measured at 16 K with an automated four-
circle diffractometer at the Brookhaven High-Flux Beam Reactor. The
lattice dimnensions were determined at 83 and 16 K (see Table II1). The
number of reflections that were measurable with significant intensities
was severely limited by the size of the crystal (0.56 mm?), which was less
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than !/,g of that needed in the present study. A full quadrant of daia
(£hkl) was collected in the range 0.023 <sin 8/A < 0.40, giving 1622
observations. An additional 942 (hk/) reflections, calculated to be the
most intense after preliminary refinement against the Jow-angle data,
were measured in the range 0.40 < sin §/1 < 0.68.

The X-ray-derived crystal structure was refined with individual iso-
tropic temperature factors for all the steroid atoms. The C and O atoms
of the guest molecules were refined with the same temperature factor;
the H and D atoms of G and G were assigned a fixed isotropic U of 0.06
A®. The guest acetyl COCD; was aliowed the two possible orientations
so that four gnest model structures (Scheme VII) were tested.

The resulting R and r values for models a~d were (0.1017, 0.1208),
(0.1079, 0.1280), (0.1043, 0.1235), and (0.1037, 0.1223), respectively,
where a corresponds to the X-ray derived structure. We apply the
Hamilton test®* to compare model a with b, ¢, and d. r,/r, (0.1280/
0.1208) = 1.0596, r./r, (0.1235/0.1208) = 1.0224, and r¢/r, (0.1223/
0.1208) = 1.0124. We test these ratios against Ryy 511530008 = 1.015
and Ry nram00s = 1.012, where 13 = 2x (six positional and one
thermal parameter for each guest), 1317 = number of reflections used,
283 = number of refined parameters, and 0.005, 0.023 = confidence

levels.

We may reject models b and ¢ at the 99.5% level and model d at
approximately the 97.5% level. Thus, the Hamilion test on the four
models a—d is consistent with the X-ray results.

Definitive proof of the correctness of model a was provided by Fourier
difference maps. All six deuterium atoms were removed from the
structure factor calculations of model a, and difference maps were cal-
culated in the four planes perpendicular to the C7-O7 and C7-C8 bonds
of G and G’ where the D; groups could be expected to be found. The
maps (Figure 12a) show peak distributions corresponding 1o symmetric
D; groups in the planes perpendicular to the C7--C8 bonds; the maps
perpendicular to the C==0 bonds (Figure 12b) do not exhibit (symme-
tric) D; methyl groups. Thus, not only do these maps confirm the X-
ray-derived guest structure but also that the oxygen and CD; groups do
not appear to exhibit any conformational disorder.

5.8. Refinement of Low-Temperature (103 K) Structure of DCA-m-
Chloroacetophenone. The host structure was initially refined with the
final coordinates of DCA-acetophenone, yielding an R value of 0.14. A
difference map displayed the two strongest pezks of height 2.2 /A3
located within the channel. They were interpreted as two independent
C1 atoms each belonging to a guest molecule. These two peaks are far
removed from the central axis of the channel and therefore could hardly
be interpreted in terms of superposition of the fighter C and O atoms
arising from the molecular overlap inherent in these channel structures.
When these two C1 positions were utilized as anchor points in the re-
finement, the orientations of the two guest molecules G and G’ were
determined by firting m-chloreacetophenone molecules to the remaining
difference map peaks of average height 0.9 ¢/A’. The G and G’ mole-
cules were refined as rigid bodies, where the molecular model of m-
chloroacetophenone was taken from the crystal structure of bis(m-
chlorobenzyl)methane.”® R converged to 0.076 and R, to 0.078. Re-
finement of each of the occupancy factors of G and G’ yielded values of
0.167 (3) and 0.168 (3). An analysis of the possible packing arrange-
ments of the guest molecules G and G’ in the channel (see section 3.3)
indicates that the maximum guest occupancy is 1:3 which compares
excellently with the observed value of 0.167 + 0.168 = 0.335 (4). Thus,
we fixed the occupancy factors of the guests G and G’ to 0.16667 each
in the final stages of refinement and obtained final values of R = 0.075
and R, = 0.076.

5.9. The Crystal Structure of 55-(S)-(1-Phenylethanol)deoxycholic
Acid. The C and O atoms of photoproduct 2 were revealed by MULTAN.D
H atoms belonging to groups

X ~
>C-H,——C-H. and CH,

were attached to the C atoms. The subsequent Ap(x,y.z) maps yielded
the positions of ail the methyl and hydroxyl H atoms. The R factor
converged to 0.04.

6. Results of Refinement

Details on refinement of the crystal structures of deoxycholic
acid {(DCA) with acetophenone and m-chloroacetophenone and
of photoproduct 58-(S)-(1-phenylethanol)deoxycholic acid 2 are
given in Table IV. The atomic x, y, and z coordinates and

(24) Hamilton, W. C. Acta Crystallogr. 1965, 18, 502.

(25) Engebreton, G. R.; Rundle, R. E. J. Am. Chem. Soc. 1964, 86, 574.
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equivalent thermal parameters of the low-temperature inclusion
compounds and of photoproduct 2 are listed in Tables V=-VII,
respectively. Their bond lengths and angles are listed in sup-
plementary material in Tables SS, 6S, and 7S, respectively. The
x, ¥, and z coordinates of the room-temperature structure of
DCA-acetophenone are listed in Table 53 (d).
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Department of Chemistry, University of Alberta
Edmonton, Alberta, Canada T6G 2G2

Received January 21, 1985

The most widely studied example of the cysteine proteases,
papain, cleaves both amide and ester substrates with the formation
of the intermediate Cys thiol ester.! The pH—rate profile for the
hydrolysis of a typical ester substrate (a-N-benzoyl-L-arginine
ethyl ester) is bell shaped and was interpreted to indicate the
involvement of two groups having apparent pK,’s of ~4.3 and
8.2-8.5.2

The most recent evidence from spectral and potentiometric
titrations and solvent isotope effects’ indicates that Cys-25 has
an unusually low pK, of 3—4 while that of His 159 is 8.5. These
and earlier kinetic studies® suggest that Cys-25 and His-159 exist
primarily as a zwitterionic imidazolium thiolate ion pair which
is catalytically viable a1 physicological pH.

Although small molecules incorporating both imidazole and
thiol units have been studied as nucleophilic catalysts in promoting
the hydrolysis of p-nitrophenyl acetate (p-NPA),56 the kinetic
involvement of zwitterions has never been unambiguousiy dem-
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Table L. pX, Values (Macroscopic and Microscopic) for 1-3

macroscopic microscopic
Pk pKf
PKy  pK  pKi pK'™ Ky pKSM Kp!

(1) (a) Glazer, A. N.; Smith, E. L. In “The Enzymes"; Boyer, P. D, Ed.;
Academic Press: New York, 1971; Vol. 3, pp 502-546. (b) Drenth, I,;
Jansonius, J. N.; Koekoek, R.; Wolthers, B. G. /bid. pp 484-499. (c) Liu,
T.-Y.: Elliott, S. D. /bid. pp 609-647. (d) Mitchell, W. M.; Harrington, W.
F. Ibid. pp 699~719. (e) Brocklehurst, K. Methods Enzymol. 1982, 87c,
427-469. (f) Polgar, L.; Haldsz, P. Biochem. J. 1982, 207, 1~10.

(2) (a) Smith, E. L.; Parker, M. J. J. Biol. Chem. 1958, 233, 1387-1391.
(b) Whitaker, J. R.; Bender, M. L. J. Am. Chem. Soc. 1965, 87, 2728-2737.

(3) (a) Lewis, S. D.; Johnson, F. A.; Shafer, J. A. Biochemistry 1976, 15,
5009-5017; (b) Ibid. 1981, 20, 48-51. (c) Johnson, F. A Lewis, S. D;
Shafer, J. A. Jbid. 1981, 20, 52-58. (d) Sluyterman, L. A. AE.; Wijdehes,
J. Eur. J. Biochem. 1976, 71, 383-391. (e) Creighton, D. J.; Schamp, D. J.
FEBS Letr. 1980, 110, 313-318. (f) Creighton, D. J.; Gessourown, M. S;
Heapes, J. M. Ibid. 1980, 110, 319-322.

(4) (a) Polgar, L. Eur. J. Biochem. 1973, 33, 104-109; (b) FEBS Leu.
1974k:7' l.’;—l& (c) Jolley, C. L.; Yankeelov, 1. A,, Jr. Biochemistry 1872,
11, 164-169.

(3) (a) Schneider, F.; Wenck, H. Z. Physiol. Chem. 1969, 350, 1653~1661,
1521-1530. (b) Schneider, F.; Schaich, E.; Wenck, H. Ibid. 1968, 349,
1525-1536. (c) Petz, D.; Schneider, F. Z. Naturforsch., C 1976, 31C,
534-543. (d) Lochon, P.; Schoenleber, J. Tetrahedron 1976, 52, 3023-3030.
(e) Heller, M. J; Walder, J. A.; Klotz, I. M. J. Am. Chem. Soc. 1977, 99,
2780-2785.

(6) (a) Schonbaum, G. R.; Bender, M. L. J. Am. Chem. Soc. 1960, 82,
1900-1904. (b) Lindley, H. Biochem. J. 1960, 74, 577584, (c) Whitaker,
J. R.J. Am. Chem. Soc. 1962, 84, 1900-1904. (d) Ogilvie, J. W.; Tildon,
J. T., Strauch, B. S. Biockemistry 1964, 3, 754-758, (e) Fersht, A.R. J. Am.
Chem. Soc. 1971, 93, 3504-3515 and references therein. (f) Fersht, A. R.
“Enzyme Structure and Mechanisms™; Freeman and Co.: San Francisco,
1977; pp 312-315.

s 654 954 772 657 836 951 007
(6.68)  (9.52)

7 637 926 650 696 913 867 288
(6.41)  (9.01)

3a 631 838 647 683 875 839 229
(6.44)  (8.83)

ib 7.56°
2b 7.94°
3b 7.64°

“Values without parentheses are averages of triplicate potentiometric
titrations; £0.05 unit. ®Bracketed values were obtained as kinetic pX,
values obtained from computer fit 1o eq 1a.!" “Values as defined in
Scheme I and calculated by methods given in ref 12 using titrimetric
macroscopic pK,'s and assuming pK,™ is that of the corresponding
S-benzyl derivative.?? ‘K, = [Im*H-S7)/[Im-SH} = K,/K,'™.
¢Literature values for 1b, 2b, and 3b are 7.51, 8.00, and 7.85, respec-
tively. !4

onstrated. Also, there has never been demonstrated a significant
cooperative effect in the catalysis of hydrolytic processes by
thiol~imidazole intramolecular systems as is thought to occur in
the cysteine proteases. Herein we report that 2a and 3a’ (but not

(7) Thiols 1a, 2a, and 3a were synthesized from their corresponding al-
cohols according to the general procedure of Schneider? and exhibited spectral
and analytical data consistent with their structures {details to be published).
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Rules governing the crystal packing of mono-

and dialcohols

A new program, Mercury, has been used to survey 144
monoalcohol (C,H,OH) and 101 dialcohol [C,H,(OH),)
crystal structures. Results show that their hydrogen-bonding
patterns are strongly correlated with steric effects. Primary
monoalcohols have a strong preference to form infinite
---OH: - .OH- - - chains. Secondary monoalcohols form chains
and rings of hydrogen bonds with about equal facility. Tertiary
monoalcohols very often form isolated OH.--O hydrogen
bonds or structures containing no OH. - -O hydrogen bonds at
all. In the latter case, however, the structures almost invariably
contain CH- . -O and/or OH. - .7 interactions. Substitution on
the B-carbon(s) of monoalcchols has a profound effect on
packing patterns, with increased substitution disfavouring
chains and rings. Dialcohols show a much stronger preference
for chains of hydrogen bonds, compared with monoalcohols.
This is particularly so when at least one of the hydroxyl groups
is primary, in which case chains are overwhelmingly preferred.
Once again, substitution on the B-C atoms is influential, heavy
substitution tending to lead to packing arrangements that
involve isolated or intramolecular OH- - -O hydrogen bonds.
Dialcohols almost never crystallize without at least some
OH- - -O hydrogen-bond formation. In both monoalcohols and
dialcohols, chains show a stronger preference to be helical
(usually threefold helices) as steric hindrance increases.
Hydrogen-bonded rings wusually contain four OH:--.O
hydrogen bonds. It is possible that empirical observations
such as these may aid crystal-structure prediction.

1. Introduction

Crystal structure prediction is a major scientific challenge and
of immense potential interest to the materials, pharmaceutical
and agrochemical industries. Some years ago, Gavezzotti
(1994) wrote a well known paper entitled ‘Are crystal struc-
tures predictable?’ and gave the simple answer ‘No’. Since
then, great efforts have been made in the area by several
groups, many of which participated in a recent competition to
assess the state of the art (Lommerse et al, 2000). The
outcome was that all four of the test structures were predicted

‘successfully by at least one of the groups. While no group was

100% successful and the test molecules were much smaller and
less flexible than e.g. typical drug molecules, the study clearly

. showed that advances have been made. Nevertheless, reliable

prediction of the types of structures in which practising
chemists are interested is still far away.

A key complication is that crystallization may often be
under kinetic control, which means that a successful prediction
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strategy needs to take account of dynamic processes in the
liquid as well as the enthalpic stability of putative solid-state
packing arrangements. In principle, molecular dynamics
simulations offer a way forward (Gavezzotti & Filippini, 1998).
The cost of such calculations, however, is prohibitive, certainly
for routine prediction with current computers. We therefore
need a cheap way of assessing the effects of the kinetics of
crystal nucleation. One possibility is to look at the 230 000
crystal-packing arrangements that have been observed
experimentally and are stored in the Cambridge Structural
Database (CSD; Allen & Kennard, 1993). These do not tell us
anything about the kinetics of crystal nucleation per se, but
they do tell us something about their end results. If particular
packing motifs are seen over and over again, they presumably
reflect favourable kinetic processes as well as thermo-
dynamically stable arrangements. Equally, there may be
thermodynamically stable arrangements that are infrequently
seen because they are kinetically disfavoured.

CSD information has already been used to develop pairwise
potentials for use in crystal-structure prediction programs (e.g.
FlexCryst; Hofmann & Lengauer, 1997). Our emphasis here,
however, is on the use of the CSD to develop simple heuristics
that can help discriminate between likely and unlikely packing
arrangements, or can be used to reduce the search space that
must be visited by a crystal-structure prediction program.
Previous studies in the area, such as the pioneering work of
Leiserowitz (1976), were reviewed recently by Brock (1999)
and our present work follows on from one of the investigations
mentioned in that review. Specifically, Brock & Duncan (1994)
(hereinafter ‘B&D’) showed that monoalcohols (C,H,OH)
are particularly likely to crystallize in high-symmetry space
groups or with Z’ > 1. Here we extend that work with the
objective of elucidating as many useful rules as possible for
aiding the prediction of the crystal packing of both mono-
alcohols and dialcohols [C,H,(OH),]. These systems were
chosen because they are relatively simple and B&D have
already had some success: if further rules cannot be discerned
here, there can be little hope for more complex molecules.

An additional motive for this work was to test a new
program for visualizing crystal structures and analysing
packing arrangements. The program Mercury will soon be
distributed as part of the standard CSD release.

2. Experimental
2.1. Database searches

All searches were performed on Version 5.20 of the CSD
(October 2000) with the programs ConQuest1.1 and QUEST.
Monoalcohols of the general formula C,,H,OH were found
subject to the following criteria: alkanols only (no phenols); no
heavy-atom disorder; no structures flagged in the CSD as
containing errors; no other molecules (e.g. solvates) in the
structure; only one member of each CSD refcode family
(chosen arbitrarily, but generally the first alphanumerically);
all non-H atom coordinates available. The monoalcohols were
divided into three subsets, depending on whether the hydroxyl

group was primary, 1°, RCH,0H, secondary, 2°, R,CHOH, or
tertiary, 3°, R;COH.

Dialcohols of the general formula C,H,(OH), were found
subject to the same criteria as above plus the additional
criteria: R factor < 5%; average esd. for a C—C bond
< 0.005 A; hydroxyl H atom coordinates available. The addi-
tional criteria were possible because the CSD contains more
dialcohols than monoalcohols, so we could afford to exert
tighter control over experimental precision. (Having said that,
it is possible that the use of more stringent criteria for the
dialcohols has resulted in a bias, e.g. against structures with
Z' > 1, with high molecular weight, or which are well deter-
mined except for the positions of disordered hydroxyl
hydrogen atoms. We are grateful to a referee and the co-editor
for pointing this out.) The dialcohols were divided into six
subsets, depending on the nature (primary, secondary or
tertiary) of each of the hydroxyl groups (hence primary-
primary, 1°-1%; primary-secondary, 1°-2° efc.).

An additional search was performed, using the same criteria
as in the dialcohol searches, to find primary monoalcohols
containing at least one other O atom, ie. moiecules of the
general formula C,.H, O, where p > 1 and exactly one alkanol
OH is present. A list of the CSD ‘refcodes’ of these and all
other structures used in this study, together with the hydrogen-
bond motifs they form, has been deposited as supplementary
material.!

2.2. Mercury?

Analysis of the alcohol packing arrangements was
performed with a pre-release version of a new program,
Mercury, which owes much in its philosophy to an earlier
program, RPLUTO (Motherwell & Shields, 2000). Mercury is
an application for visualizing and analysing small-molecule
crystal structures. It is intended for release with the CSD
system in 2001, at which time it will be supporied on Unix and
Windows operating systems. The functionality it offers
includes the location and display of intermolecular and/or
intramolecular hydrogen bonds and other non-bonded
contacts, and the ability to build a network of contacts using
the methodology of Motherwell & Shields (2000).

2.3. Identification of hydrogen bonds

No fixed distance criteria were used to define hydrogen
bonds. Rather, the environment of each hydroxyl group was
studied in order to find the closest contacts it formed, relative
to the sum of the van der Waals (vdw) radii of the atoms
involved (Bondi, 1964). In the case of OH-.-O hydrogen
bonding, the contact distances were, of course, almost invari-
ably shorter than the sum of vdw radii. Our methodology,
however, allowed us to find contacts longer than the sum of
vdw radii if no shorter ones existed, in accordance with
strictures against the use of fixed distance criteria for

! Supplementary data for this paper are available from the IUCr electronic
archives (Reference: BK0097). Services for accessing these data are described
at the back of the journal.

% See hitp:ffwww.cedc.cam.ac.uk/prods/mercury.

816 Taylor and Macrae - Rules for crystal packing

Acta Cryst. (2001). B57, 815~827

UMO00011934

NOVARTIS EXHIBIT 1017

Novartis v. Regents, IPR2023-01346
Page 680 of 4460



research papers

hydrogen bonds (Jeffrey & Saenger, 1991). In a very small
minority of cases, the presence of a hydrogen bond was
inferred from a short O-..O distance even though the
reported position of the hydroxyl hydrogen was inconsistent
with this conclusion. For example, GUHBIU [2-(1-hydroxy-
prop-2- -yl)-5-methylcyclohexanol; Korner et al., 2000] contains
an intermolecular O- - -O contact of 2.653 A, which was held as
indicative of a hydrogen bond even though the reported H-
atom position implies a hydrogen-bond angle (O—H- --O) of
only 60°. To this extent, our approach for identifying hydrogen
bonds might be criticized as judgmental, but the number of
controversial cases is so small that the overall conclusions of
our study cannot be significantly affected.

3. Results
3.1. Space group and Z’ statistics for the CSD

Space group and Z' statistics for the entire CSD are
required as a benchmark for interpreting corresponding
statistics for the monoalcohol and dialcohol subsets. The 15
most common space groups in the CSD are 1 (P1), 2 (P1), 4
(P2,),5(C2),9(Cc), 11 (P2y/m), 13 (P2/c), 14 (P2,/c), 15 (C2/c),
(C2/c), 19 (P2,242)), 29 (Pca2,), 33 (Pna2,), 60 (Pbcn), 61
(Pbca), 62 (Pnma);, see Cole (2000) and also Mighell ef al.
(1983). 91.0% (200 659) of entries in the CSD belong to one of
these space groups. 9.0% (19735) crystallize in other space
groups. These percentage figures neglect 4006 CSD entries for
which space groups have not been unambiguously assigned.

91.5% (198 894) of CSD entries have Z' values of 1 or less.
8.5% (18 409) have Z’' > 1. These percentage figures neglect
7097 entries whose Z' values are unknown.

3.2. Basic types of hydrogen-bond aggregates for mono-
alcohols

In agreement with the findings of B&D, the monoalcohol
crystal structures in our study fall into four basic types: those
with infinite - - -OH. . -OH- - - hydrogen-bonding chains; those
containing rings of ---OH-..OH- .. hydrogen bonds; those
containing isolated OH- - -O hydrogen bonds {called ‘dimers’
by B&D); and structures in which no OH. - -O hydrogen bonds
are formed at all. Of 144 monoalcohols, all but two fall into
one of these categories. The exceptions are WEYSUO [2-(9-
fluorenyl)cyclohexanol; Rieger et al., 1994] and NAMLAO (2-
buta-1,3-diynyl-2-adamantanol; Keller er al., 1995), both of
which form finite hydrogen-bond chains. No monoalcohol
structure contains more than one of the basic motifs (ie.
structures containing rings and chains or rings and isolated
OH-- -0 hydrogen bonds etc. are not found), except that
WEYTAV [9-(2-hydroxy-1-phenylethyl)fluorene; Rieger et al.,
1994} forms a curious structure containing a ring of four
OH...O hydrogen bonds with two additional OH...O
hydrogen bonds above and below the plane of the ring at
diagonally opposite corners.

In structures containing no OH.--O hydrogen bonds, it is
almost invariably the case that the hydroxyl hydrogen points
towards a neighbouring 7 system and/or the hydroxyl oxygen

Table 1
Frequency of occurrence of four basic packing motifs in 1°, 2° and 3°
monoalcohols.

Chains Rings Isolated OH..-O No OH.--O Other

1° 11 2 1 1 (]
73% 13% 7% 7% 0%

2° 19 19 5 6 1
38% 38% 10% 12% 2%

3 12 27 12 27 1
15% 34% 15% 34% 1%

All 42 48 18 34 2
29% 33% 13% 24% 1%

accepts one or more CH-.-O interaction(s) (Desiraju &
Steiner, 1999). There are only three reasonably convincing
exceptions to this generalization, viz. CIPFEM, epi-$-amyrin
(Reyes et al, 1983); HOBPET, (1Z)-3-phenyl-1-(2',6',6'-
trimethylcyclohex-1'-enyl)-1-buten-3-0l (Mori er al, 1998);
JAGJOQ, 14-taraxen-3a-ol (Chuah et al, 1998). Few of the
intermolecular CH---O and OH- - . interactions are shorter
than the sum of the van der Waals radii of carbon and oxygen,
C.--O distances typically being in .the range 3.3-37 A
(intramolecular contacts are often shorter). The fact that these
interactions are almost invariably present when OH-.-O
hydrogen bonds are absent nevertheless suggests that, weak
though they are, they must play a significant stabilizing role
(Braga et al., 1998). A counter-argument is that monoalcohols
forming no OH-.-O hydrogen bonds are often highly steri-
cally crowded, typically with aromatic rings, and the hydroxyl
group often has little choice but to form CH---O and OH- - -
interactions.

3.3. Steric effects on monoalcohol structures

Full utilization of hydrogen-bond domor and acceptor
capacity in monoalcohols requires that the hydroxyl group
both donates and accepts, which in turn should lead to a
predisposition for chain and/or ring motifs. Furthermore, it has
long been known that a hydroxyl oxygen that donates its
hydrogen in a hydrogen bond becomes a better hydrogen-
bond acceptor. Therefore, hydrogen bonds in a chain or ring
are stronger than an isolated hydrogen bond of the same type
(the so-called ‘cooperative effect’; Del Bene & Pople, 1970;
Ceccarelli e al., 1981). This suggests that monoalcohols should
preferentially form chains or rings. In fact, this is true only for
1° and 2° monoalcohols. Thus, Table 1 shows that the
percentage of structures containing chains decreases drama-
tically along the series 1° (73%), 2° (38 %), 3° (15%). Rings are
most common for 2° monoalcohols (1° 13%, 2° 38%, 3° 34%).
Structures containing isolated or no OH. - -O hydrogen bonds
are most common for 3° monoalcohols (1° 13%, 2° 22%, 3°
49%). The obvious explanation is that chains form if steric
factors allow (Braga et al., 1997); rings are the next most
preferred and isolated OH- - -O hydrogen bonds, or structures
with no OH-.-O hydrogen bonds at all, which only form if
steric hindrance prevents the formation of chains or rings.

The significance of steric effects is confirmed by the results
in Table 2, which gives the frequency of occurrence of the four
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Table 2

Occurrence of monoalcohol packing motifs as a function of the sum of substituents on S-carbon(s).

diphenylcyclopenta(a)acenaphtha-
dien-6b-yl)-2-phenylethanol; Repo

Sum of substituents on S-carbon(s)

et al, 1996; and WEYTAV: 9-(2-

0 1 2 3 4 5 6 7 8 Av.(SE)  hydroxy-1-phenylethyl)fiuorene,
. Rieger et al, 1994]. Amongst 2°
1 Chains 1 3 7 0 1.6 (0.2) lcohols. 18 £ 20

Rings 0 0 1 1 25 (0.5) monoalcohols, 18 out o struc-
Isolated OH. - -O 0 0 0 1 3.0 (=) tures with SSBC < 4 form chains or
No OH---O 0 0 1 0 20 (-) rings, whereas the four types of
2° - Chains o 0 6 6 5 1 1 3.2 (03) - n
Rings 0o o0 2 4 9 2 ) 39 (03) packing arrangements are muc
Isolated OH. - -O 0 0 0 1 3 1 0 4.0 (0.3) more evenly split when SSBC is
No OH---0 o o 1 0 5 0 0 3.7(03) four or greater. The outlier 2°
3 Chains 1 1 1 3 3 2 1 ¢ 0 3.3 (0.5) lcohol formi o o

Rings o 0 3 8 7 5 4 0 0 40(02) monoalcohol forming no OH.--
Isolated OH.--O 0 0 0 0 1 5 5 1 0 5.5(0.2) hydrogen bonds but with SSBC
Al g: OH---0 g 2 ‘1)4 ; 21; ;3 g (’) 3 ;g ig;; equal to only two is the extremely

ams o .. .

Rings o o 6 13 16 7 6 o0 o 39(2  hindered CIYSIM (I-hydroxy-
Isolated OH. --O 0 0 ¢ 2 4 6 5 1 ] 4.9 (0.3) ethylhexahelicene; van Meerssche
No OH---0 6 0 2 1 6 13 8 ! 3 5.1(02) et al., 1984). For 3° monoalcohols,
rings and (to a smaller extent)
chains are predominant when
SSBC < 5 (27 of 30 structures),

Table 3 ( )

Space group and Z’ statistics for 1°, 2° and 3° monoalcohols.

Molecules per

Space groups asymmetric unit

whereas isolated or no OH---O hydrogen bonds are more
common otherwise (36 out of 48 structures).

3.4. Space groups and Z’ statistics for monoalcohols

Topls Other Z=1 Z'>1

1 12 4 7 8 This topic has already been well addressed by B&D and
80% 20%  47% 53% Gavezzotti & Filippini (1994); our work adds a few details.

z 34 16 26 24 Results are summarized in Tables 3 and 4. As expected from
68% 32% 52% 48% : .

30 64 15 4 35 the earlier work, unusual space groups (more specifically,
81% 9%  56% 4% trigonal and tetragonal groups) and Z’ values exceeding one

3° alcohols forming chains or rings z;c/ 50/ ;30/ g‘;o/ are far more common than in the CSD as a whole (see §3.1).

‘0 (] ] ‘0 . . o

3 alcohols forming isolated OH---0 10 2 5 6 This Vtendency is not shown, however, by 3 .monoalcohpls
83% 17%  50% 50% forming no OH---O hydrogen bonds, confirming the earlier

3° alcohols forming no OH---O 26 1 25 2 workers’ hypothesis that the unusual symmetries and Z’ values
96% 4% 93% 7%

basic packing modes as a function of the quantity SSBC, the
sum of substituents on f-C atoms. The SSBC value for a given
alcohol is calculated by summing the number of non-H atoms
(excluding the a-carbon) which are covalently bonded to the
B-carbon atom(s) in the molecule. Thus, a S-carbon of the type
—CHj; will contribute zero to the S§BC value; —CH,R (R not
hydrogen) will contribute one, and other types of g-C atoms
will contribute as follows: —CHR, two, —CR; three,
—C(H)y=R one, —C(R)=R two, and —C=R one. For
example, the molecule (CH;CH;),CHOH has an S§BC count
of two, being one for each of the two B-C atoms of the type
—CH,R. As another example, PhCH,OH has SSBC = 2, since
the only B-carbon is in a phenyl ring and hence of the type
—C(Ry=R.

Table 2 shows that the average SSBC value generally
increases along the series: chains, rings, isolated OH- -0, no
OH- - -O. The only 1° monoalcohols not forming chains have
SSBC =2 or 3, i.e. the B-carbon is secondary or tertiary [and
both of the molecules with secondary B-C atoms have very
bulky substituents on this carbon, viz. TELZIT: 2-(7,9-

are a direct result of the packing requirements for OH---O
hydrogen-bond formation. Interestingly, even the formation of
isolated OH---O hydrogen bonds in 3° monoalcohols often
seems to require Z' > 1 (6 of 12 structures). Formation of
chains or rings in 3° monocalcohol structures is almost
precluded in low-symmetry space groups (orthorhombic or
lower) with Z' = 1; there are only three such examples in our
data set and two of these form ---OH...OH... chains with
very fong O---O distances (viz. GUBJAO, P2,2,2,, Z' = 1,
0---O = 3483A, 1-hydroxy-1,2,5,5,8a-pentamethylperhy-
dronaphthalene; Drew et al, 1999; MNPREY, P2,2,2,,Z' =1,
0---0 = 3514 A, 118-methy!-19-nor-17a-pregn-4-en-20-yn-
178-ol; Rohrer er al., 1976).

Table 4 shows that ring formation is not observed at all in
our data set for structures crystallizing with Z' = 1 in one of the
15 most common space groups (all of which are triclinic,
monoclinic or orthorhombic).

3.5. Geometries of hydrogen-bond aggregates in
monoalcohols

The geometries of - - -OH. - -OH- - . chains in monoalcohols
can be classified into four groups: planar zigzags; threefold
helices; fourfold helices; and a broad category which we have
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Table 4
Monocalcohol space group and Z' frequencies as a function of packing
motif,

Chains Rings

Z'=1 Z'>1 Z =1 Z>1
Top 15 space groups 13 15 0 33
Other space groups 10 4 - 13 2

called ‘wave-like’ (not being aware of any more widely
accepted term). Table 5 shows that helical chains are only
common for 2° and 3° monoalcohols — implying that steric
factors are relevant - and threefold helices are much more
common than fourfold. Exact threefold helices are observed in
trigonal space groups, but approximate helices are also seen
frequently, formed by translation with Z’ = 3. Some of the
latter examples are sufficiently close to being exact that
refinement in a higher symmetry space group might be
successful. One of the four observed fourfold helices is exact,
along a fourfold screw, while the other three are approximate,
being formed by the arrangement of two crystallographically
independent molecules along a 2, axis. Planar zigzag chains
are usually formed by 2, axes or by translation with 2’ > 1
(Fig. 1: VAFMUK, 9-anthrylmethanol; Sweeting & Rheingold,
1988). The geometry we have called ‘wave-like’, as it refers to
monoalcohols, involves two molecules A and B arranged along
a glide to give a chain of type - - -A---B-- A’ -B'- .., where A
and A’ (and B and B’) are related to each other by the glide,
and A and B are either crystallographically independent or
related to each other by some other symmetry operation of the

Figure 1

space group. The resulting ---O-..0---O-..0--. torsion
angles have the sequence of signs + + — — and the motif can
be regarded as a zigzag chain with the points of the zigzag
pushed alternately in and out of the plane (Fig. 2 ETANOL,
ethanol; Jonsson, 1976).

Virtually all .- -OH. - .OH- - - rings in our sample are 4-rings
(ie. involve four OH---O hydrogen bonds; 42 4-rings
compared with three 3-rings and three 6-rings). The 4-rings are

. equally divided in geometry between planar and puckered,

with the latter becoming more common along the sequence 1°,
2°, 3° (Table 5). All three 6-rings adopt a chair-like geometry.
The 4-rings are formed in tetragonal space groups or in space
groups of lower symmetry if there are two or four crystal-
lographically independent molecules.

There has been some discussion in the literature regarding
the nature of isolated OH---O hydrogen bonds in alcohols.
B&D said that ‘closed dimers’ (non-disordered OH---HO
contacts across a symmetry element) are highly improbable
and that ‘open dimers’ (one dangling H-atom and one free
acceptor) are favoured. Glidewell et al. (1996), however,
concluded that the closed motif ‘is actually rather common in
a-ferrocenyl alcohols’. A superficial examination of our data
set suggests that both open and closed motifs occur (Table 5),
but, given the possibilities of disorder and the uncertainty of
H-atom positions, we draw no firm conclusion either way.

3.6. Basic types of hydrogen-bond aggregates for dialcohols

The vast majority of dialcohol crystal structures fall into one
of three basic types: those with infinite - - -OH. - -OH. - - chains,
those containing rings of - - -OH- - -OH. - - hydrogen bonds and
those  containing isolated
OH- - -O hydrogen bonds (Table
6). Of 101 dialcohols, only five
do not fall into one of these
categories. One of the excep-
tions is the only dialcohol in our
study that forms no OH.--.O
hydrogen bonds (the highly
hindered YIHJOO: o, ,0'-
tetraphenylcyclohexane-1,2-di-
methanol; Ito et al., 1994). The
other four form structures
containing either a mixture of
the basic motifs (chains and
isolated OH---O hydrogen
bonds, one example), finite
hydrogen-bond chains only (one
example) or a mixture of finite
and infinite hydrogen-bond
chains (two examples). The
virtual absence of dialcohols
forming no OH.--O hydrogen
bonds, even when both hydroxyl
groups are tertiary, is in marked
contrast to the monoalcohols. It

Planar zigzag - - -OH- - -OH- - - chain in VAFMUK (Sweeting & Rheingold, 1988). presumably  indicates  that
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Table 5

Geometries of chains, four-membered rings and dimers for 1°, 2° and 3° monoalcohols.

This table excludes five isolated OH- - -O hydrogen bonds for which no H-atom pesitions are available.

equivalent hydroxyls (type A---B).
In fact, there is an extremely strong
preference for the latter, irrespec-

tive of whether the hydrogen bond

Chains 4-Rings Isolated OH...O o - .
Zigzag Wave 3-helix 4-helix Planar Puckered Open Closed 15 lSOla_[ed’ mn a.rmg or in a chain.
Thus, in 38 dialcohol structures
r 4 4 2 1 2 0 0. 0 containing non-equivalent
2° 9 2 6 2 .10 6 2 2
3 3 5 5 1 9 15 5 4 hydroxyl groups, 34 form hydrogen
All 16 8 14 4 21 21 7 6 bonds of the type A-.-B, and only

dialcohols have more packing possibilities and hence more
chance of finding an arrangement that satisfies hydrogen-
bonding requirements.

Dialcohols have the possibility of forming intramolecular
OH- - -O hydrogen bonds. This can occur in any of the three
basic types of packing, ie. some of the hydrogen bonds in an
--.OH---OH--- chain or a hydrogen-bond ring may be
intramolecular, or an isolated OH. - -O hydrogen bond might
be intramolecular. All three of these situations occur, although
comparatively rarely: 16 of the 60 dialcohol structures
containing chains include intramolecular hydrogen bonds;
corresponding figures for rings and isolated OH- - -O hydrogen
bonds are two of 21 and three of 15, respectively.

If the two hydroxyl groups (A, B) of a dialcohol are not
chemically equivalent (i.e. each is in a different substructural
environment), then hydrogen bonds can, in principle, form
between a hydroxyl group and its symmetry-generated
equivalent (type A---A and B---B) or between two non-

Figure 2
Wave-like ---OH- --OH- - - chain in ETANOL (Jonssos, 1976).

four form hydrogen bonds of the

type A---A and B---B (these

figures exclude intramolecular

hydrogen bonds, which must necessarily be of the type A- - -B).

Infinite ---OH-.-OH- - chains in dialcohols may or may

not contain dimers, by which is meant a pair of molecules

linked by two hydrogen bonds, e.g. compare Fig. 3(a) (contains

dimers; ZZZKPEOL: trans-cyclohexane-1,2-diol; Sillanpaa er

al., 1984) and Fig. 3(b) (does not contain dimers; PUFJ1J: 2,5-

hexanediol; Otten ez al, 1998). Overall, only a minority of
chain structures contain dimers (10 of 60).

3.7. Steric effects on dialcohol structures

Table 6 shows that chains are overwhelmingly favoured for
any dialcohol containing at least one primary hydroxyl group
(25 chain arrangements in 27 structures). They are also
predominant.in 2°-2° and 2°-3° dialcohols, although to a
smaller extent (27 chains, 10 rings, in a total of 46 structures).
Only for 3°-3° dialcohols are structures with isolated OH- - -O
hydrogen bonds as common as chain and ring structures. As
with the monoalcohols, the
trend is for chains to be formed
if steric factors allow, with rings
being the next most favoured
and isolated OH---O hydrogen
bonds only forming when steric
hindrance is high. Compared
with the monoalcohols,
however, the proportion of
chains is far higher and only a
relatively small minority of
structures (< 20%) crystallize
without either chains or rings.

The importance of steric
factors is confirmed by Table 7,
which gives a more detailed
breakdown of packing arrange-
ments for the four most common
types of dialcohols, viz. 1°-1°,
2°-2°,2°-3°,3°-3° (all five 1°-2°
dialcohols form chains that
involve neither dimers nor
intramolecular hydrogen bonds;
three 1°-3° dialcohols form
chains of this type, one forms a
chain containing intramolecular
hydrogen bonds, the fifth forms

820  Taylor and Macrae + Rules for crystal packing
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Table 6
Frequency of accurrence of four basic packing motifs in various types of
dialcohols.

Isolated
Chains Rings OH---0 No OH---0 Other
1°-1° 16 1 0 0 0
94% 6% 0% 0% 0%
1°-2° 5 0 0 0 0
100% 0% 0% 0% 0%
1°-3° 4 1 0 0 0
80% 20% 0% 0% 0%
2°-2° 17 7 1 0 3
61% 25% 4% 0% 11%
2°-3° 10 3 4 0 1
56% 17% 22% 0% 6%
3°-3° 8 9 10 1 0
29% 32% 36% 4% 0%
Al 60 21 15 1 4
59% 21% 15% 1% 4%

a ring containing intermolecular hydrogen bonds only). The
table also lists the SSBC values (see above) of all dialcohols in
each category. SSBC is strongly correlated with packing
arrangement. Thus, 40 of the 46 dialcohols in Table 7 with
SSBC < 8 form intermolecular chains or rings, compared with
. only 2 of 24 with SSBC > 8. Clearly, steric hindrance leads not
only to isolated OH- - -O hydrogen bonds, but also to packing
arrangements that include intramolecular hydrogen bonds.

3.8. Space group and Z’ statistics for dialcohols

Table 8 summarizes space group and Z' statistics for the
dialcohols. The compounds show no abnormal preference for
high-symmetry space groups or structures with Z’ > 1, with the
possible exception of 2°-2° and perhaps 3°-3° dialcohols. Of
the dialcohols that have Z’' > 1, three cannot be classified into
any of the basic packing categories. Given that there are only
four ‘unclassified’ dialcohols in total (Table 6), this figure is
disproportionately high and presumably indicates that these
three molecules have difficulty in packing (they are: CIZYOZ,
perhydro-1,2-indenediol; Matoba et al., 1984; HINZIN, 99-
dimethyl-4-phenylbicyclo[4.4.0]decene-5,7-diol; Batey et al,
1999; TETRDOO1, trans-1,2,3,4-tetrahydro-2,3-naphthalene-
diol; Lloyd et al., 1998).

3.9. Geometries of hydrogen-bond aggregates in dialcohols

Table 9 summarizes the geometries of intermolecular chains
and rings in dialcohol crystal structures. As with mono-
alcohols, most of the chains can be assigned to one of four
categories: planar zigzags, threefold helices, fourfold helices
and wave-like chains. Helices are uncommon (six examples in
all compared with 11 zigzags and 24 waves). Wave-like chains
actually fall into two main groups: the type observed earlier
for monoalcohols, generated by glide planes (§3.5); and a
geometry generated by a screw axis which can best be
described as a zigzag with flattened bottoms. Two slightly
different examples are shown in Fig. 4 (FUNCIA, 6-hydro-
xypropyl-1,7,11,11-tetramethyltricyclo[8.4.0.0*"]tetradecan-5-

Table 7
Occurrence of dialcohol packing motifs as 2 function of sum of
substituents on 8 C atoms.

Table excludes three 2°-2° and one 2°-3° dialcohol structures that cannot be
assigned to any of the motifs listed.

Sum of substituents

Motif Total No. on g C atoms Av. (SE)

Motifs involving only intermolecular hydrogen bonds
1°-1° Chains (no dimers) 10 2,2,2,2,2,2,2,2,4,4 24 (0.3)

Chains (with dimers) 4 2,4,4,6 4.0 (0.8)
Rings 1 [ 6.0 (-)
Isolated OH- - -OQ 0 - -
No OH.--O 0 - -

2°-2* Chains (no dimers) 8 2,4,4,6,6,6,7,8 54 (0.7)
Chains (with dimers) 5 6,6,7,8,8 7.0 (0.4)
Rings 7 4,6,6,8, 8,8, 9 7.0 (0.7)
Isolated OH.- - -O 1 9 9.0 (=)
No OH---O 4] - -

2°-3° Chains (no dimers) 35 555178 6.0 (0.6)
Chains (with dimers) 1 8 8.0 (-)
Rings 3 6,78 7.0 (0.6)
Isolated OH---O 4 59,11, 11 9.0 (1.4)
No OH---O 4] - -

3°-3° Chains (no dimers) 3 6,6, 8 6.7 (0.7)
Chains (with dimers) 0 - -
Rings . 7 2,4,6,6,8,8,12 6.6 (1.2)
Isolated OH- .-O 7 4,8,10,11,14,14,16 11.0(1.6)
No OH:--O 1 12 120 ()

Motifs involving intramolecular hydrogen bonds

1°-1° Chains 2 5,6 5.5 (0.5)
Rings ] - -
Isolated OH.--O 0 - -

2°-2° Chains 4 6,888 7.5 {0.5)
Rings o - -
Isolated OH---O 0 - -

2°-3° Chains 4 9,9,9,11 9.5 (0.5)
Rings ] - -
Isolated OH---O 0 - -

3°-3° Chains 5 6, 10,12, 14,14 11.2 (1.5)
Rings 2 12,12 120 ()
Isolated OH---O 3 8,10, 16 11.3(24)

ol; Manes et al., 1988; HIYHAY, 1,11-undecanediol; Nakamura
et al., 1999).

Virtually all the rings in dialcohol structures are 4-rings, i.e.
contain four OH- - -O hydrogen bonds (20 of 21, the otheris a
6-ring). The majority of these rings are planar, although
puckering becomes more likely as steric effects increase.

3.10. Overall topology of hydrogen-bonding networks in
dialcohol structures

An attempt was made to classify the overall topology of
dialcohol networks by removing from the Mercury display all
atoms other than those on the shortest path between the two
hydroxyl groups and expanding the hydrogen-bonded
network until an overall pattern emerged (see Batten &
Robson, 1998, for a comprehensive review of network topol-
ogies). Fig. 5 shows example networks. In the first, the overall
topology can be viewed as a network of 6-rings, four sides of
each ring being hydrogen bonds, the other two being the
covalently linked shortest paths between the hydroxyl groups
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(CAVDEI, tetradecane-1,14-diol; Nakamura & Sato, 1999). One or two of the patterns thus found add insight to
The second is a network of 4- and 8-rings (BCHMOL, 5-tert- dialcohol packing (for example, the arrangement shown in Fig,
butylcyclohexane-1,3-dimethanol; van Koningsveld et al, 4a appears to be a common way in which dialcohols form
1981). infinite chains). Unfortunately, many overall topologies are
impossible to represent in two
dimensions and difficult to
assimilate even with a three-
dimensional graphics terminal.
In general, we -do not feel
confident that they will aid the
prediction of dialcohol packing,
in contrast to the simpler rules
identified in previous sections of
this work. This is consistent with
the view (Dunitz, 1999) that it is
the short-range details that are
important (‘long-range periodi-
city is produced by directionally
specific short-range interactions,
nothing more’).

3.11. Packing of primary
monoalcchols containing addi-
tional oxygen acceptors

This group of compounds was
briefly examined in order to
determine the extent to which
the packing characteristics of
simple monoalcohols, C,,H,OH,
are perturbed when one or more
additional (non-hydroxyl) O
atoms are present. A count was
made of the numbers of
different types of O atoms in
each molecule, excluding the
hydroxyl oxygen. Aromatic and
ester (C—0—C) O atoms. are.
also excluded because they are
almost incapable of accepting
hydrogen bonds (Boehm er al,
1996; Nobeli et al., 1997). The O
atom in each structure which
acts as the hydrogen-bond
acceptor of the hydroxyl
hydrogen was then identified.
Details of these results have
been deposited as supplemen-
tary data (see footnote 1).

The analysis shows that
hydrogen bonds  between
hydroxyl groups are rare in
these structures, occurring in
®) only four of the 20 examples.
V When they do occur, they form

Figure 3 . . .

Infinite - --OH. - -OH. -- chain in dialcohols, () containing dimers (ZZZKPEOL; Sillanpaa er al, 1984) and  infinite ---OH---OH. .. chains
(b) not containing dimers (PUFJLJ; Otten et al., 1998). in the majority of cases (three
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out of four), as expected by analogy with the data in Table 1 on hydrogen is normally donated to a non-hydroxyl oxygen
1° monoalcohols. The presence of additional O atoms, (usually a carbonyl oxygen if one is present). Lessons learnt
however, represents a huge perturbation, since the hydroxyl from our study of ‘pure’ monoalcohols, C,,H,OH, are there-
- fore largely irrelevant for these
structures because different
types of hydrogen bonds are
present. .
The space groups and Z’
statistics of these compounds
are not significantly different
from those of the CSD as a
whole.

4. Conclusions

Rules governing the crystal
packing of  monoalcohols,
C,,H,0OH, are:

(i) Virtually all (142 of 144)
monoalcohols form one of four
packing motifs, viz. infinite
---OH.--OH- - chains,
---OH.-.-OH- .- rings, isolated
OH. - -O hydrogen bonds or no
OH- --O hydrogen bonds.

(ii) If a monoalcohol structure
contains no OH.--O hydrogen
bonds, it will almost invariably
be stabilized by CH---O and/or
OH. - .7 interactions (only three
structures found with no -
OH.--O0, CH---O or OH.---7
interactions). .

(iii) The occurrence of the
basic motifs is strongly corre-
lated with steric effects. Chains
form if steric factors permit,

_ rings are next most preferred
and sterically hindered mono-
alcohols form isolated OH.--O
hydrogen bonds, or no OH---O
hydrogen bonds at all. Thus:

(a) 1° monoalcohols always
form chains (11 of 15) unless
sterically hindered by tertiary
substitution on the B carbon, or
secondary substitution with very
large substituents.

(b) 2° monoalcohols form all
four of the basic motifs, but are
mostly chains (19 of 50) or rings
(19 of 50). Chains or rings are
highly likely if SSBC < 4 (18 of

(b) 20)

(c) 3° monoalcohols usually

Figure 4 fi i 27 of 79

Wave-like - - -OH- --OH. - - chains in (@) FUNCIA (Manes ef al,, 1988) and (b) HIYHAY (Nakamura et al., orm rings (27 of 79) or have no

1999). OH. - -O hydrogen bonds at all
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(27 of 79). Rings or chains are more likely if SSBC < 5 (27 of (iv) Monoalcohols forming chains, rings or isolated OH. - -O
30), whereas isolated/no OH---O hydrogen bonds are likely  hydrogen bonds have a strongly increased probability
otherwise (36 of 48). (compared with the rest of the CSD) of crystallizing in a high-

symmetry (trigonal or tetra-
gonal) space group or with Z’' >
1. This tendency is not shown by
monoalcohols that form no
OH---O hydrogen bonds. In
particular:

(a) It is very unlikely that a
ring will occur if Z' = 1 and the
space group is not high
symmetry {(no examples in 48
structures forming rings).

(b) It is very unlikely that a 3°
monoalcohol  structure  will
contain either a chain or a ring if
the space group is not high
symmetry and Z' = 1 (three
examples only).

(v) Chains can be zigzag,
wave-like or helical, the latter
becoming = somewhat more
predominant as steric hindrance
increases. Threefold helices are
more common than fourfold (14
versus 4).

(vi) A large majority (42 of
48) of - --OH.--OH- - - rings are
4-rings (ie. contain four
OH---O hydrogen bonds).
Considering all monoalcohols,
such rings are equally likely to
be planar or puckered. Puck-
ering becomes more common as
steric hindrance increases, ie.
for 3° monoalcohols.

- Rules governing the crystal
packing of “dial¢ohols;
C,.H,(OH),, are:

(i) A large majority (96 of
101) of dialcohols form one of
three packing motifs: infinite
---OH.--OH--- chains;
---OH.--OH. - rings; isolated
OH- - -O hydrogen bonds. Each
of these motifs can involve
intramolecular OH---0
hydrogen bonds, but in practice
this occurs rather infrequently
(in 21 of the 101 structures).

(ii) The occurrence of the
basic motifs is strongly  corre-
lated with steric effects. Inter-
molecular chains form if steric

Figure 5 o i T

Extended hydrogen-bond networks in (@) CAVDEI (Nakamura & Sato, 1999) and (b) BCHMOL (van factors permit, intermolecular

Koningsveld er at., 1981). rings are next most preferred
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Table 8
Space group and Z’ statistics for different types of dialcohols.

Space groups Molecules per au
Top 15 Other Z' =1 Z'>1
1°-1° 16 1 17 0
94% 6% 100% 0%
1°-2° 5 : 0 5 0
100% %o 100% 0%
1°-3° 4 1 4 1
80% 20% 80% 20%
2°-2° 26 2 20 8
93% 7% 71% 29%
20-3° 15 3 17 1
83% 17% 94% 6%
3°-3° 25 3 23 5
89% 11% 82% 18%

and only sterically hindered dialcohols form crystal structures
involving intramolecular hydrogen bonds, isolated OH.-.O
hydrogen bonds, or no OH- - -O hydrogen bonds at all. Thus:

(a) Dialcohols with at least one primary hydroxyl group
overwhelmingly favour chains (25 of 27), of which the
large majority (22) involve only intermolecular hydrogen
bonds.

(b) Dialcohols containing at least one secondary hydroxyl
group but no primary OH’s usually form chains (27 examples
out of 46) or rings (10 examples).

(¢) Chains, rings and isolated OH- --O hydrogn bonds are
approximately equally likely in dialcohols in which both
hydroxyls are tertiary.

(d) 2°-2°, 2°-3° and 3°-3° dialcohols with SSBC < 8 almost
always form intermolecular chains or rings (25 of 29). The
same types of dialcohols strongly favour isolated OH-.-O
hydrogen bonds; no OH...O hydrogen bonds or motifs
involving intramolecular hydrogen bonds if SSBC > 8 (22 of 24).

(iii) Intermolecular hydrogen bonds in the structures of
dialcohol molecules containing topologically distinct hydroxyl
groups (A, B) are almost invariably between the non-
equivalent groups (i.e. A.--B rather than A-.-A or B.--B; 34
of 38 structures). This is independent of whether the basic
motif is a chain, ring or isolated OH- - -O hydrogen bond.

(iv) With the possible exception of 2°-2° and 3°~3° dialco-
hols, the compounds do not show an unusual predilection for
crystallizing in high-symmetry space groups or with Z' > 1.

(v) Chains are usually zigzag or wave-like. Both threefold
and fourfold helices are rare (two and four examples,
respectively, in 44 structures forming intermolecular chains).

(vi) Virtually all (20 of 21) - - -OH- - -OH- - - rings are 4-rings
(i.e. contain four OH. - -O hydrogen bonds). Planar rings are
slightly favoured over puckered {13 versus 7}, but puckering
becomes more likely as steric hindrance increases.

Rules governing the crystal packing of primary
monoalcohols containing at least one other O atom,
C,,H,(0),CH,0H, are:

(i) Hydrogen bonds of the type OH...O==C will usually
occur if the molecule contains at least one carbonyl group
(seen in 10 of 14 examples).

Table 9
Geometries of chains and four-membered rings for different types of
dialcohols.

Chains (not involving intramolecular

hydrogen bonds) 4-Rings
Zigzag Wave 3-helix  4-helix Other  Planar  Puckered
1°-1° 6 8 0 0 0 1 0
1°-2° 1 4 0 0 0 0 0
1°=3° 0 1 0 1 1 1 0
2°-2° 3 6 1 2 1 6 1
2°-3° 0 4 0 1 1 2 1
-3 1 1 1 0 0 3 5
All 1 24 2 4 3 13 7

(ii) Space group and Z’ distributions are similar to those
seen in the CSD as a whole.

5. Discussion

We have been successful in identifying rules governing the
crystal packing of mono- and dialcohols. Moreover, the rules

_are based on simple quantities that can be rapidly deter-

mined from a trivial analysis of molecular connectivity. In
this section we now consider whether the rules are of
practical value.

In order to be useful, the rules must first add value to what
is already achievable in crystal-structure prediction. Common
experience suggests that using a state-of-the-art program to
predict, say, the structure of a dialcohol will result in a rather
large number of possible structures with similar calculated
lattice energies. The experimental structure is likely to be
amongst them, but cannot be distinguished (Mooij et al., 1999;
Lommerse e/ al, 2000; van Eijck & Kroon, 2000). In this
situation, if some of the hypothetical structures fail to match
the empirical rules identified in this work, then they can be
eliminated with confidence and the rules will have proved
useful. Until the experiment is tried, however, we do not know
whether this will be the case. If it is not (iLe. if all the putative
structures obey the rules), then the only way our work can
help is by restricting the search space that must be visited by
the crystal-structure prediction program. This may allow more
time to be spent on higher quality energy calculations which,
in turn, may improve predictive ability. Then again, it may not,
particularly if kinetic effects are important.

The next issue concerns transferability. Common empirical
techniques such as molecular mechanics are successful
because they are based on parameters that can be transferred
from one situation to another. For example, the same
stretching constant can be used for more or less any C—-O
single bond, irrespective of its molecular environment. In the
case under discussion, it is regrettably clear that our rules are
far from transferable. Even changing from monoalcohols to
dialcohols alters the rules appreciably, and adding an extra
type of oxygen acceptor renders them completely inapplic-
able. Our rules may be fine for the systems from which they
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were derived, but they are useless for anything else and
therefore cannot assist in the solution of problems of real
commercial interest.

This does not mean that the CSD itself is of no value in
crystal-structure prediction; rather, it means that rules gener-
ated from the CSD must be tailored to the problem in hand.
At first sight this seems impracticable and, indeed, this would
be the case if rules had to be discerned by visual analysis of
scores of crystal structures, as we have performed here.
Fortunately, the architecture of Mercury should make it
possible to automate a search for rules: the underlying C++
classes can be put together in a variety of ways to achieve this
end. One can imagine the following methodology:

(i) Parse the structure of the molecule of interest to identify
the chemical populations to which it belongs (there will
normally be more than one - for example, a cyclopentenone
with an oxime side chain belongs to the population of all
cyclopentenone derivatives and the population of all organic
oximes).

(ii) Find the relevant structures in the CSD and discern
packing rules automatically.

(iii) Factor the rules into the crystal-structure prediction
process.

The final issue concerns statistical significance and bias.
Leusen et al. (1999) point out that scoring functions based on
the CSD may be incapable of predicting anything novel. While
true, this need not greatly concern us. We would be gratified if
we could predict the majority of typical structures, never mind
the few that are atypical. Bias in the CSD is, however, a
problem. For example, the 15 primary monoalcohols used
herein do not constitute a very diverse set of molecules. The
answer lies in finding a good balance between the relevance of
a sample and its size. As we increase the size of a sample by
reducing the specificity of the substructure search from which
it was generated, the diversity will tend to increase and biases
will become less likely. On the other hand, the structures in the
sample will, on average, become less similar to the molecule in
which we are interested. Finding algorithms for optimizing this
balance will be a major challenge in developing an effective
methodology for using the CSD in crystal structure prediction.

Mercury was written by one of us (CFM). Significant
contributions to the program were also made by Drs Jason
Cole, Magnus Kessler and Jonathan Pearson, all present or
former members of staff at the Cambridge Crystallographic
Data Centre.
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Additive-induced polymorphism has always interested the
solid-state chemist for fundamental and practical reasons."
Polymorphism is, in itself, an enigmatic phenomenon and the
reasons for its occurrence are only now beginning to be
unraveled.” The role of tailor-made additives (auxiliaries) in
the control of various aspects of crystallization (nucleation,
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growth, morphology, dissolution, structure) has been descri-
bed.? Polymorphism is one of the least controllable aspects of
crystallization. Therefore it would be extremely useful if there
were a reliable and general way of engineering additive-
induced polymorphism. These ideas are also relevant in
crystal-structure prediction. Three questions are pertinent:
1) Does the presence of an additive change the polymorph
that is obtained? 2) If so, can the structure of the polymorph
so obtained be correlated with the structure of the additive?
3) What is the mechanism of enhancement/inhibition of a
polymorph? Despite the importance of these questions, the
number of well-documented examples of additive-induced
polymorphism is very limited.

Leiserowitz, Lahav, and co-workers!'*8) have provided a
basic model for additive-induced polymorphism (Scheme 1).
The additive is structurally similar to the molecule of interest

Herein we report on the polymorphism of 1,3,5-trinitro-
benzene (TNB) induced by the additive trisindane (TI). TNB
has been known for 120 years as an explosive and in the
formation of crystalline n-n donor-acceptor complexes.!”
However, and in contrast to the related molecule 24,6
trinitrotoluene (TNT),?'% there has been no report of its
polymorphism.!"!! The only known crystal structure of TNB is
that of the centrosymmetric orthorhombic form (space group
Pbca, 7! =2), which we shall call Form 1" More recently,
TNB has been used as a component of C—H--O hydrogen-
bonded molecular complexes for applications in nonlinear
optics (NLO). For example, we co-crystallized an equimolar
mixture of TNB and triphenylene (TP) to obtain a 1:1

0\\,'4 /@\N .0 O
o] o -
NB mn TP

8) CoNUOSYmmeing
groweth inhibition o
. 9 ;
(ERERHAY (HRIRE :
5 i RN
IRIR IRt HHHH
IRIRIRY IRIRIRT
sy gi Li Hi %% molecular complex, which we studied in detail." Continuing
growth inhibition this strategy, we attempted to co-crystallize 1:1 and 2:1
b} polar mixtures of TNB and the closely related T from CCL.["*
narmal growth There was distinct evidence of complex formation in solution
LAY Y ] [N AR Y A . .
VOSSNSO SO E T in that the solution changed from pale yellow to dark red.
NEONENENS NN ‘r' Y However, instead of obtaining the desired 1:1 or 2:1
(A VY Y AV AV Y molecular complexes, we obtained (from a 2:1 experiment
L A W a‘ y \dl LW in CCl,) a new polymorph of TNB, henceforth, Form IL
growth inhibition Figure 1 shows the crystal structure of ic new and
additive & unexpected noncentrosymmetric polymorph, in the ortho-

Scheme 1. Basic model for additive-induced polymorphism, see text
for details.

(host) and it may be selectively adsorbed on its crystal faces.
Depending on the degree of similarity between the host and
the additive, the latter may selectively inhibit the growth of a
few faces of the embryonic crystal of the host. These ideas
find a practical application in the preferred crystailization of a
noncentrosymmetric polymorph (Scheme 1b, left) at the
expense of a centrosymmetric one (Scheme 1a, left). An
appropriate tailor-made additive will inhibit growth of the
centrosymmetric form at two opposite ends thereby preclud-
ing it (Scheme 1 a, right), but it will inhibit growth of the polar
form at only one end of the crystal (Scheme 1b, right) so that
it survives. This concept was demonstrated for N-(2-acetam-
ido-4-nitrophenyl)pyrrolidine (PAN) with the 2-nitro and 2-
amino derivatives as additives, and for the y-form of glycine in
aqueous solution with racemic hexafluorovaline as an addi-
tive. "8 Another clear example is provided by Davey and co-
workers® who selected trimesic acid and trans-glutaconic acid
as inhibitors of the stable fB-polymorph of L-glutamic acid
leading to the metastable a-polymorph. He, Stowell, and co-

workers'® designed isomorphous additives that induced '

crystallization of a metastable form of 4-methyl-2-nitroace-
tanilide. The phenomenon has been reviewed.®

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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rhombic space group Pca2,, also with Z'=21" Close
inspection of this intricate structure shows two patterns
generated, respectively, from the two independent molecules
in the asymmetric unit. These patterns are shown in green and
yellow in Figure 1. The green colored molecules form a V-
shaped trough while the yellow colored molecules form a
zigzag arrangement. The V-shaped trough and the zigzag
chains are linked with weak C-H--O, C-H-N, and
NO,NO, contacts.

We next redetermined the structure of Form  because we
wished to verify the Lahav-Leiserowitz model for additive
induced polymorphism.' Figure 2 shows that the Pbca
structure of Form I is closely related to the Pca2; structure
of Form II. In both forms, there are V-shaped troughs made
up of one of the two symmetry independent molecules in the
crystal (green). The major distinction is that the V-shaped
troughs point in opposite directions in the centrosymmetric
Form I crystal and only in one direction in the polar Form II
crystal. The Pbca structure is in effect a doubled version of the
Pca2, structure across an inversion center™ so that the
mechanism in Scheme 1 broadly applies leading to Form I
crystals. The unit cell parameters (Form 1, a=12.587, b=
9.684, ¢=26.86; FormIl, 2=9297, b=18730, ¢=9.633)
show some relationship in that b2y, and that (a;¢,)=2 (agbp).
While the V-shaped troughs point along {010} and [0-10] in
Form I they point only along {001} in Form H.

Angew. Chem. int. Ed. 2004, 43. 1149-1149
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Figure 1. Noncentrosymmetric Form 1l crystal of TNB. The two symme-
try-independent molecules are shown in green and yellow. a) View
down the a axis showing alternate V-shaped troughs and zigzag
chains. b) View down the ¢ axis showing TNB tape based on C—H-.O
and NO,--NO, interactions along the o axis (green), and zigzag chains
{yellow). For clarity C—H.-N and ON—O--NQ, interactions are
removed between the green TNB molecules. Molecular graphics were
generated using X-seed and POV-Ray.!'?

Figure 2. Centrosymmetric Form-| crystal structure of TNB (Pbca). a) View down the
a axis. b) View down the b axis.

The experimental morphology of the Form I crystals was
determined. Figure 3 shows the crystal faces in a well-grown
specimen. The main faces are (010) and (001) and their
centrosymmetrically related equivalents. From the direction
of the V-shaped troughs in the two forms, it may be assumed
that binding of TI on the (010) faces is likely. If the binding is
slightly different on (010) and (0-10) there will be a
symmetry reduction from Pbca to Pb2,a. A permutation of
the b and caxes (b;=cy) leads to space group Pca2; for
Form H. According to this model it is not mandatory that
a=ag with ¢,22 (by). It is sufficient if (a;¢;)=2 (ay by) and this
condition is achieved by a slight shearing of molecules in the

Angew. Chem. Int. Ed. 2004, 43, 11451149
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Figure 3. Experimental morphology of Form | crystal of TNB. Note the
(010) and (0-10) faces.

(010) planes of the Form I crystal. Indeed such shearing is
unsurprising. It would have been more exceptional if the
preferential growth along + b or —~b were accompanied by no
change whatsoever in the (010) planes, in effect along the a
and c directions. These results also demonstrate that it is the
adsorption of TI additive on (010) and (0—10) that is critical
to the formation of the new polymorph because it is the b axis
of FormI that is unchanged in length in going to Form II
(where it is termed the ¢ axis), while the a and ¢ axes of Form 1
(renamed as the g and b axes in Form H) change in length.
The experimental morphology shows that (010) and (001) are
major faces, with (001) being more prominent. Yet, only
adsorption of TI on (010) is critical to the growth
of Form I with any possible adsorption on (001)
being innocuous.

In considering the growth of Form HI crystals
from a CCl; solution of TNB that contains TI
additive, an important assumption that is implicit
in the Lahav-Leiserowitz model needs to be
mentioned,?? namely that any solution contains a
variety of molecular aggregates, some of which
have structures akin to those of the macroscopic
crystalline forms. This assumption is a triviality
when polymorphs appear concomitantly. How-
ever, if say solution A normally results in poly-
morph A and one wishes to design an additive
that will yield polymorph B from this solution,
then this assumption must be taken into account.
This is pertinent in the present case because both
Forms I and I were obtained from CCl, solution.
Another consideration that has been utilized in
certain layered structures wherein layer stabilities and bulk
stabilities are inverted in two polymorphs is to induce
nucleation layer by layer so as to obtain the less stable

polymorph.B*-But this is not applicable in the present case’

because the structures of Forms I and II are not layered and
Form II is more stable than Form I (see below).

In attempting to reproduce these results we set up a series
of crystallization experiments from various solvents (in
Essen) with varying mole proportions of TNB and TL!'
However, we never again were able to obtain the non-
centrosymmetric Form II (which had appeared originally in
Hyderabad), even after nearly 100 crystallization attempts

© 2004 Wiley-VCH Verlag CmbH & Co. KGah, Weinheim
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spread over a six-month period. However, during these
experiments, we isolated another polymorph, Form IIi,
when TNB (80%) and TI (20%) were taken in EtOAc.
This form of TNB crystallizes in the centrosymmetric space
group P2,/c with Z' =1 (Figure 4). Unlike Form II, we were

Figure 4. Centrosymmetric Form IH crystal of TNB. a) View down the
a axis. b) View down the b axis showing the TNB tape.

able to obtain crystals of Form I a second time but only after
several attempts. Close inspection of this new(est) structure of
TNB shows that it is not obviously related to Form I and
Form H. There are no V-shaped troughs or zigzag chains. The
structure is “normal” and emphasizes Kitaigorodskii-type
close packing.™ The TNB tape building block shown in
Figure 4b is common in TNB molecular complexes') but is
not seen in Forms I and II (see Supporting Information).
These results, unanticipated as they were, open up several
lines of discussion. What is the role of TI in inducing the
appearance of Form Il crystals? First, although many
crystallization experiments were carried out,ml Forms II and
ITI were only obtained when T1 was present. An additional
indication that TI is indispensable for the production of
polymorphic structures is that there is no evidence of any
phase transformation of Form I crystals, at least as evidenced
from differential scanning calorimetry (DSC), thermogravi-
metric analysis (TGA), and variable-temperature powder
diffraction traces. Second, we note that TNB gives stoichio-
metric molecular complexes with a very large number of
planar z donors.®*" Thus, TNB readily gives a 1:1 molecular
complex with the planar TP. It is possible that the difficulty of

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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formation of a molecular complex between TNB and T1 arises
from the nonplanarity of the TI molecule. In any event, we
observed the formation of small amounts of red microcrystal-
line material coating the crystals of TNB (shown in a
photograph in the Supporting Information) in most of the
cocrystallization experiments (regardless of the crystalline
form of TNB obtained). We made several attempts toisolate a
single crystal from this microcrystalline mass but were
unsuccessful. We infer that this material corresponds largely
to a TNB-TI molecular complex of unknown structure.
Whilst formation of a stoichiometric molecular complex
between TNB and TI may be difficult as explained above,
there is a close degree of molecular similarity as is revealed in
the overlap diagram in Figure 5. This situation leads to the

Figure 5. Overlay of TNB and Ti molecules.

possibility of nonstoichiometric solid—solution formation at
the surface. As very little of this red material was obtained
(we estimate less than 5% according to powder X-ray
diffractometry) we conclude that the degree of molecular
similarity is not high enough.®? In summary, it is this
serendipitous duality of events that appears to favor the
formation of Form IfI. The nonplanar TI cannot form a
stoichiometric molecular complex readily with TNB, for if this
were so there would be no other result in the cocrystallization
experiments,® and the degree of molecular similarity
between T1 and TNB is not so high as to lead to the formation
of nonstoichiometric solid-solutions. Yet the interaction
between TNB and T1 is sufficiently good to promote some
sort of association. What appears plausible, is an ill-defined
outcome with an indiscriminate adsorption of TI molecules
over all the faces of the growing TNB crystals.

Such nonselective adsorption of TI on the TNB faces may
be rationalized by considerations of molecular and crystal
symmetry. It is not straightforward to establish at which faces
of the centrosymmetric Form I crystal the additive is adsor-
bed, since TI has molecular threefold symmetry, as does TNB.
This issue is resolved for adsorption leading to Form I,
because it is noncentrosymmetric, but Form I is centrosym-
metric. How does the additive work in this case? The clue lies
in the actual point groups of Forms I and I which are 2/m
2/m 2/m and 2/m, respectively. The idea here is that the higher
the crystal point symmetry, the more different orientations in
the lattice the constituent molecules may occupy, making the
inhibition process less selective, or in other words, more
indiscriminate. This principle was enunciated by Weissbuch
et al™ but no examples have been found to support this

Angew. Chem, Int. Ed. 2004, 43, 11491149
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conjecture until the present case. Here, we may suggest that
the threefold symmetric additive molecule may substitute for
the threefold symmetric host molecule, of roughly the same
size and shape, at several locations because many of the
orientations that the host molecule presents in the growing
crystal are equivalent.

Finally, let us consider the energetics of the three
polymorphs of TNB. To compare the relative stability of the
three polymorphs one should conmsider their lattice ener-
gies,”' melting points, densities, and packing coefficients (see
Supporting Information). The crystallographic and physical
details are given in Table 1. The data in Table 2 shows that

Table 1: Crystallographic data for the compounds studied

Parameter i 1] 1]
crystal system orthorhombic orthorhombic monoclinic
space group Pbea Pcal, P2, je
16 ] 4
z 2 2 1
Pases [gEM™] 1.729 1.688 1717
Ce 72.5 7.0 725
m.p. [°C] 121.8 1192 122.7

Table 2: Lattice energy calculations on the polymorphs of TNB

Angewandte

For instance, in this work, crystal forms have been found that
were hitherto unreported. In general, it would appear that
McCrone's dictum®™ is correct but again, perhaps only for
some categories of molecules.”” In the present instance, the
fact that molecules of TI can interact with those of TNB, but
not too well, seems to be the critical factor that determines the
appearance of new polymorphs. But why is so much of
additive required? And why is it that while additives change
crystal morphology easily”! they do not seem to be able to
change the polymorph that is obtained so readily? It appears
that if the additive completely surrounds the embryonic
crystal of the kinetic forms (through an indiscriminate
adsorption on all the crystal faces), then only the most
stable crystal form is able to survive.”"! Normaily, thermody-
namic forms are obtained under conditions when nucleation
is inhibited (dilute solutions, annealing, supercritical fluids,
hydrothermal methods, gel crystallization, high pressure).
The present study shows that there may be another way of
inhibiting nucleation, namely through the use of additives that
bind nonselectively to all crystal faces of all kinetic forms.
However, this does not mean that such an additive may be
designed, in advance, with our present understanding of the
crystallization event although the appearance of Form I may
“be rationalized on the basis of an
accepted model. Could one have
computed the structure of the

Energy Form 1 [Kcal mol™] Form Ii [Kcalmol™'}

Form Ml [Kealmol™]  gtable FormIM? What would

per molecule per molecule per molecule happen if TNB was given as a
Van der Waals ~267.830 —16.739 ~124.327 -15.541 —65.817 -16.454 candidate molecule in a blind test
electrostatic  —261.685 —16.355 ~176.639  -22.079 ~82907 -20.727 for crystal structure prediction
hydrogen bond ~ ~43.158  -2.697 -29.152 ~-3.644 -17.655  ~4.414 (CSP) 7 Why is it that the presence
total energy -572.67 —35.792 —330.118 ~-41.265 ~166.38 -41.595

Form Il is the most stable polymorph being more stable than
Form II by 0.33 kcalmol ™" and more stable than Form I by as
much as 5.80 kcalmol ™" The observed melting points of
Forms I and I support these calculations. Surprisingly, the
least stable polymorph (Form I) is also the densest. This is not
unprecedented but it is uncommon./?” That a crystal form that
is of such high relative energy has been reported after more
than a century of experimental work on TNB is noteworthy,
and suggests that Form I is distinctly favored kinetically.™”
The adsorption of TI on the faces of the kinetic Form I crystal
leads (in an orderly fashion according to Scheme 1) to Form I
and the adsorption is selective. If the adsorption is indis-
criminate, the growth of all faces of all possible kinetic forms
may be affected,®"! and what crystallizes out might be the
most stable (thermodynamically favored) Form III. The fact
that the highest melting Form HI has a “normal”® packing
(P2//c, Z' =1) also corroborates that it is the thermodynamic
form, or at any rate close to the thermodynamic form, which
may still remain to be isclated. Whether FormII is a
disappearing formP or not is an open question, and we
reserve comment at prcsem.‘”’

In conclusion, it may be said that the isolation and
detection of new polymorphs is still unpredictable. A
combination of serendipity and subsequent rigorous observa-
tion could well lead to novel and unanticipated polymorphs.

Angew. Chem. Int. Ed. 3004, 43, 1149-1149

www.angewandte.org

of TI in the crystallization vessel

does not invariably lead to the for-

mation of Forms I or II? In other
words, why is the formation of these more stable forms much
less frequent? We are not particularly disappointed that we
obtained Form II only once and Form III only twice. It is

- possible that if the crystallization is carried out with TI and
also employing some other condition that inhibits nucleation
(such as those listed above), the appearance of more stable
crystal forms might become much more frequent. We are
pursuing these and other related experiments currently. On a
more speculative note, is the occurrence of multiple mole-
cules in the crystallographic asymmetric unit for nonpseudo-
symmetric structures correlated with the appearance of
kinetic forms? Perhaps some of the questions posed in this
paragraph might appear to be rhetorical, or even fanciful.
However, they do show that the phenomenon of polymor-
phism is one of the most difficult frontiers in the chemistry of
the molecular solid state today.
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Revised: September 22, 2003 [252253)
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[26)
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(29

[30]

[31]

Angew. Chem. Int, £d. 2004, 43, 11491155

Cocrystallization of TNB with T in these exhaustive trials was
attempted with mole percentages of TI from 10% to 50%.
Recrystallization was carried out separately for both TNB and
TI and as well as for mixtures from a variety of solvents, such as
EtOAc, MeOH, EtOH, CH,Cl,, CHCl,, CCl,, benzene, toluene,
m-xylene, p-xylene, mesitylene, acetone, MeCN, nBuOH,
nPrOH, iPrOH, MeNO,, THF, dioxane, Et,0, DMF, and
DMSO. Solvent combinations, such as MeOH-MeCN, ben-
zene~CCl,, benzene-hexane, EtOAc-hexane, and benzene-
MeCN, were also tried. Invariably, we obtained crystals of
FormT or TI In all, approximately 100 single crystals from
different crystallization experiments were selected for cell
measurements. While the crystals very often had different
morphologies, all of them turned out to be those of either
Form1or TL

A. 1. Kitaigorodskii, Molecular Crystals and Molecules, Aca-
demic Press, New York, 1973. By “normal” is meant a three-
dimensionally close-packed structure without any easily identi-
fiable substructural motifs, such as V-shaped troughs, molecular
tapes.

a) P. K. Thallapally, A.K. Katz, H. L. Carrell, G.R. Desiraju,
CrystEngComm 2003, 5, 87-92; b) P. K. Thallapally, K. Chak-
raborty, H. L. Carrell, S. Kotha, G. R. Desiraju, Tetrahedron
2000, 56, 6721 -6728.
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TNB. In roughly 50 of these trials we did not use any T1. In these
cases, there were two outcomes. For non-aromatic solvents, only
Form I was obtained. With some aromatic solvents (benzene,
toluene, chlorobenzene, m-xylene, p-xylene, mesitylene) we
obtained solvates with a greater or lesser degree of difficulty.”™
With other aromatic solvents (nitrobenzene, bromobenzene,
wriflurotoluene, pyridine, collidine, picolines), only Form I was
obtained.

R. K. R. Jetti, P. K. Thallapally, R, Boese, G. R. Desiraju, Cryst.
Growth Des. 2003, 3, 1033 -1040.

The current version of the CSD contains 61 (CSD version 5.23,
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Kennard, Chem. Des. Autom. News 1993,8,1-57.

A. 1 Kitaigorodskii, Mixed Crystals, Springer, Berlin, 1984
{Springer Series in Solid-State Science 33).

We redetermined the crystal structure of pure TI (the earlier
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hydrogen-atom positions reported; E. R. Boyko, P. O. Vaughan,
Acta Crystaliogr. 1964, 17,152 -154; see ref. [15]) but this is quite
different from any of the forms of TNB. If the structures were
isomorphous, solid-solution formation would be more likely.
The lattice energies were carried out using “Smart Minimizer"”
option of the Cerius2 package. All molecules in the crystal were
treated as rigid entries. Atom-atom potentials were estimated
using Dreiding 2.21 force field and atomic charges were
estimated using the charge equilibration method. Cerius2,
Accelrys, Cambridge (UK). See www.accelrys.com.
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Ser. A 1938, 167, 122-125.

The relationship between the kinetic accessibility, higher relative
energy, and high density of the most common Form I and the
explosive character of TNB is an aspect that might need to be
investigated in the future.

We estimate that at a 20% loading of the additive, the embryonic
TNB crystal contains 24 580 molecules (crystal radius 107 A) if
the additive coats the crystal at monomolecular thickness, this is
reasonable for a crystal in the very early stages of growth. Both
TNB and TT are assumed to be spherical and the embryonic
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for these calculations.

[32] J. D. Dunitz, J. Bernstein, Acc. Chem. Res. 1995, 28, 193~200.
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A. Kédlmén, Angew. Chem. 2003, 115,2001 -2004; Angew. Chem.
Int. Ed. 2003, 42, 1957 - 1960.

[34] W. C. McCrone, Polymorphism in Physics and Chemistry of the
Organic Solid-State (Eds.: D. Fox, M. M. Labes, A. Weissberger),
Interscience, New York, 1965.
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[36] Leiserowitz et al. made a similar cbservation with PAN (see
refs. [1f, 1g]).
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Structure of the caffeine-copper{il) acetate addition compound. Simonov, Yu. A; Milkova, L. N. USSR,
lzvestiya Akademii Nauk Moldavskoi SSR, Seriya Fiziko-Tekhnicheskikh i Matematicheskikh Nauk (1972), (3), 83-4.
CODEN: IZFMBL ISSN: 0321-169X. Journal written in Russian. CAN 79:10885 AN 1973:410885 CAPLUS
{Copyright (C) 2006 ACS on SciFinder (R)) :

Abstract

Caffeine and Cu{OAc)2 reacted in MeOH to give Cu(OAc)2.C8H1002N4 which was studied by x-ray anal. The crystals are
triclinic, space group P1.hivin., with a 7.80, b 9.21, ¢ 10.85 .ANG., « 80°,  83°,v 101°, d.(detd.) = 1.68, d. (x-ray) = 1.73, Z
=32 .
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In Vitro and In Vivo Activities of SCH 56592 (Posaconazole), a
New Triazole Antifungal Agent, against Aspergillus and Candida

ANTHONY CACCIAPUOTIL* DAVID LOEBENBERG, ERIK CORCORAN,} FRED MENZEL, JR.,
EUGENE L. MOSS, JR., CHRISTINE NORRIS. MONIKA MICHALSKI, KIMBERLY RAYNOR,
JUDITH HALPERN, CARA MENDRICK, BRIAN ARNOLD, BARRY ANTONACCI,
RAULO PARMEGIANI, TAISA YAROSH-TOMAINE, GEORGE H. MILLER,}

AND ROBERTA S. HARE

Schering-Plough Re&earch Institute, Kenilworth, New Jersey 07033-1300

Received 18 January 2000/Returned for modification 16 February 2000/Accepted 28 April 2000

SCH 56592 (posaconazole), a new triazole antifungal agent, was tested in vitro, and its activity was compared
to that of itraconazole against 39 Aspergillus strains and to that of fluconazole against 275 Candida and 9
Cryptoceccus strains. The SCH 56592 MICs for Aspergillus ranged from =0.002 to 0.5 pg/ml, and those of
itraconazole ranged from =0.008 to 1 pg/ml. The SCH 56592 MICs for Candida and Cryptococcus strains
ranged from =0.004 to 16 pwg/ml, and those of fluconazole ranged from =0.062 to >64 pg/ml. SCH 56592
showed excellent activity against Aspergillus fumigatus and Aspergillus flavus in a pulmonary mouse infection
model. When administered therapeutically, the 50% protective doses (PD;,s) of SCH 56592 ranged from 3.6 to
29.9 mg/kg of body weight, while the PD,s of SCH 56592 administered prophylactically ranged from 0.9 to 9.0
mg/kg; itraconazole administered prophylactically was ineffective (PDgs, >75 mg/kg). SCH 56592 was also
very efficacious against fluconazole-susceptible, -susceptible dose-dependent, or -resistant Candida albicans
strains in immunocompetent or immunocompromised mouse models of systemic infection. The PDgys of SCH
56592 administered therapeutically ranged from 0.04 to 15.6 mg/kg, while the PD,,s of SCH 56592 adminis-
tered prophylactically ranged from 1.5 to 19.4 mg/kg. SCH 56592 has excellent potentxal for therapy agamst

serious Aspergillus or Candida infections.

Of the estimated 100,000 known species of fungi, only about
180 have been shown to cause disease in humans, and only
about 10% of these are encountered in most clinical settings
(8). However, fungal infections have substantially increased
over the past two decades, and invasive forms are important
causes of morbidity and mortality (2, 16). The major increase
in fungal infections is related to increased numbers of immu-
nocompromised patients including those with human irhmuno-
deficiency virus infection-AIDS or cancer and bone marrow or
solid organ transplant recipients, who are at risk of developing
invasive fungal infections (5, 7, 12, 16). Disseminated candidi-
asis, pulmonary aspergillosis, and mycoses caused by emerging
opportunistic fungi are the most common of these serious
mycoses (7, 16, 38). As a result, there is a developing consensus
that prophylactic therapy should be used for these high-risk
patients (12). Fluconazole (FLC) is used for prevention of
fungal infections in some of these patients, but it is not active
against Aspergillus or other filamentous fungi. However, there
is great concern about the development of resistant Candida
due to prophylactic use of FLC (4, 10, 15, 18, 23, 35, 37).
Clearly, alternative antifungal agents are needed for both ther-
apeutic and prophylactic use. SCH 56592 (SCH; posaconazole)
is a new triazole antifungal agent with broad-spectrum activity
against fungi including strains of Aspergillus and Candida re-
sistant to FLC (9, 11, 19, 24, 30, 33). This report describes the
in vitro activity of SCH against Aspergillus and Candida and its

* Corresponding author. Mailing address: Schering-Plough Re-
search Institute, 2015 Galloping Hill Rd., Kenilworth, NJ 07033-1300.
Phone: (908) 740-3139. Fax: (908) 740-3918. E-mail: anthony.
cacciapuoti@spcorp.com.

T Present address: Research & Development, Microcide Pharma-
ceuticals Inc,, Mountain View, CA 94043,

efficacy in clinically relevant experimental infection models in
mice with both prophylactic and therapeutic dosing regimens.

(Preliminary reports of this research were presented at the
35th Interscience Conference on Antimicrobial Agents and
Chemotherapy, San Francisco, Calif., 17 to 20 September 1995
[A. Cacciapuoti, R. Parmegiani, D. Loebenberg, B. Antonacci,
E. L. Moss, Jr., F. Menzel, Jr., C. Norris, R. S. Hare, and G. H.
Miller, Abstr. 35th Intersci. Conf. Antimicrob. Agents Che-
mother., abstr. F66, p. 124, 1995], and the 38th Interscience
Conference on Antimicrobial Agents and Chemotherapy, San
Diego, Calif., 24 to 27 September 1998 [D. Loebenberg, F
Menzel, Jr.. E. Corcoran, K. Raynor, J. Halpern, A. F. Cac-
ciapuoti, and R. S. Hare, Abstr. 38th Intersci. Con{. Antimi-
crob. Agents Chemother., abstr. J-63, p. 469, 1998].)

MATERIALS AND METHODS

Mice. White male CF1 mice from Charles River Laboratories (Wilmington,
Mass.) were used in these studics. At the time of infection the mice in the
pulmonary infection studies weighed 16 to 18 g and those in the systemic infec-
tion studies weighed 18 t0 20 g.

Antifungal agents. SCH was prepared at Schering-Plough Research Institute,
Kenilworth, N.J., either as a micronized powder or as the clinically formulated
suspension. For in vitro susceptibility tests the powder was dissolved in dimethyl
sulfoxide, while for in vivo studies it was prepared as a suspension in 04%
{wtivol) methylcclulosc (MC) containing 0.5% (wt/vol) polysorbate 80 and 0.9%
(wiival) NaCl. The clinical suspension was diluted as needed in sterile water for
injection (sWF1) and used for some in vivo studies. Both forms of SCH were
previously tested in our laboratory and were found to have the same in vivo
efficacy. FLC powder and Diflucan oral suspeasion were obtained from Pfizer,
Inc.. Kent, England. For in vivo use, FLC powder was prepared in MC and

* Diflucan was diluted as needed in sWFI. Itraconazole (ITC) powder and Spo-

ranox oral solution were obtaincd from Janssen Pharmaceutica Inc.. Beerse,
Belgium. For in vivo use only Sporanox was used. and it was diluted as needed
in hydroxypropyl-g-cyclodextrin (HPBCD; 409 {wt/vol] in water: Cerestar USA,
Inc., Hammond, Ind.).

In vitro antifungal activity. All strains of Aspergillus, Candida. and Cryprococ-

‘cus were from the Schering-Plough Research Institute fungal culture collection.
- The MICs for Candida and Cryprococcus strains were determined by the broth
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TABLE 1. In vitro activities of SCH, ITC. and FLC against Aspergilius, Candida, and Cryptococeus
MIC (ug/mt)
Species No. of SCH ITe FLC

Range 50% 90% Range 50% 90% Range 50% 90%
A. flavus 11 =0.002~0.125 0.008 0.125 - 0.008-0.25 0.125 0.25 ND? ND ND
A. fumigatus 17 =0.002-0.062 =0.002 0.031 0.004-0.25 0.125 0.25 ND ND ND
Aspergillus species” 1 =0.002-0.5 0.016 05 =0.008-1 0.125 0.5 ND ND ND
C. albicans 156 =0.004-16 =0.004 0.125 ND ND ND 0.062->64 0.125 16
C. tropicalis 20 =0.004-8 =0.016 2 ND ND ND 0.125->64 0.25 >64
C. glabrata 20 =0.016-2 0.25 1 ND ND ND 0.5->64 4 64
C. krusei 20 0.062-0.5 0.25 0.5 ND ND ND 8-64 32 64
Candida species” 59 =0.004-1 =0.016 0.25 ND ND ND =0.062->64 0.25 16
C. neoformans 9 =0.016-0.5 0.062 ND ND . ND ND =0.062-16 2 ND

“ ND. not determined.

? Includes the following species and number of strains: A. niger, n = 5, A terreus, n = 4 A. nidulans. n = 1; species not identified, n = 1,
¢ Includes the following species and number of strains: C. kefvr, n = 7; C. parapsilosis. n = 7; C. guilliermondii. n = 6. C. dubliniensis, n = 5. C. lusitaniae. n = 5; C.
. p

lambica, n = 3; C. rugosa, n = 3; C. famawa, n = 2; C. i n=2%0Crp

microdilution mcthod according to the proccdures of the National Committee
for Clinical Laboratory Standards (NCCLS) described in document M27-A,
Reference Method for Broth Dilution Susceptibility Testing of Yeasts (26), and
those for Aspergillus strains were determined by the procedures described in
NCCLS document M38-P. Reference Method for Broth Dilution Susceptibility
Testing of Conidium-Forming Filamentous Fungi (27).

Therapeutic activity against pulmonary aspergillosis. Aspergillus fumigatus
strains ND152, ND158, ND159, and ND164 and Aspergillus flavus strains ND83,
ND134, ND149, and ND168 were grown on malt extract agar for 13 days at 25°C
in an inhalation chamber. Mice were compromised with subcutaneous cortisone
acetate {100 mg/kg of body weight once daily on the day before infection and the
following 2 days) and were exposed to a spore cloud for 0.5 10 1 min in the
chamber on the second day of compromise (day 0). as described previously (20).
Oral administration of SCH (dosc range. 40 to 2.5 mg/kg; 10 mice per dose)
began 24 h postinfection, and SCH was given once daily for 4 days. Control mice
were administered MC. The 50% protective dose (PDsp), defined as the dose
which allowed 50% survival, was calculated from the data for the surviving mice
on day 7 postinfection by the Hill equation (1).

Prophylactic activity against pulmenary aspergillosis. 4. flavus ND83 or A.
frumigatus ND1S2 or ND158 was grown as described above. Mice were compro-
mised with cortisone acefate and were infected as described above. Cortisone
acctate was also administered on days 6 and 12 postinfection to maintain immu-
nosuppression. Oral administration of drugs (25 to 0.025 mg/kg) to groups of
eight mice was once (SCH) or three times (ITC) daily beginning at 24 h prein-
fection (prophylactic) and continuing through day 7 postinfection. Control mice
were administered MC or HPBCD. PDy,s were determined as described above
by use of the data for the surviving mice on day 7 postinfection. Fungal counts in
the lungs of mice that survived at the termination of the cxperiments were
determined by spreading aliquots of homogenized suspensions onto Sabouraud
dextrose agar (SDA).

Therapeutic activity agai didiasis. Candida albicans strains
C43, C65, C72, C84, C260. C284. CZ% €288, and C342 were grown for 48 h on
SDA. and inocula were preparcd as described previously (3). Normal mice or
xmmunocompromlsed mice (which were 1mmunocompromnsed by exposure 0
500 rads 3 days prior to infection ina Shephcrd Mark I cesium gamma irradiator)
were infected on day O by injecting 2.5 X 10° to | X 107 CFU as a salinc
suspension into the tail vein. Groups of 10 mice each were treated with SCH (100
to 0.063 mg/kg) or FLC (200 to (.63 my/kg) orally once daily for 4 days beginning
at 4 h postinfection. Control mice were administered MC or sWFI. PDgys.
calculated as described above, were determined by use of the data for the
surviving mice on day 4 postinfection. Survivors were killed 24 h after the Jast
treatment, and the fungal counts in the kidneys were determined as described
previously (3).

Prophylactic activity ag C. albicans strains C43,
C284, C288, and C310 were gmwn as described above. Groups of 10 mice each
were immunocompromised. infected (5 X 10° CFU) as described abave. and
given SCH (50 to 0.025 mg/kg) or FLC (250 to 0.025 mg/kg) orally once daily
beginning at 24 h preinfection and continuing through day 7 postinfection.
Control mice were administered sWFL PDjgs were calculated by use of the data
for the surviving mice on day 7 postinfection as described above,

Statistical analysis. A logistic model was used to determine differences be-
tween PD s by using their 95% confidence bounds. A chi-square test or logistic
madel was used to determine if the levels of survival among mice in the treat-
ment groups were significantly different from those among mice in the coatrol
group. Comparison of survival-versus-time curves in prophylactic activity exper-
iments with mice to determine eflicacy differences between drugs at various dose

pi uu.\,ﬂ = 1: C. siellatoidea. n = 1; species not identified, n = 17.

fevels was done by log-rank tests. A chi-square test was performed to show
significant differences between treatment groups in the clearance of Aspergillus

from the lungs of the mice.

Statement of animal care and use. These studies were carried out in accor-
dance with the Guide to the Care and Use of Laboratory Animals of the National
Institutes of Health (28) and the Animal Welfare Act in an Association for
Assessment Accreditation of Laboratory Animal Care-accredited program.

RESULTS

In vitro antifungal activity. The in vitro activities of SCH
and ITC against 39 strains of Aspergillus are shown in Table 1.
The MICs of SCH and ITC ranged from =0.002 to-0.5 and
=0.008 to 1 pg/ml, respectively. Against A. flavus, A. fumigatus,
and other Aspergillus species, SCH was overall more active
(MICs at which 50% of isolates are inhibited [MICj,s], 0.008,
=0.002, and 0.016 ng/ml, respectively; MIC,,s, 0.125, 0.031,
and 0.5 pg/ml, respectively) than ITC (MICygs, 0.125 pg/ml;
MIC,qs, 0.25, 0.25, and 0.5 pg/ml, respectively).

The in vitro activities of SCH and FLC against 275 strains of
Candida, including strains which were susceptible (S), suscep-
tible dose-dependent (S-DD), or resistant (R) to FLC on the
basis of NCCLS breakpoints (26), are also shown in Table 1.
The MICs of SCH and FLC ranged from =0.004 to 16 and
=0.062 to >64 pg/ml, respectively. The potent activity of SCH
against FLC-S, FLC-S-DD, and FLC-R strains was reflected in
the MIC,,s of SCH for C. albicans, C. tropicalis, C. glabrata C
krusei, and other Candida species (SCH MICys, 0.125, 2, 1,
0.5, and 0.25 pg/ml, respectively compared to those of FLC
(16, >64. 64, 64, and 16 wg/ml, respectively). The only resis-
tance to SCH observed was by one strain of C. albicans, for
which the MIC was 16 pg/ml, and two strains of C. albicans and
one of C. tropicalis, for which the MICs were 8 pg/ml.

SCH was also more active than FLC against nine strains of
Cryptococcus neoformans (MICgs, 0.062 and 2 pg/ml, respec-
tively) (Table 1).

Therapeutic activity against pulmonary aspergillosis. The in
vivo efficacy of SCH administered therapeutically against pul-
monary aspergillosis in immunocompromised mice was exam-
ined by using four strains each-of A. fumigatus and A. flavus.
The MICs of SCH were =0.002 ng/ml for A. furmigatus ND158,
ND159, and ND164 and 4. flavus ND134 and ND168, while
the SCH MICs were 0.0625, 0.008, and 0.125 pg/ml for A.
Sfumigatus ND152 and 4. flavus ND83 and ND149, respectively.
PD,,s on the basis of the data for the surviving mice at 7 days
postinfection ranged from 3.6 to 29.9 mg/kg against A. fumiga-
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TABLE 2. Efficacy of therapeutic and prophylactic administration
of SCH against pulmonary Aspergillus infections in
immunocompromised mice

PDy, (mg/kg) on day 7

Strain Therapeutic Prophylactic administration
administration of:
of SCH" SCH ITC

A. fumigatus
ND152 36 22,09 >75, >75¢
ND158 2.9 2.6 >75
ND159 10.9 ND“ ND
ND164 22.2 ND ND

A. flavus
ND83 5.7 3.9, 9.0¢ >75, >75¢
ND134 4.8 ND ND
ND149 6.5 ND ND
ND168 5.6 ND ND

2 ITC was not tested therapeutically.

»The PDy, was based on the total daily dose.
¢ Results from experiments | and 2.

4 ND. not done.

tus and from 4.8 to 6.5 mg/kg against 4. flavus (Table 2), and
the survival results showed significant differences between
treatment groups and controls (P < 0.05). The highest PDy s
were observed against A. fumigatus ND158 (29.9 mg/kg) and
ND164 (22.2 mg/kg), although these strains were clearly sus-
ceptible to SCH in vitro. All control mice died within 3 to 8
days postinfection.

Prophylactic activity against pulmonary aspergillosis. The
in vivo efficacy of SCH against Aspergillus in mice was further
investigated with a clinically relevant infection model charac-
terized by prophylactic administration preinfection, followed
by continued treatment postinfection. SCH administered once
daily was compared to ITC administered three times daily, and
the results are shown in Table 2. SCH (PDs, range, 0.9 to 9.0
mg/kg) was efficacious against strains of A. fumigarus and A.
Sflavus, while ITC failed to protect the mice (PDggs, >75 mg/
kg). The survival-versus-time graph for A. firmigatus ND152 is
shown in Fig. 1. Against this strain. SCH at 25 and 10 mg/kg
protected 100% of mice for 19 days, while control mice and
those administered ITC (total daily dose, 75 mg/kg) were all
dead by days 4 to 6. SCH at 25, 10, 5, 2.5, and 1 mg/kg was
significantly more effective than ITC at 75 mg/kg (P < 0.01).
The survival-versus-time graphs for the other Aspergillus
strains tested (data not shown) showed that SCH had signifi-
cant efficacy compared to that of ITC at 75 mg/kg (P < 0.01).

SCH also appeared to be more effective in clearing the
infection from the lungs of mice infected with A. fumigaius
than those of mice infected with 4. flavus. At 25 and 10 mg/kg,
the lungs of 65% of mice infected with 4. fiunigatus ND152 or
ND158 were sterilized, but the lungs of only 3% (one mouse)
of those infected with A. flavus ND83 were sterilized (P < 0.01)
(Table 3). This differential effect against A. fumigarus and A.
flavus was also evident at the lower doses.

Therapeutic activity against systemic candidiasis. The in
vivo efficacy of SCH administered therapeutically against sys-
temic candidiasis was examined in immunocompetent and/or
immunocompromised mouse models by using nine strains of C.
albicans. Included were five FLC-S strains (strains C43, C65,
C84, C72, and C286, for which FLC MICs were 0.125, 0.25,
0.25, 0.25, and 4 pg/ml, respectively), two FLC-S-DD strains
(strains C288 and C342, for which FLC MICs were 32 and 16

ACTIVITY OF SCH 56592 2019
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FIG. 1. Effects of SCH (administered orally once daily) and ITC (adminis-
tered orally three times daily) administered in a prophylactic regimen 1 day
preinfection to 7 days postinfection on survival of immunocompromised mice
infected (by 1 min of exposure to spores on day () with A. fiunigates ND152 by
the pulmonary route. Total daily doses (in milligrams per kilogram) are indi-
cated. Controls were administered MC or HPRCD.

ng/ml, respectively), and two FLC-R strains (strains C260 and
C284, for which FLC MICs were >64 pg/ml). The SCH MICs
for the strains ranged from =0.004 to 0.5 pg/ml; however, the
SCH MIC for C260 was 16 pg/ml. The results of these in vivo
studies are shown in Table 4. SCH was active against all strains
tested, but the PDg, against C260 (15.6 mg/kg) was higher than
those against the other eight strains (PDyg, range, 0.04 to 7.1
mg/kg). FLC was active against the FL.C-S strains (PDs, range,
0.9 to 6.1 mg/kg), less active against the FLC-S-DD strains
(PDgs, 25 and 30.5 mg/kg, respectively), and inactive against
the FLC-R strains (PDgs, 342 and 417 mg/kg, respectively). In
these studies, 80 to 100% of control mice were dead by 4 days
postinfection. Statistical analysis of the PD4s of SCH and FLC

TABLE 3. Proportion of mice infected with Aspergiflus with
negative lung cultures following prophylactic treatment with

SCH 56592
SCH dose Strain Total no. % (no.) of mice with
(mg/kg) of mice” negative lung cultures”

25 A. fumigatus ND152 16 75 (12)

A. furmigatus ND158 8 62 (5)

A. flavus ND83 16 6 (1)
10 A. fumigatus ND152 16 63 (10)

A. fumigatus ND158 8 50 (4)

A. flavus ND83 16 0
5 A. fumigatus ND152 16 31(5)

A. fumigarus ND158 8 50 (4)

A. flavus ND83 16 6 (1)
2.5 A. fumigatus ND152 16 6(1)

A. fumigatus ND158 8 0

A. flavus NDB3 . 16 0

? The surviving mice were killed. and lung homogenates were diluted and
spread onto SDA plates. The totals include the mice from two experiments with
strains ND152 and ND83 and one experiment with strain ND158.

# No growth was detected on SDA plates with a 10" dilution.
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TABLE 4. Efficacies of therapeutic and prophylactic administration
of SCH and FLC (both once daily) against systemic C. albicans
infections in mice

PDso (mg/kg)
o Therapeutic Prophylactic
Sbi!fw'?r':ds strain Mice administration administration
susceptibility 2 rai (day 4) (day 7Y

SCH FLC SCH FLC

FLCS
C43 Normal 0.3 1.2 . ND° ND
C43 Irradiated 1.7 6.1 1.5 53
C84 Normal 0.6 4.3 ND ND
C286 Normal 0.1 0.9 ND ND
C65 Irradiated 0.04 2.6 ND ND
C72 Irradiated 0.6 24 . ND ND

FLC $-DD
288 Normal 0.6 25 ND ND
288 Irradiated ND ND 7.8 >25
C342 Normal 7.1 30.5 ND ND

FLC R _
C284 Normal - 4.1 342 ND ND
C284 Irradiated ND ND 70 431
C260 Normal 15.6 417 ND ND
C310 Irradiated ND ND 194 204

“PDy, determined on day 4 postinfection.
?PDys, determined on day 7 postinfection.
“ND. not done.

on the basis of their 95% confidence bounds indicated that
SCH was significantly more active .than FLC against FLZ-
S-DD strain €288 and the FLC-R strains (P < 0.05). The in
vivo efficacy of SCH was further reflected in the reduced fungal
burdens in the kidneys of the surviving mice (data not shown).

Prophylactic activity against systemic candidiasis. A sys-
temic infection model with immunocompromised mice was
used to evaluate the prophylactic efficacy of SCH against C.
albicans. In these experiments, SCH was compared to FLC
(Diflucan) administered once daily beginning at 24 h preinfec-
tion and continuing to day 7 postinfection against C. albicans
C43 (FLC-S), C288 (FLC-S-DD), C284 (FLC-R), and C310
(FLC-R; FLC MIC, >64 pg/ml). The results in Table 4 show
that SCH was efficacious against all strains (PD, range, 1.5 to
19.4 mg/kg), while FLC was active against C43 (PDg,, 5.3
mg/kg) but not against the less susceptible and resistant strains
{PD,gs, >25, 431, and 204 mg/kg against strains C288, C284,
and C310, respectively). The survival-versus-time graph for
FLC-R strain C284 shows that SCH at 50 and 25 mg/kg pro-
tected 100% of mice for 12 days postinfection, while FLC at
250 mg/kg was ineffective (P < 0.01) (Fig. 2). Other survival-
versus-time graphs (data not shown) indicated that SCH at 10
and 25 mg/kg was more efficacious than FLZ at 25 mg/kg
against strain C288 and FLZ at 100 mg/kg against strain C310,
respectively (P < 0.01 for each comparison).

DISCUSSION

The potent in vitro activity of SCH against Aspergillus, Can-
dida, and Cryptococcus was shown in the study described in this
report. Other investigators have found SCH to have broad-
spectrum in vitro activity not only against these fungi but also
against Blastomyces dermatitidis, Histoplasma capsulatum, and
other filamentous and dimorphic fungi (6, 9, 11, 19, 22, 24, 30,
32, 33, 34, 36).

ANTIMICROB. AGENTS CHEMOTHER.
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FIG. 2. Effect of SCH and FLC (administered oral once daily) administered
in a prophylactic regimen 1 day preinfection to 7 days postinfection on survival
of immunocompromised mice systemically infected (with 5 X 10% CFU/mouse on
day 0) with C. albicans C284 (FLC R). Dose levels (in milligrams per Kilogram)
are indicated. Controls were administered sSWFL

This report also highlights the in vivo efficacy of SCH against
pulmonary A. fumigatus and A. flavus strains and systemic C.
albicans strains (including strains with reduced susceptibility or
resistance to FLC) in normal or immunocompromised mouse
models of infection. In these studies, SCH was effective
whether it was initially administered therapeutically after in-
fection or prophylactically before infection. SCH was also re-
ported by Graybill et al. (13) to be more effective than ampho-
tericin B against invasive pulmonary aspergillosis in mice. In
addition, Oakley et al. (31) found SCH to be more effective
than ITC against disseminated aspergillosis in mice, while
Kirkpatrick et al. (17) reported that SCH is more effective than
ITC and is as effective as amphotericin B for the clearance of
Aspergillus from tissues in a rabbit model of invasive aspergil-
losis.

In experimental infection models SCH was active not only
against the more common opportunistic pathogens like As-
pergillus and Candida but also against the less common fungi.
Perfect et al. (32) reported that the activity of SCH was com-
parable to that of FLC against C. neoformans in a rabbit model
of cryptococcal meningitis. Sugar and Liu (36) found that SCH
was more effective than ITC and that the activity of SCH was
similar to that of amphotericin B in prolonging survival and
sterilizing the Jungs of mice infected with B. dermatitidis. Lutz
et al. (22) showed that SCH, but not FLC or ITC, cured
survivors in a mouse model of systemic coccidioidomycosis.
Connolly et al. (6) demonstrated in a pulmonary model of
histoplasmosis in mice that SCH was more active than ITC and
that the activity of SCH was similar to that of amphotericin B
for sterilization of the lungs and spleens. SCH was also shown
to increase the rate of survival and reduce the organ burdens in
mice infected with Fusarium solani (21).

Pulmonary aspergillosis and disseminated candidiasis are
recognized as serious complications and the leading causes of
death among immunosuppressed patients, especially those
with AIDS and those who have received bone marrow or liver
transplants, for which only inadequate treatment or prophy-
laxis is available (2, 5, 7,12, 16). Although prophylaxis with
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FLC is used to prevent fungal infections in certain patient
populations, there are major concerns about the development
of resistance (4, 12, 15, 18, 23, 35, 37). ITC was recently eval-
uated for its prophylactic activity in a clinical trial and was
found to reduce the incidence of systemic Candida infections
and related deaths in neutropenic patients; however, it had no
apparent efficacy in the prevention of Aspergillus infections
(25). The need for more potent, broader-spectrum, longer-
acting antifungal agents which are not associated with the
emergence of resistance clearly exists. The broad-spectrum
activity and experimental efficacy of SCH suggest that it could
be effective for the treatment and prevention of severe fungal
infections, such as aspergillosis and azole-refractory candidia-
sis, in high-risk individuals. In addition, the development of
resistance to SCH may be a less likely event than with the
development of resistance to other azole antifungal agents.
Although SCH, like other azoles, blocks fungal sterol biosyn-
thesis by inhibiting C-14 demethylation of lanosterol (H. Mu-
nayyer, K. J. Shaw, R. S. Hare, B. Salisbury, L. Heimark, B.
Pramanik, and J. R. Greene, Abstr. 36th Intersci. Conf. Anti-
microb. Agents Chemother., abstr. F92, p. 115, 1996), Sanglard
et al. (D. Sanglard, F. Ischer, and J. Bille, Abstr. 37th Intersci.
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EQUILIBRIUM MOISTURE CONTENT OF PHARMACEUTICAL EXCIPIENTS

J. C. Callahan, Lederle Laboratories, Inc., Pearl River, NY 10965
G. W. Cleary, Ph.D., Key Pharmaceuticals, Inc., Miami, FL 33169
M. Elefant, Warner Lambert Co., Morris Plains, NJ 07950
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R. A. Nash, Ph.D., Purdue Frederick Co., Yonkers, NY 10701

ABSTRACT

The-eauilibrium moisture content (EMC) was determined for thirty .

pharmaceutical excipients. These data are to be included in the forth-
coming publication of the Handbook of Pharmaceutical Excipients. This
work was undertakén as a collaborative effort under the sponsorship of
the Academy of Pharmaceutical Sciences. The results of this study are

being reported herein prior to publication of the Handbook.*

The experimental procedure for determining eauilibrium moisture content
is included along with a method for classifying the hygroscopic

property of solids.

* A brief description of the method used in the determination of
Equilibrium Moisture Content of pharmaceutical excipients as well as
all experimental data will appear in expanded form in the
forthcoming "Handbook of Pharmaceutical Excipients" to be published
by the APhA Academy of Pharmaceutical Sciences with full copyright
protection.

355

Copyright © 1982 by Marcel Dekker, Inc.
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O

Introduction
The sorption of moisture by pharmaceutical solids has been examined by

many workers and methods for determining equilibrium moisture content

ST e e et

(E&C) have beeq reported in the literature (1-8). The present method

developed by J. Callahan (12) represents a modification of one first

EXPERIMENTAL

described by Scott et al. (5)

N o e, g i e

Materials

Nine plastic desiccators, Nalge/Sybron Corporation, approximately 9
inches in diameter, were obtained from a local laboratory supply
house. Glass desiccators of equivalent size may be substituted for the

plastic containers.

A supply of glass analytical weighing bottles with standard taper

covers (25 mm. 0.D. x 40 mm. ht. with 12 ml. capacity were used to

e YT} e o e T

2}

contain samples for testing. Samples were weighed on an analytical

balance to the nearest 0.1 mg. A series of saturated salt solutions
were prepared as described in Table 1.

Procedure

EMC determinations were made by placing accurately weighed samples of
each material (100~200Amg) in 2 or 3 open, tared? and numbered weighing
bottles and then into a labeled desiccator containing one of the
saturated salt solutions described in Table 1. A liberal amount of the
saturated salt solution (with excess crystals) was placed in the well

of the desiccator.

Samples were stored in each of the nine Securely closed individual

desiccators, each containing a different moisture atmosphere. At

equilibrium (7 days storage at controlled room temperature 25°C t 20C)

the samples were remgved from the desiccators and the moisture increase

s e o g AT TR T IS (T e TN Yo g . LT 2 S oD L
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or decrease determined for each sample by obtaining the final
equilibrium weight with the aid of an analytical balance. These data
were recorded on moisture analysis data sheets, a sample of which is

provided in Table 2.

EMC values were calculated from P (% moisture dry basis) with the aid
of the equations given in Table 2. Initial moisture content (A) of
each excipient was accurately determined by a suitable method, such as
loss on drying to constant weight (see Table 3) and used to caclulate
P. EMC values, at each relative humidity tested, were tabulated and
presented in Table 2 and plotted, using coordinate graph paper, to

obtain EMC vs. relative humidity curves (Figure 2).

TABLE 1

Saturated Salt Solutions for Maintaining

Constant Relative Humidity Conditions in Desiccators

Saturated Salt Percent Relative Humidity at Temperatures (9-11)
Solution* 200C 259¢ 300C 370C
Lithium Chloride 12 11 11 11 /
Potassium Acetate 24 23 23 23
Magnesium Chloride 33 33 32 31
Potassium Carbonate 44 43 42 41
Magnesium Nitrate 53 52 52 51
Sodium Nitrite 66 64 63 62
Sodium Chloride % 75 75 75
Potassium Bromide 84 83, 82 81
Potassium Nitrate 9% 93 92 91

* Prepared from reagent grade salts dissolved in purified water.
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Ca]cufation*

wx_A_}thlOO

100
P =
W-{Wx A
100
Where P = % moisture dry bhasis
W = initial sample weight in grams
A = % moisture at start
B = weight change at equilibrium in grams
, p
EMC = ——— x 100
P+ 100
24.2%
EMC = —  x 100 = 19.5%
24.2% + 100

Hygroscopicity Classification

Whén evaluating the hygroscopic properties of solids, unprotected
material is exposed for one week to varying relative humidities
from 11 to 93‘or 100%. The change in moisture content of the
powder depends upon the initial moisture content and the relative
humidity of the environmental chamber. Objectionable changes in
the physical appearance of the material can occur independent of
the moisture increase. For example, physical changes may appear
in some materials with little increase in moisture content,
whereas no physical change may occur in anotherbproduct with a

large increase in moisture content. These additional physical

X

* Derivation of the equations used for calculating EMC
were provided by Drs. Kaplan and Kensler,
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TABLE 2

Typical Moisture Analysis Data Sheet

Pharmaceutical Excipient:
Lot No.:
Source (Manufacturer)f
Temperature:.
Initial Date:
'Fina]ADate:
Desiccator No.:
Salt So]uﬁion Used:
Relative Humidity:

Percent Moisture at Start:

Bottle No.

Wt. Empty Bottle
(with cover)

Wt. of Bottle and Sample
Before Test (with cover)

Wt. of Bottle and Sample
After Test (with cover)

Wt. of Moisture

Increase or Decrease

Moisture Content,
Dry Basis

Average Value

Bentonite N.F.

NG 3977

359

Whittaker, Clark and Daniels, Inc.

1.22.80 , 20 Oc

1.29.80 , 20 Oc

Nine

Potassium- Nitrate

94 Percent

5;74 N.F. XV, page 1210 (2

Replicate No.l

hrs. at 1059C)

Replicate No.2 Replicate No.3

17 18
19.6335 ¢ 18.8080 g
19.7386 ¢ 18.9111 g¢
19.7562 g 18.9290 g

0.0176 ¢ 0;0179 g
23.81% 24.49%
.24.2%

factors are also important in evaluating the hygroscopic nature

of a pharmaceutical excipient.

In the case of non-hygroscopic materials, the moisture change at

‘relative humidities below 75% may be negligible, but the increase

at high relative humidities may be very large.

Though

these
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TABLE 3 . f

Hygroscopicity Classification (See Figure 1)

Class I - Non-Hygroscopic:
Essentially'no moisture ‘increases occur at relative humidities
below 90%. Furthermore, the increase in moisture content after

storage for one week above 90% R.H. is less than 20%.

Class II - Slightly Hygroscopic:

Essentially no moisture increases occur at relative humidities
below 80%. The increase in moisture content after storage for

one week above 80% R.H. 1is less than 40%.

Class IIl - Moderately Hygroscopic:

Moisture content does not increase above 5% after storage at
relative humidities below 60%. The increase in moisture content {

after storage for one week above 80% R.H. is less than 50%.

Class IV - Very Hygroscopic:

Moisture increase may occur at relative humidities as low as 40

to 50%. The increase in moisture content after storage for one

week above 90% R.H. may exceed 30%.

powders can be adequately protected by suitable packaging, they
could change physical form rapidly during actual use under
unfavorable high humidity storage conditions. With some very
hygroscopic materials the moisture content may increase at ;
relative humidity as low as 40 to 50%. Such powders would .
require special low humidity areas for processiné, in addition to ;

special packaging and storage instructions.

s g
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Fig. 1. - Hygroscopicity Classification

Non-Hygroscopic

Key: Class I

Class II - Slightly Hygroscopic
Class III - Moderately Hygroscopic
Class IV - Very Hygroscopic .

With these factors in mind, the following classification of

hygroscopic materials has been devised (12).

In general most powders are either Class I or Class II
excipients. Usually these materials will reauire only standard
packaging and will present no physical stability problems in the

field.

Class III materials may or may not reauire special packaging
depending upon the effect of moisture on the physical stability

and appearance of the material. Class IV materials, with a few
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[ U————

exceptions, should be modified chemically to render them less

hygroscopic.

This classification is not app1jcab1e if obiectionable changes in
the physical appearance occur at certain ré]ative humidities. A
Class [1 material would change to a Class III material if an
objectionable physical change ocﬁurred at relative humidities
below 90%. Furthermore, a Class III material would become Class

IV if objectionable changes occurred at relative humidities below

75%.

In addition, observations and physical descriptions of materials
afer exposure to RH experiments would be useful additional

information in such studies.

ey v e

RESULTS AND DISCUSSION

Powdered excipients and solids may hold water either by physical means
(adsorption, absorption, or occlusion, so-called "free water") or by
chemical means (water of hydration, or "bound water"). As far as EMC

is concerned, sorption or desorption of moisture of water vapor from

e emtem e, ere——— b 3 s

the surrounding atmosphere is primari]y'a physical process.

The initial moisture content of the thirty pharmaceutical excipients
studied are presented in Table 4. The excipients range in moisture
content from less than 0.1 percent for sucrose and anhydrous dicalcium
phosphate to more than 10 percent for gelatin and polyplasdone XL.

Most of these values were determined by loss on drying in a vacuum oven

at 60°cC.

The percent EMC at 250C and different relative humidities for

twenty-six excipients together with their hygroscopicity classification

&

'é
|
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are summarized in Table 5. Studies were conducted at 209C for four
other materials: i.e., powdered cellulose, bentonite, gelatin, and
polyplasdone XL. The corresponding relative humidities at. 209C are
approximately one or two percent higher than the values reported at
250C. However, the difference in RH values is not considered

significant with respect to the EMC values reported.

Almost two-thirds of the excipients tested are either Class [ or II
materials. These excipients are primarily tablet and capsule fillers,
and conditioning agents. The rest, which are more hygroscopic, are

primarily tablet binders and tablet disintegrants.

Five cellulosic film formers were also studied. They range from less
hygroscopic, ethyl cellulose (I) and cellulose acetate phthalate (II)
to more hygroscopic, hydroxypropyl cellulose (III), hydroxypropyl

methylcellulose (III), and sodium carboxymethyl cellulose (IV).

~ Interestingly enough, anhydrous materials, such as dicalcium phosphate

and Tactose, which were presumed to hydrate rapidly in the presence of
high humidity atmospheres, were found to be moisture stable,

non-hygroscopic (Class I) diluents.

EMC curves for four representative excipients (anhydrous lactose,
cellulose acetate phthalate, magnesium aluminum silicate and povidone)
are presented in Figure 2.

CONCLUSTONS

Equilibrium moisture content (EMC) was determined for thirty common

pharmaceutical excipients. A method for classifying the hygroscopic

. properties of powdered materials and solids was presented. Such data

and the method described for determining EMC should find application in

preformulation work.
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TABLE 4

INITIAL MOISTURE CONTENT OF PHARMACEUTICAL

Exciplent

Sucrose U.S.P.
Dicalcium Phosphate, Anhyd. U.S.P.
Lactose U.S.P., Anhydrous
Lactose U.S.P., Monohydrate
Lactose U.5.P., Spray Dried
Lactose U.5.P., Beadlets
Polyethylene Giycol 3350 N.F.
Poloxamer 186
Silicon Dloxlde, Colloldal N.F.
Sorbitol U.S.P.
Ethylcel iulose N.F.
Dical. Phasphate Dihydrate U.S.P.
milled
Sodium Starch Glycolate N.F,
Hydroxypropy!l Methylcel fulose U.S.P.
Cellulose Acetate Phthalate N.f.
Magnes lum Stearate N.F.
Hydroxypropyl Cellulose
Cellulose, Microcrystaliine N.F,
Povlidons U,S.P.
Cellulose, Powdered N.F.
Bentonite N.F,.
Magnesium Aluminum Silicate N.F.
Pregelatinized Starch N.F.
Starch U,S.P., Corn
Dical Phosphate Dlhydrate
UeSoPe unmillied
Dextrates
Dextrose U.S.P,
Sodlum Carboxymethylcellulose U.S5.P.
Gelatin U.S.P,
Polyplasdone XL

Supplier & Lot Number

Amstar Co. (51995)
Monsanto Co., (RNB4768)
Humko Products (8NH22-21)
Mal | inckrodt Chem, (B1523)
Foremost Foods (56165)
Foremost Foods (RB806)
McKesson Co, (B192-8209)
BASF Wyandotte (WPEAS536B)
Cabot Corp. (11288)

ICl Americas, Inc, (240441)
Hercules (58587)

Monsanto Co. (05587)

Edward Mendel!l Co., (959)

Dow Chemical Co. (QP0502-801-E)
Eastman Chemical (C-=2104)

S.B. Penlick Co. (338 NBS-~003)
Hercules (6387)

FMC Corp, (1929)

GAF Corp. (6904298)

Brown Co. (30150)

Whittaker, Clark & Danlels (NG3977)
R.T. Vanderbiit Co. (NV1640)
Natlonal Starch (HJW103)
Natlonal Starch (421)

Stauffer Chemical Co. (16)
Edward Mendeli Co, (M-10)
CPC International (CP44)
Hercules (76493)

Kind & Knox Gelatin Co.
GAF Corp, (457-28)

g e s AT
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EXCIPIENTS USED IN THE STUDY

inltial
Molsture
Content Test Method
<0.1% USPXX Method I1{, p.,960-~16 hrs at 105°%¢
<0.1% Vacuum Oven - 16 hrs. at 60°C
0.2% USPXX Method §, p.988 (K. Fischer)
0.2% Vacuum Oven - 16 hrs, at 60°C
0.2% Vacuum Oven - 16 hrs., at 60°C
0.2% Vacuum Oven - 16 hrs, at 60°C
0.3% . Vacuum Oven ~ 16 hrs. at 60°C
0.3% Vacuum Oven - 16 hrs, at 60°C
0.6% Vacuum Oven - 16 hrs. at 60°C
0.7% USPXX Method I, p.988 (K. Fischer)
0.7% Vacuum Oven - 16 hrs. at 60°C
1.1% Vacuum Oven = 16 hrs, at 60°C
1.2% Vacuum Oven - 20 hrs. at 60°C
2.1% Vacuum Oven - 16 hrs. at 60°C
2.2% N.Fo XV, pe1219 = 2 hrs, at 60°C
3.0% N.F. XV, p.1235 = 3 hrs. at 105°C
3.1 Vacuum Oven - 16 hrs, at 60°C
3.6% N.F. XV, p.1218 - 4 hrs. at 105°C
4,5% Vacuum Oven - 16 hrs. at 60°C
5.7% NF XV, p.1219 - 2 hrs. at 105°C
5.7% NF XV, p.1210 - 2 hrs, at 105°C
6.0% Vacuum Oven - 20 hrs, at 60°C
7.0% Vacuum Oven - 20 hrs, at 60°C
7.1% Vacuum Oven - 16 hrs. at 60°C
8.0% Vacuum Oven - 16 hrs, at 60°C
8.2% Vacuum Oven - 16 hrs, at 60°C
8.3% USPXX Method 111, p.960 - 16 hrs at 105°C
8.5% USPXX Method 111, p.960 - 16 hrs at 105°C
10.6% AOAC Method, 12th Ed., p.222
11.5% USPXX Method |, p.988 (K. Fischer)
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TABLE S
EQUILIBRIUM MOISTURE CONTENT OF z PH?
Percent EMC at 25°C . anc
Exclplent 11$RH 233RH 33%RH  43%RH 52
Dlcalclum Phosphate, Anhyd. U.S.P. <0.1 - <0.1 <0.1 <0.
Lactose U.S.P., Beadlets 0.2 - 0.2 0.2 0
Lactose U.S.P,, Monohydrate 0.2 -—— 0.2 0.2 0
Lactose U.5.P., Spray Drled 0.5 ——— 0.5 1.0 ) 1
Dical. Phosphate Dlhydrate, USP millied Tel 1.5 1a7 1.8 i 1
Lactose U.S5.P., Anhydrous 0.2 ——— 0.2 0.2 ‘ 0
Ethylcel iulose N.F. 0.3 0.6 0.9 0.9 : T
Magneslum Stearate N,F. 3.1 3.6 3.1 341 i 3
Dical, Phosphate Dihydrate USP unmli led 8.0 8.1 8.1 8.2 J 8
Colioldal Sllicon Dioxide N.F. 0.0 —— 0.6 0.6 i ]
Cellulose Microcrystalline N,F, 0.2 2.4 3.7 4.5 ; 5
Cellulose Acetate Phthalate N.F. 2.2 3.2 3.7 5.1 6
sucrose U.S.P. 0.0 0.2 0.3 0.6 \ 1
Dextrose U.S.P. 7.7 8.6 - 8.4 8.6 : R
Poloxamer 188 0.4 0.3 0.8 0.6 c
Powdered Céliulose N.F.* 7.4 ——— 9.1 7.0 : J
Dextrates 7.7 8.1 8.6 8.8 ¢
Polyethylene Glycol 3350 N.F, 0.3 - <0.3 0.2 (
Hydroxypropy! Cel lulose 0.9 1.9 3.0 3.8 e
Hydroxypropy! Methyicellulose U,S.P, 1.9 2.6 365 4,3 i :
Bentonlte N.F,* 2.1 4,5 5.5 5.6 ¢
Pregelatinized Starch N.F, 5.3 ——— 7.8 8.7 it
Starch U.S.P., Corn 5.5 = 8.0 10.0 N
Magnesium Aluminum Silicate N.F. 367 —— 6.0 7.4 1
Gelatin U.S.P.* 8,2 9.4 10.0 9.6 Ry
Sodium Starch Glycolate N.F. 3.8 ——— 6.2 1.7 ] '
Polyplasdone XL* 7.} 13,0 13,1 16.7 ! I
Povlidone U.S.P, 5.1 8.2 12.2 14.4 ; 1
Sorbitol U.S.P. 0.7 0.8 1.4 1.2 5
Sod lum Carboxymethylcellulose U.S.P. 7.4 9.2 15,1 14.5 ? !
* EMC values determined at 20°C where relative humidities are !
approximately one parcent greater [
b
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. TABLE 5

JONTENT OF
£ at 25°C
H  43%RH

<0,1
) 0.2
) 0.2
; 1.0
1 1.8
2 0.2
) 0.9
| 3.1
| 8.2
0.6
4.5
5.1
0.6
8.6
0.6
7.0
8.8
0.2
3.8
4.3
5.6
8.7
10.0
7.4
9.6
7.7
16,7
14.4
1.2
14.5

—oth—‘NOOC)m\J\WU.\:(U\—‘W“V'N"V‘

—

(EMC) OF PHARMACEUTICAL EXCIPIENTS

PHARMACEUT ICAL EXCIPIENTS

and Different Relative Humiditlies

Hygroscoplcity

52%RH  64%RH  75%RH  83IRH  93%RH  100%RH Class
0.1 <0.1 <01 <0.1 0.5 7.0 :
0.2 0.2 0.2 0.2 1.0 17.0 |
0.2 0.2 0.2 0.2 0.2 17.5 !
1.0 1.0 1.0 1.0 1.5 21,5 |
1.3 1.4 1.4 1.3 1.5 —— I
0.2 0.5 1.0 1.5 3.0 27. |
1.3 2.2 2.7 3.3 5.0 —— I
3,2 3.3 3.5 5.0 6.9 —- |
8.3 8.4  B.4 8.2 8.2 — i
1.7 2.6 3.4 4.8 13,5 34.9 |
5.4 6.6 8.1 9.1 13.2 —— I
6.0 7.5 8.7 9.5  11.9 —— X
1.6 0.2 0.4 0.2  38.7 — H
9,7 9,2  10.0 9.7  31.2 ——— X
0.9 0.9 1.4 3.8 44,1 —— I
7.9 9.3 11,0 12.4 16.0 — X
9.3 10,2 11.7  13.9 5.1 —— 1"
0.6 1.1 2.0 4,0 48,3 62.2 ]
5.4 7.3 11,0 12,7 21,3 -— T
5.9 7.9  10.5 12,8  25.7 —— i
6.7 9.9  12.2  13.7  19.5 — K
10,4 12,1 14,7 16,0  22.7 36.4 i
11.6 13,2 14.4 19,1 21,5 16.5 T
10,1 13,4 15,1 16.7  22.0 39.4 i
12.6 15,4 18,4 20,2 33,1 —— 1
9.5 12,6 17,3 22,4  41.4 60.5 v
19,0 22,2 27.7  29.6  38.0 —— v
17.6  21.8  27.8  31.9 44,8 —— v
1.8 2.7 . 28.4 36,0  50.8 —— v
19.5 21.4 25,8 30,8  46.2 - v
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Acquired itraconazole resistance in Aspergillus fumigatus

Eric Dannaoui*, Elisabeth Borel, Marie-France Monier, Marie-Antoinette Piens, Stéphane Picot and

Florence Persat

Laboratoire de Parasitologie, Mycologie Médicale et Pathologie Exotique, Université Claude Bernard Lyon I,
. 8 avenue Rockefeller, 69373 Lyon Cedex, France

" The antifungal susceptibility profiles of four Aspergillus fumigatus isolates, recovered at dif-
ferent times from a patient treated with itraconazole for a pulmonary Aspergillus infection, were
evaluated. Itraconazole MICs against two pre-treatment isolates were 0.5 mg/L, whilst two later
isolates, recovered after at least 4 months of itraconazole therapy, had itraconazole MICs of
>16 mg/L. In vivo susceptibilities to itraconazole and amphotericin B were tested in a murine
model of disseminated aspergillosis. Treatment efficacy was evaluated by examining mortality
rates and qualitative cultures of brain and kidneys. ltraconazole therapy significantly pro-
longed survival of mice infected with the initial isolates as compared with untreated controls.
The third isolate was only partially susceptible to itraconazole in vivo, and the fourth isolate
was highly resistant. The four isolates were typed by random amplified polymorphic DNA
(RAPD) with four different primers. RAPD patterns obtained with each of them were identical,
suggesting that the same strain was recovered over time and had acquired resistance to

itraconazole.

Introduction

Aspergillus infections are an important cause of morbidity
and mortality, particularly in immunosuppressed patients.’
For invasive Aspergillus infections, amphotericin B remains
the drug of choice but the overall success rate is low® and
amphotericin B therapy may be complicated by nephro-
toxicity.?

Itraconazole is a triazole antifungal drug with good in
vitro activity against Aspergillus spp.* and has been suc-
cessfully used to treat patients with invasive aspergillosis.!
Moreover, itraconazole has been used as a long-term
therapy for chronic necrotizing aspergillosis and asper-
gilloma.’

The extensive use of azole compounds such as flucon-
azole has been associated with an increasing number of
reports of resistance to this antifungal agent .among
Candida species.® Recently, Aspergillus fumigatus isolates
demonstrating in vitro resistance to itraconazole have been
described.*”® For some of these strains, the resistance
detected in vitro has been confirmed in vivo in animal
models,%® suggesting that this resistance may have clinical
significance.

In this study, we report the acquisition of resistance to
itraconazole of A. furmigatus isolates in a patient following
prolonged itraconazole therapy. The susceptibilities of
these isolates to itraconazole were evaluated in vitro, and in
vive in a murine model of disseminated aspergillosis.

Case report

A 66-year-old man, with a long history of bronchiectasis
accompanied by infection and productive cough, presented
in mid-May 1997 for dyspnoea and weight loss. A. fumigaius
(AF 1112) was isolated from a sputum sample. By the end
of May the patient was hospitalized. A CT scan of the chest
showed multiple cavities in the left lung, the largest being
diagnosed as an aspergilloma, with fibrosis and bronchi-
ectasis in the right lung. Surgical resection was not possible

due to the poor respiratory function of the patient. A sec-
ond A. fumigatus isolate (AF 1119) was recovered from a
sputum specimen taken at this time. Treatment with itra-
conazole 400 mg daily was started in early June and con-
tinued for 5 months. In late September, the patient was
hospitalized again and a culture of a bronchoalveolar lavage

*Corresponding author. Tel: +33-4-78-77-72-18; Fax: +33-4-78-75-17-72; E-mail: edanna@rockefeller.univ-tyonl.fr

© 2001 The British Society for Antimicrobial Chemotherapy

UMO00011977
NOVARTIS EXHIBIT 1017
Novartis v. Regents, IPR2023-01346
Page 723 of 4460



E. Dannaoui ef al,

(BAL) fluid yielded A. fumigatus (AF 1237). A chest CT
scan revealed that the pulmonary lesions were progressive.
In this context, the diagnosis of chronic invasive pulmonary
aspergillosis was made and the patient was treated with
- amphotericin B at 1 mg/kg/day for 2 weeks and then at
1.5 mg/kg/day for 1 week. A BAL fluid taken in mid-October
yielded a fourth isolate of A. fumigatus (AF 1290) and a
bronchial biopsy revealed a glandular carcinoma. Serum
itraconazole concentrations determined at various intervals
from June to October remained >1 mg/L. All medication
was stopped by the end of October, and the patient died a
few days later. An autopsy was not performed.

Materials and methods

Organisms

The four isolates of A. fumigatus (AF 1112, AF 1119, AF
1237 and AF 1290) isolated in ourJaboratory were atypical
isolates. which sporulated poorly. These strains have been
deposited with the THEM culture collection (Scientific
Institute of Public Health, Brussels, Belgium) as IHEM
17905, 17906, 17907 and 17908, respectively. All four
isolates sporulated equally poorly and there was no correla-
tion between the degree of itraconazole resistance and the
degree of sporulation. Moreover, the four isolates had the
same growth rate. Identification was confirmed by E. Guého
from the Pasteur Institute, Paris. Isolates were stored as
conidial suspensions at -80°C in 10% glycerol until use.

In vitro susceptibility testing

Susceptibility testing was performed by means of a National
Committee for Clinical Laboratory Standards (NCCLS)-
based broth microdilution technique.'®!’ RPMI 1640
(Gibco-BRL, Uxbridge, UK) with L-glutamine and with-
out sodium bicarbonate, buffered at pH 7.0 with 0.165 M
morpholinepropanesulphonic acid (MOPS), was used as
the test medium.- Amphotericin B (Sigma. St Louis. MO,
USA) and itraconazole (Janssen Pharmaceutica, Beerse,
Belgium) were provided by the manufacturers as powders.
Both drugs were dissolved in dimethylsulphoxide (DMSO;
Sigma) to a concentration of 1600 mg/L and stock solutions
were stored frozen in aliquots at —80°C. The drug dilutions
were prepared by following the standard additive two-fold
drug dilution scheme described in the NCCLS reference
method for yeasts'? with the medium as diluent. The final
drug concentrations were 0.03-16 mg/L for amphotericin B
and itraconazole. The isolates were grown on malt extract
agar slants (Sanofi Diagnostics Pasteur, Marnes La
Coquette, France) at 35°C for 5 days. The inoculum was
prepared by washing the surface of the agar slants with
1 mL of sterile 0.9% saline containing 0.05% Tween 80. The
resulting conidial suspensions were counted with a haemo-
cytometer. Sterile microtitre plates with 96 U-shaped wells
.were used. The conidia were diluted in RPMI and each well
of rows 2-12 was inoculated. The final inoculum concentra-

tion was 1 X 10° conidia per mL. Row 1 was used as a steril-
ity control and row 12 as a growth control. The determination
of MICs for' all isolates was performed in duplicate.
Microplates were incubated at 35°C for 48 h and after this
time the growth in each well was compared with that of the
growth control with the aid of a microtitre reading mirror.
Each well was given a numerical score: " 4, no reduction in
growth; 3, growth reduction of 25%; 2, growth reduction of
50%; 1, growth reduction of =75%; and 0, absence of growth
(optically clear). MIC endpoints were defined as the lowest
concentration that had a score of 0 (MIC-0) for ampho-
tericin B. For itraconazole. both MIC-0 and the lowest drug
concentration that had a score of 1 (MIC-1} were determined.

Invivo experiments

Mice. Female OF-1 outbred mice (IFFA CREDO, I’Ar-
bresle, France), 5-7 weeks old and weighing 20-22 g, were
used throughout the experiments. Mice were housed in
groups of 10 and were given food and water ad libitum.
Animal studies were conducted in accordance with recom-
mendations of the European Community (Directive no.
86/609/EEC, 24 November 1986).

Infection. The inoculum was prepared by culturing the
strains on potato carrot agar in cell culture flasks for 10
days at 35°C. Spores were harvested by washing the agar
surface with sterile saline containing 0.05% Tween 80, and
the resulting spore suspension was counted in a haemo-
cytometer and stored at 4°C until infection. Viability was
determined by plating serial 10-fold dilutions prepared in
saline with 0.05% Tween 80. Plates were incubated at 35°C
and cfu counted at 24 h. The spore suspension was adjusted
to the required concentration in saline before administra-
tion. Preliminary studies were performed to determine the
LDy, (90% lethal dose) for each isolate by testing three to
four inoculum concentrations. The LDy, results were
between 5 X 10°and 8 X 10° cfu/mouse for the four isolates.
Mice were infected by injection of 0.1 mL of the conidial
suspension into a lateral tail vein. After infection, mice
were randomized into the different treatment groups.

Drugs and therapy. Amphotericin B desoxycholate (Fungi-
zone, Bristol-Myers Squibb, Paris, France) was given intra-
peritoneally in 5% glucose and itraconazole (Sporanox
oralsolution, Janssen Pharmaceutica) was diluted in sterile
water and given by gavage. Treatment with both drugs was
commenced 2 h after infection and was continued for 10 days.
For each isolate, four groups of 10 mice were used. One
group was treated with 4.5 mg/kg/day od of amphotericin B
by intraperitoneal injection, and one group was treated
with 100 mg/kg/day of itraconazole administered bd by
gavage. Control mice were infected but received only 5%
glucose, one group by intraperitoneal injection and one group
by gavage. Animals were checked twice daily for mortality.
The mice were observed for a further 12 days after the end
of treatment.
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Organ cultures. Qualitative organ cultures were performed
on mice that died before the end of the experiment and on
all mice on day 22 post-infection. Surviving mice were
killed by cervical dislocation. Brain and kidneys were
removed-and homogenized with 3 mL of saline in a tissue
grinder. A 0.1 mL aliquot of the suspension was plated on
to Sabouraud’s agar and plates were incubated at 35°C for
3 days for control groups and 5 days for treated groups.

Itraconazole assay. Twelve uninfected mice were given
itraconazole by gavage at 100 mg/kg/day. Six mice were
killed after 4 days of treatment and six after 6 days of treat-
ment, 6 h after the last dose. Blood was obtained by cardiac
puncture and itraconazole serum concentrations were
determined by high performance liquid chromatography
(I’{PLC).H'”

Data analysis. In each experiment, data for the two control

groups were pooled for the analysis. Mortality data were
compared by the Kruskal-Wallis test. Qualitative organ
cultures were compared by Fisher’s exact test.

Molecular typing

Conidia were inoculated into 30 mL of liquid Sabouraud’s
medium and cultured for 24 h at 35°C. After this time the
mycelium was harvested and washed twice with sterile
saline. It was then transferred to a 50 mL polypropylene
tube containing six glass beads (4 mm diameter). The tube
was immersed in liquid nitrogen for 10 s and vortexed
vigorously for 1 min. Thereafter, DNA extraction was per-
formed using a QIAmp Tissue Kit (Qiagen, Los Angeles,
CA, USA) according to the manufacturer’s manual.
Random amplified polymorphic DNA (RAPD)-PCR
was performed with primers 2 and 5 (5'-GCTGGTGG
and GCGCACGG, respectively)'® and primers R108 and
R151 (5'-GTATTGCCCT and GCTGTAGTGT, respec-
tively).'s Amplification reactions were performed in 50 pL
volumes containing 50 mM KCl, 10 mM Tris-HCI (pH 8.0),
1.5 mM MgCl,, 100 uM (each) dNTPs, 0.2 pM primer,

50 ng of genomic DNA and 2.5 U of Tag DNA polymerase
(Perkin Elmer, NJ, USA). Amplifications were carried out
in a Minicycler (MJ Research, MA, USA) for 1 cycle of §
min at 94°C, followed by 45 cycles of 1 min at94°C, 2 min at
35°C and 2 min at 72°C, A final extension was performed
at 72°C for 10 min. A blank control tube containing all
reagents except the template DNA was also processed.
Amplification products were separated by. electrophoresis
through 1.8% agarose gels containing ethidium bromide.
RAPD profiles were compared visually. Both faint and
intense bands were included in the interpretation.

Results

In vitro susceptibility testing

The results of susceptibility testing for the four A. fumiga-
tus isolates used in the study are shown in Table 1. Suscep-
tibility tests were performed at least three times for each
strain and MICs were reproducible on re-testing. For
isolates AF 1112 and AF 1119, itraconazole was active with
an MIC-1 of 0.5 mg/L. Isolates AF 1237 and AF 1290 exhib-
ited high itraconazole MICs of >16 mg/L. For the four
isolates, itraconazole MIC-0 and MIC-1 were similar. All
four isolates were susceptible in vitro to amphotericin B
with MICs < 1 mg/L. )

In vivo experiments

Survival. Survival curves (Figure 1) demonstrate that each
of the four isolates caused an acute and lethal infection in
control mice. Median survival time of mice infected with
each of the four isolates is shown in Table IL

With strains AF 1112 (Figure 1a) and AF 1119 (Figure
1b) all control mice died within 10 days. Treatment with
amphotericin B or itraconazole resulted in 100 and 90%
survival, respectively. This was significantly higher than for
mice receiving no treatment (P < 0.001). Figure 1c shows
the survival of mice infected with strain AF 1237. There
was 100% mortality in untreated control mice. No mice
treated with amphotericin B died, which was significantly

Table I. In vitro susceptibility to amphotericin B and itraconazole of four
A. fumigatus isolates used for in vivo studies

Itraconazole
Amphotericin B
Isolate MIC-0 (mg/L) MIC-1 (mg/L) MIC-0 (mg/L)
AF 1112 0.5 0.5 0.5
AF 1119 1 0.5 1
AF 12377 1 >16 >16
. AF 12907 0.5 >16 >16

MICs were determined after 48 h incubation. For itraconazole, MIC-1 (75% inhibition) and

‘MIC-0 (100% inhibition) were determined.

“Isolates cultured after at least 4 months of itraconazole therapy.
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(2) better than no therapy (P < 0.001). In contrast, 50% of
1009 mice treated with itraconazole died, which was still better
90 . than no therapy (P < 0.01).

S 8 The survival curves for mice infected with strain AF 1290

Z 70 are shown in Figure 1 (d). All mice given glucose either by

? gg gavage or intraperitoneally died. No mice treated with

§ 40 amphotericin B died, which was significantly better than no

§ 30 therapy (P < 0.001). All mice treated with itraconazole
2 died by day 8, which was not significantly different from
10 control mice.

Comparison of the four experiments showed that for
groups treated with itraconazole, there was a significant
difference in median survival (P < 0.05) between mice

012345678 91011121314151617181920212223
Days post-infection

b)
( )100 infected with AF 1290 and those infected with AF 1112 or
90 AF 1119 (Table II).
_ 8
g 70 Culwre results. Results of qualitative organ cultures are
560 shown in Table II1. For all strains, infection occurred in the
g ig kidney tissues of 100% of untreated controls and in the
5 30 brain of 75-90% of controls. Amphotericin B treatment
B . . . N .
20 eradicated or prevented A. fumigatus infection in both
10 kidney and brain tissues, whatever the strain tested. For
0 strains AF 1112 and AF 1119, itraconazole significantly
01234567 g;slo lslt-[iifljc:;f 161718192021 2283 peduced kidney and brain infections as compared with con-
© yepo trols (P < 0.0001 to P < 0.0005). In contrast, itraconazole

did not significantly reduce the number of infected kidneys
in mice infected with strain AF 1237 or AF 1290.

Itraconazole assay. Serum itraconazole concentrations were
assessed to ensure adequate absorption of the antifungal
agent. Mean itraconazole levels in serum as detected by
HPLC are shown in Table IV. The concentration of itra-
conazole and the active metabolite, hydroxy-itraconazole,
in serum was >8 mg/L after 4 days of treatment and only a

0 slight increase was observed after 6 days of treatment.
0123456 7891011121314151617181920212223

Days post-infection

Percent survival

@ Molecular typing
1% The four isolates were typed by means of each of the four
80 primers (primer 2, primer 5, R108 and R151) used separ-
T 70 ately. The RAPD patterns obtained are shown in Figure 2.
§ 60 Identical patterns were obtained for the four strains, while
; 50 five unrelated strains, tested in the same conditions, exhib-
8 40 ited different RAPD patterns (data not shown). Molecular
& 30 typing was performed at least twice, with reproducible
20 results.
10
0
012345678910112131415161718192021223 pyeconccion

Days post-infection

In this study, we tested the antifungal susceptibilities of

Figure 1. Cumulative mortality for mice infected with strain
AF 1112 (a), AF 1119 (b), AF 1237 {c) and AF 1290 (d) in
treated and control groups. &, itraconazole at 100 mg/kg/day:

four isolates of A. fumigatus recovered from a patient, both
in vitro and in an animal model. Two isolates were obtained
before treatment with itraconazole and two were post-

O, amphotericin B at 4.5 mg/kg/day; 4. 5% glucose control (by

gavage); A, 5% glucose control (intraperitoneally). treatment isolates. The results suggested that the strain

acquired resistance to itraconazole during treatment with
this antifungal agent.
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Table II. Survival times for mice infected with four different A. fumigatus
isolates and treated with amphotericin B 4.5 mg/kg/day or
itraconazole 100 mg/kg/day -

Median survival time in days (range)

Group AF 1112 AF 1119 AF 1237 AF 1290
Controls 5(3-10) 7(3-10) 5(3-8) 5(3-8)
Amphotericin B 23 (23)° 23 (23)° 23 (23)° 23 (23)°
Itraconazole 23 (20-23)° 23 (18-23)" 16 (6-23)° 7 (4-8)° .

“P < 0.001 compared with controls.
bP < 0.01 compared with controls.
‘P < 0.05 compared with itraconazole treatment of AF1112 or AF1119.

Table ITl. Qualitative culture results for kidney and brain for all mice

Strain and group

(no. of mice in group) No. of survivors No. of kidney positive No. of brain positive
AF 1112
controls (n = 20) 0 20 15
amphotericin B (n = 10) 10 . 0
itraconazole (n = 10) 9 1° - 1¢
AF1119
controls (n = 20) 0 20 17
amphotericin B (n = 10) 10 o o’
itraconazole (n = 10) 9 2° o
AF 1237
controls (n = 20) 0 20 15
amphotericin B (n = 10) 10 . o 0
itraconazole (n = 10) 5 8 5
AF 1290
controls (n = 20) 0 20 18
amphotericin B (n = 10) 10 o o
itraconazole (n = 10) 0 10 ) 3¢

?P < 0.0001 bompared with controls.
4P < 0.0005 compared with controls.
¢P < 0.005 compared with controls.

Table IV. Itraconazole concentration in serum, as measured by HPLC, in non-infected mice
after 4 and 6 days of treatment at 100 mg/kg/day

Itraconazole concentration = s.D. (mg/L)

Time

(no. of mice) native hydroxylated metabolite native + metabolite
Day 4 (6) 313+0.76 505 =151 8.18 x2.24
Day 6 (6) 3.37 + 0.60 . 6.19 = 1.30 9.55 +1.82
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Primer 5

Primer 2

Figure 2. RAPD profiles obtained with four different primers R108, R151, primer 2 and primer 5 for the four strains studied in vitro
and in vivo. M, size marker; a, AF 1112; b, AF 1119; ¢, AF 1237; d, AF 1290; B, blank.

Although a broth microdilution adaptation of the NCCLS
reference method for yeasts has shown good intra- and
inter-laboratory reproducibility,’®'! there is no standardized
method for susceptibility testing of filamentous fungi. For
this reason we used an animal model of disseminated
aspergillosis in immunocompetent mice to confirm the resist-
ance detected in vitro. The results of susceptibility testing in
vitro showed a clear increase in MIC from 0.5 mg/L for iso-
lates recovered before itraconazole therapy, to >16 mg/L
for isolates cultured after 4-5 months of therapy. In vitro
data were confirmed for each of the four isolates. in an
animal model of disseminated aspergillosis. This model has
been used previously to confirm de novo resistance of
A. fumigatus to itraconazole.’ Although there was good cor-
relation between in vitro results and the animal model data,
evaluation of the therapeutic efficacy of itraconazole in
the patient reported here is difficult. Absence of clinical
improvement during itraconazole therapy could be attrib-
uted to the resistance of the fungus; however, it could also
have been due to the severe underlying respiratory disease.

Previous studies have demonstrated itraconazole resist-
ance of A. fumigatus in vitro*™® and the resistance was
confirmed for some strains in vive in animal models of
aspergiliosis.® In one study, four itraconazole-resistant
strains of A. fumigatus were isolated from three patients
during long-term itraconazole therapy.” However, geno-
typic analysis of the strains was not performed so it was
not possible to determine whether the strains acquired
resistance or if the patients were subsequently infected by a
resistant strain from the environment.!” Denning er al.?
reported two patients from whom itraconazole-resistant
strains were isolated. In one case, a resistant strain was
obtained in culture, although the patient had not been
treated with itraconazole. In the other case, a strain was
isolated during treatment with itraconazole but was geno-
typically distinct from the initial strain cultured before
treatment.

To our knowledge, the present study is the first to docu-
ment the acquisition of itraconazole resistance in an A.
fumigatus strain during prolonged therapy with this anti-
fungal agent.

The genetic diversity of A. fumigatus is very important!®
and genetic variations of A. fumigaius isolates cultured
from respiratory - specimens in patients with asper-
gilloma'®® or cystic fibrosis have been demonstrated.
Nevertheless, in patients with aspergilloma, although
several types could be recovered in the same patient, one
predominant genotype is usually found. In the case
reported here, the diagnosis of chronic invasive pulmonary
aspergillosis was possible. In this context, the disease is
probably produced by a single strain of Aspergillus, rather
than there being multiple strains involved.

Microevolutionary changes within an infecting strain
over time have been demonstrated in Candida albicans.? It
is possible, due to microevolution, that some substrains in a
colonizing population present altered phenotypes, includ-
ing changes in susceptibility to antifungal drugs. One can
suggest, in a patient with chronic aspergillosis and/or
aspergilloma, that the high population density of A. fumi-
gatus is a critical factor for strain microevolution or clonal
selection of resistant substrains under the drug selection
pressure. The situation is probably different in immuno-
suppressed patients with invasive aspergillosis who have a
shorter course and less exposure to the antifungal drug.

Several molecular mechanisms of azole resistance in
Candida spp. have been reported,” but very little is known
about the mechanisms of resistance in Aspergillus spp. A
reduced intracellular accumulation of itraconazole was
observed in some strains, possibly due to an efflux pump®?*
or to a reduced penetration of the drug.® In two other
strains, the mechanism of itraconazole resistance has been
related to a possible modification of the target enzyme
14-a-demethylase.? ,

In the present study we used RAPD to type the isolates.
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Itraconazole resistance in A. fumigatus

The primers used (2, 5, R108 and R151) have been shown
to provide a high level of discrimination between strains of
A. fumigatus.>'?® The results of RAPD analysis associ-
ated with the clinical context strongly suggest the common
identity of the four isolates studied.

'Further studies have to be done to confirm that A. fumi-
gatus could acquire resistance to itraconazole as a resuit of
treatment with this antifungal. Susceptibility studies of
A. fumigatus strains repeatedly isolated from colonized
patients under long-term therapy with itraconazole are
needed to evaluate the frequency of this phenomenon.
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In Vitro Activity of Saperconazole
(R66 905) Compared with
Amphotericin B and Itraconazole
against Aspergillus Species

D.W. Denningl‘z' 3‘, L. H. Hansonl'z,
D. A. Stevens”’ %3

Twenty isolates of aspergillus were tested
against saperconazole and 16 of these against
itraconazole and amphotericin B using a
macrodilation broth method. For 18 (90 %) of
20 isolates tested against saperconazole, MICs
were < 3.1 mg/l and for 15 (75 %) of 20 isolates
MFCs were < 3.1 mg/l. For 9 (56 %) of 16 iso-
lates tested against itraconazole, MICs were
< 3.1 mgfi, and for 4 (33 %) of 12 isolates MFCs
were < 3.1 mg/l. For all 16 isolates tested against
amphotericin B MICs and MFCs were <4.0
mg/l; for 11 of 16 isolates MICs were < 2.0 mg/l.
Saperconazole appears to be highly active
against Aspergillus spp. in vitre, with a bimodal
distribution of MICs and MFCs.

IDivision of Infectious Diseases, Department of Medicine,
Santa Clara Valley Medical Center, 751 South Bascom
Ave., San Jose, California 95128, USA.

2California Institute for Medical Research, San Jose,
California 95128, USA.

3Division of Infectious Diseases, Department of Medicine,
Stanford University School of Medicine, Stanford,
California 94305, USA.

Aspergillus infections are an increasing prob-
“lem as the number of immunocompromised

patients continue to grow. Treatment is at
present far from satisfactory in many settings in
that failure is frequent, relapse occurs and the
toxicity of amphotericin B is considerable. New
agents with good activity against aspergilli have
been developed, the most promising to date
being itraconazole (1,2) and saperconazole
(R66 905) (3). Saperconazole [(cis)-4-[4-[4-[4-[[2-
(2,4-difluorophenyl)-2-(1 H-1,2 4-triazol-1- -

yimethyl)-1,3-dioxolan-4-yl)methoxyl]phenyl]-1-
piperazinyl]phenyl]-2,4-dihydro-2-(1-methyl-

propyl)-3H-1,2,4-triazol-3-one} is a new lipo-
philic fluorinated bis-triazole which is closely
related in molecular structure to itraconazole,
differing in the substitution of two chlorine
atoms by two fluorine atoms on the phenyl ring.
The formula of saperconazole is C3sN3gF2NgO4
and its molecular weight is 673. We have
undertaken a comparison of its inhibitory and

fungicidal activity against aspergilli with that of

amphotericin B and itraconazole.

Materials and Methods. All isolates tested were
from clinical specimens sent to us for sus-
ceptibility testing. All originated in the USA.
Isolates were identified by conventional macro-
scopic and microscopic criteria (4). Isolates (16
each) were tested against amphotericin B and
itraconazole directly from media on which they
were transported (usually Sabouraud’s or Potato
Dextrose agar (PDA)); testing against saper-
conazole (20 isolates) was always done after
growth on PDA for four or five days. Selection
of isolates was random, i.e. prior or concurrent
susceptibility -test data was not used in the
selection process.

Amphotericin B with 0.41 % deoxycholate was
dissolved in sterile water at a concentration of
1.6 mg/ml in glass vials and stored in the dark at
- 20 °C. Itraconazole and saperconazole were
provided by the manufacturer (Janssen Pharma-
ceutica, Belgium) as pure powder. Stock
solutions were prepared in concentrations of
10 mg/mi in 50 % acetone-50 % 0.2N HCl in a
glass tube. To maximize solubility of itra-
conazole at this concentration, the drug pre-
paration was suspended over hot water (64 °C)
for several hours and vortex mixed repeatedly.
This was not necessary for saperconazole as it
dissolved with vortex mixing alone. Itraconazole

- and saperconazole stock solutions were stored

at room temperature protected from the light.

All drugs were diluted with unbuffered Yeast
Nitrogen Base broth containing 0.5 % glucose
(YNB). Dilutions for amphotericin B were two-
fold from 8 to 0.25 mg/l. For itraconazole and
saperconazole dilutions were two-fold from 30
to 0.39 mg/l. Dilutions containing concentra-
tions of saperconazole and itraconazole above
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12.5 mg/l showed increasing insolubility of the
drug. Using 5 ml plastic tubes for susceptibility
testing, 1 ml of each drug dilution was pipetted
into a series of tubes for each isolate. Control
‘tubes contained YNB without drug.

The inoculum was prepared using YNB to
suspend comnidia from each test isolate at a
concentration of 2000/m! using a hemacyto-
meter. One ml of inoculum was delivered
carefully with the tip of the pipette to just below
the meniscus to each tube of the drug dilution
series and each control tube. A 1:10 dilution was
prepared and 0.5 ml plated on a sheep blood
agar plate (BAP) to confirm the inoculum size.
This plate was incubated at 35°C for 36 h and a
colony count was then done.

The control and drug dilution tubes were
incubated on a rotary shaker which held the
tubes at an angle of approximately 30° from
horizontal with loose caps in ambient air, When
growth was evident in the ‘control tube, the MIC
was -read (40-48 h). The tubes were carefully
inspected and the lowest concentration of drug
that inhibited growth below the visual threshold
was defined as the MIC. A known susceptible
organism (for itraconazole and amphotericin B)
was assayed periodically during this series of
experiments to confirm drug potency and assay
reproducibility.

For itraconazole and amphotericin B, from each
tube showing no growth or trace growth and the

Eur. J. Clin. Microbiol. Infect Dis. A

control tube, a 40 pl sample was taken after
vigorous mixing and plated on a quadrant of a
BAP. For saperconazole, a 40 pl sample from all
tubes was taken, vortex mixed and plated on a
BAP. Plates were incubated at 35 °C for 48 h. By
a criterion used previously in killing studies
with clinically useful azoles (5), the lowest drug
concentration that produced no growth or one
colony on the plate was designated the minimum
fungicidal concentration (MFC) and represents
2975 % killing, If the MIC was higher than the
MFC for an isolate, the MIC value was reduced
to equal that of the MFC. To further quantitate
killing by saperconazole, from the MIC tubes of
four isolates, larger volume samples were plated
after vortex mixing; 40, 50, 100, 200 and 1000 ul
were plated on BAP. The same criterion (5) was
applied to derive the MFC endpoint. “Skip
tubes” (tubes which exceeded this endpoint,
with higher drug concentrations than others
which met the criterion) were occasionally
encountered. In such instances, the first tube
with a drug concentration higher than the “skip
tube” whose plating results met the criterion of
less than or equal to one colony was designated
the MFC.

Results and Discussion. Fourteen of the isolates
were Aspergillus fumigatus, three each were
Aspergillus flavus and Aspergillus terreus. The
MIC and MFC results are displayed in Table 1.
The median (MIC50) and geometric mean MIC

Table 1: MIC and MFC (> 97.5 % fungicidal activity) of saperconazole, itraconazole and ampho-
tericin B for 20 isolates of Aspergillus spp. Results are in mg/l.
Saperconazole Itraconazole Amphotericin
Isolate no. MIC MFC MIC MFC MIC MFC
Aspergillus fumigatus :
SAF 16 16 31 ND 20 ND
12AF 16 16 63 ND 40 ND
15AF >125 >125 63 63 20 20
19AF 31 31 63 63 20 20
7AF 16 16 ND ND 20 2.0
88-101 16 16 31 63 ND ND
88-103 078 16 63 >125 ND ND
88-204 078 0.78 16 >125 1.0 10
88-182 3.1 31 16 31 20 ND
87-33 078 0.78 125 ND 20 ND
89-25 ‘16 16 31 31 1.0 1.0
44Af 078 0.78 ND ND ND ND
89-46 078 0.78 63 63 1.0 1.0
87-51 >125 >125 63 ND 40 ND
Aspergillus flavus . :
SAFL 078 >125 16 63 40 ND
89-37 078 0.78 31 31 40 40
88-110 078 0.78 31 31 ND ND
Aspergillus terreus '
87-81 16 >125 ND ND 10 ND
1AT 16 >125 ND ND 1.0 ND
¢ 2AT . 078 16 31 >125 20 ND
1 ND = not done.
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of saperconazole, itraconazole and amphoteri-
cin B were 1.5 and 1,7, 3.1 and 3.8, and 2.0 and
2.1 mg/l respectively. The median (MFC30) and
geometric mean MFC of saperconazole, itra-
conazole and amphotericin B were 1.5 and 3.0,
6.3 and 6.6, and 2.0 and 1.6 mg/l respectively. The
MIC90 and MFC90 of saperconazole, itra-
conazole and amphotericin B were 3.1 and
>12.5, 6.3 and >12.5, and 4.0 and 4.0 mg/l
respectively. There were no clear interspecies
- differences except that for two Aspergillus
fumigatus isolates the MICs and MFCs of
saperconazole were high and the two Asper-
gillus flavus isolates tested showed intermediate
susceptibility (MIC 4.0 mg/l) to amphotericin B.
With larger numbers of aspergillus isolates, not
also tested against-saperconazole but tested in
our laboratory using the same methods, we have
found the itraconazole and amphotericin B
results reported here to be representative. For
example, we previously reported (1) that in 26
(93 %) of 28 isolates tested against itraconazole
the MIC was <6.3 mg/l (i.e. concentrations
below mean steady state serum itraconazole
concentrations usually achievable with cur-
rently studied doses), compared with 15 (94 %)
of 16 isolates reported here. Similarly, in our
own unpublished studies of 82 clinical Asper-
gillus spp. isolates tested against amphotericin
B, in 53 (65 %) MICs were <2 mg/l, compared
with 12 (75 %) of 16 reported here. :
Reproducibility of the assay for saperconazole
was assessed by testing one isolate (number 88-
204) on four occasions and two isolates (number
87-81 and SAFL) twice. In all cases the results of
the repeat assays were identical or differed by
one dilution from the original assay. This
observation was valid for both the MICs and
MFCs, In addition, interobserver variability was
assessed by two observers reading the MICs for
six isolates independently. Reading of results
for four isolates were identical. In two isolates,
differences arose over whether or not a trace or
a clump of growth was present in a particular
tube — all growth categorized as 1+ was read
identically. For these two isolates (number 204-
88 and 89-25) the MFCs were 0.78 and 1.6
respectively, suggesting that the very small
amount of growth that only one observer
classified as present would not alter the final
result if an MFC determination was performed.

In most tubes with concentrations above
0.39 mg/l in which growth occurred, growth was
evident as a very small clump, or multiple small
clumps, tightly adherent to the tube, mostly
along one side; little growth occurred at the
meniscus.

- Quantitative fungicidal activity was further
assessed in one experiment with four isolates.

Results' are displayed in Table 2. For reasons
that are not clear, control colony counts for one
isolate (number 19AF) were low despite an
inoculum that gave a colony count of 1180/2 ml.
Some fungicidal activity occurred against all
isolates, except isolate 19AF, at 0.39 mg/l. At
0.78 mg/1 and higher concentrations, there was
apparently almost complete fungicidal activity,
and MFCs could be determined in most
instances even with a 299.5 % criterion for
killing. However, in no isolate was 299.9 %
killing achieved with <12.5 mg/l saperconazole.

The data presented here indicate that saper-
conazole is highly active against Aspergillus
spp. in vitro. Our data is bimodal in distribution
as for 2 of 20 isolates MICs and MFCs were
>12.5mg/l and for 18 of 20 MICs were
<3.1 mg/l. It is not clear what serum or tissue
levels can be achieved with this agent in humans
and therefore no cut-off value for resistance can
yet be determined. The median and geometric
means of the MICs are approximately half those
of itraconazole and lower than those of
amphotericin B, indicating saperconazole has
greater activity on a weight-for-weight and
molar basis than itraconazole and activity
approximately equal to that of amphotericin B
on a molar basis. Two other reports on the
activity of saperconazole have appeared (3, 6).
In. one, only eight aspergillus isolates were
examined by agar dilution and MICs for all
isolates were < 0.1 mg/l using two different
media (6). In the other study (3), 279 isolates of
various Aspergillus spp. were tested using
tenfold dilutions of saperconazole. In addition

to the imprecision: of tenfold dilutions, the

methodology was at variance with that of most
other investigators; brain heart infusion broth

was inoculated with an agar block containing -

hyphae and spores and incubated for two weeks
at 25°C. In 85 % of isolates the MICs were
< 0.1 mg/l; only one isolate was not inhibited by
1 mg/l. Neither study examined fungicidal
activity in vitro.

Saperconazole also appears to be fungicidal for
most isolates of aspergillus. Even in some tubes
in which minimal growth was evident, there was
no growth on subculture. Using more stringent
criteria for activity ($:99.0% and < 99.5%) a
high degree of activity was still observed. The
small number of colonies consistently growing
in all drug dilutions when half the test sample
was plated {1 ml) may or may not indicate a lack
of complete killing. It is possible that a few
conidia adhering to the tube at the meniscus
were inaccessible to saperconazole, and
vigorous vortexing prior to plating the MFC
allowed them to be plated. Although careful
introduction of inocula was used, as in
macrodilution broth tests of bactericidal
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Table 2: Fungicidal activity of saperconazole.

Colonies in portion removed at given

Volume subcultured Killing? Control saperconazole concentration (mg/1)?
(ml) (%) 039 078 16 31 63 125
Isolate 88-204
0.04 2975 > 200 44 0 0 0 0 0
005 2980 >200 61 0 0 0 0 0
0.10 2990 >400 124 1 1 2 (/] 0
020 >99.5 > 500 3% 3 0 1 1 1
1.00 2999 - > 1000 > 500 8 5 5 2 4
Isolate 19AF
004 - 2975 6 7 1 0 0 1 0
0.05 2980 7 7 6 "0 1 1 2
010 2990 20 10 0 0 1 0 1
020 295 20 36 4 2 8 2 2
1.00- 2999 >T77 7 u 13 22 6 29
Isolate 89-46 .
0.04 2975 90 5 0 0 0 0 0
0.05 2980 73 14 0 1 0 0 1
0.10 2990 > 300 %4 0 1 1 1 1
020 2995 > 300 64 1 1 0 4 1
1.00 2999 ) > 1500 260 2 3 3 3 8
Isolate TAF
1 2975 160 16 5 0 0 1 1
0.05 . 2980 73 17 0 1 0 1 0
0.10 299.0 >400 58 0 1 0 0 0
020 295 > 400 167 3 4 0 1 2
1.00 . 2999 > 1500 > 500 9 5 7 -9 4

Criteria used to determine endpoint given in text. Value underlined indicates the lowest con-
centration meeting these criteria (MFC).

activity, all tubes in this experiment were Despite the lack of standardization of in vitro

constantly shaken during incubation, unlike in
most bactericidal tests, possibly allowing some
conidia to adhere above or at the meniscus.

Our knowledge of the stimuli required for
germination of conidia in -Aspergillus spp. is
limited. Although the vast majority of conidia
germinate when in contact with a nutrient broth
in a warm environment, a small subpopulation
may not, but may germinate on solid medium.
This could account for the- apparent lack of
killing, due to germination after plating on
blood agar. This would be of little consequence
to human infection, particularly since the
observation that growth appeared in some tubes
but on subculture killing may exceed 99 %
suggests that saperconazole may be fungicidal
after fungal germination.

Drug carryover from the tubes is almost cer-
tainly not pertinent to our data as even the
largest plate inoculum (1 ml) and the highest
concentration of saperconazole (12.5 mg/l)
would give a final saperconazole concentration
of 0.4 mg/l on a 30 mi agar plate. Considerably
less inhibition and fungicidal activity was
evident at this concentration.

susceptibility testing of antifungal agents, the
impressive activity of saperconazole observed in
vitro was borne out in a serious of studies in
aspergillus models in guinea pigs and pigeons
(3). Doses of 10 mg/kg orally, or 5 mg/kg intra-
peritoneally and intravenously sterilized organs
in over 93 % of animals and significantly
improved survival. The MIC of saperconazole .
for the organism, Aspergillus fumigatus, used for
these studies was 1 mg/l in brain heart infusion
broth. Further study on the in vivo activity of
saperconazole against Aspergillus spp. using
strains with low and high MICs is required to
establish whether the difference in MICs and
MFCs we have observed correlates with in vivo
outcome. .
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In Vitro Activity of the New Semi-
Synthetic Polypeptide Cilofungin
(LY121019) against Aspergillus and
Candida Species

A. Huang!, F. Edwards’,
E. M. Bernard!, D. Armstrong!,
H.J. Schmitt! 2 *

The in vitro activity of cilofungin (LY121019), a
new semi-synthetic antifungal agent was eval-
uated. Potent activity was seen against Candida
albicans and Candida tropicalis, with almost
identical MIC and MFC results, whereas no
activity was seen against any isolates of Candida
parapsilosis or three Aspergillus spp. However,
MICs were dependent on medium and test con-
ditions chosen. It is concluded that cilofungin
has good activity against some medically im-
portant yeasts in vitro, and that its in vitro
activity depends on the method used.

Systemic infections due to Candida or Asper-
8illus species are often life-threatening in cancer
and transplant patients (1, 2). Unfortunately, the
agents available at present for treatment of these

!Infectious Disease Service, Department of Medicine,
Memorial Sloan-Kettering Cancer Center, 1275 York
Avenue, New York, New York, USA. .
Children’s Hospital, Johaones Gutenberg University,
LangenbeckstraBe 1, 6500 Mainz, FRG.

infections are toxic and only moderately effec-
tive, so that better agents are needed (3). Cilo-

fungin [LY121019; N-p-(octyloxybenzoyl)--

echinocandin B] is a2 new semi-synthetic cyclic
lipopeptide, an analog of echinocandin B, which
inhibits glucan synthesis (4, 5). The aim of this
study was to define the range of in vitro anti-
fungal activity of cilofungin against clinically
important fungi, to compare several test
methods, and to determine the effects of ino-
culum size and media composition on MICs,

Materials and Methods. Cilofungin (Lilly Re-
search Laboratories, Indianapolis, IN, USA)
was prepared as a 1 mg/ml solution in 50 %

- ethanol and sonicated for 15 min. Microtiter

trays were prepared by a standard method (6).
Serial two-fold dilutions were made in culture
media. The concentrations of cilofungin in the
wells were in the range 0.078-40 pg/ml for yeasts
and from .0.0125-12.8 pg/ml for aspergilli. A
total of 97 yeast strains, predominantly isolated
from blood cultures, were tested. A total of 30
Aspergillus spp. strains from different clinical
sources were tested, including Aspergillus
fumigatus (n = 16), Aspergillus flavus (n=7) and
Aspergillus niger (n=7). For testing yeasts dif-
ferent methods were used. Organisms from 24-h
slant cultures on Sabouraud (SAB) agar (BBL
Microbiology Systems, USA) were suspended in
sterile saline, adjusted to 0.55 OD at 660 nm and
diluted 1:2000 in SAB broth. Results were read
both visually and with an automated photo-
metric plate reader (Titertek Multiskan Type
310C, Flow Laboratories, USA) at 48 h. For
strains of Candida albicans and Candida tropi-
calis, fungicidal activity of cilofungin was deter-
mined by subculturing 10 pl from wells that
showed no visible growth on SAB agar plates.
Minimal fungicidal concentrations (MFCs)
were determined by taking the concentrations in
wells showing a 99.9 % reduction in growth
compared to the control wells (6). In addition,
20 strains each of Candida albicans and Candida

tropicalis were tested against cilofungin as de-

scribed above using a high (1 x 10%) or a low
(2 x 10%) inoculum size produced by using a
hemacytometer. Either Sabouraud or Yeast-
Nitrogen-Glucose (YNG) broth (Difco, USA)
were used as medium and results were read at
48 h. Aspergillus spp. spores from 4-day-old
cultures on SAB apar were harvested using a
0.02 % Tween solution, centrifuged, resuspend-
ed in sterile saline and counted in a hemacyto-
meter, and the inoculum was adjusted to 2 x 10°
and 1 x 10° spores/ml in YNG broth. Inoculated
broth was added in 100 ul portions to the wells
of the microtiter trays. :

Results and Discussion. Cilofungin exhibited
high .activity against Candida albicans and
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Dissolution Testing as a Prognostic Tool for Oral Drug
Absorption: Immediate Release Dosage Forms
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Dissolution tests are used for many purposes in the pharmaceutical industry: in the development of new
products. for quality control and, to assist with the determination of bioequivalence. Recent regulatory
developments such as the Biopharmaceutics Classification Scheme have highlighted the importance of
dissolution in the regulation of post-approval changes and introduced the possibility of substituting
dissolution tests for clinical studies in some cases. Therefore, there is a need to develop dissolution tests
that better predict the in vivo performance of drug products. This could be achieved if the conditions in
the gastrointestinal tract were successfully reconstructed in virro. The aims of this article are, first, to
clarify under which circumstances dissolution testing can be prognostic for in vivo performance, and
second, to present physiological data relevant to the design of dissolution tests, particularly with respect
to the composition, volume, flow rates and mixing patterns of the fluids in the gastrointestinal tract.
Finally, brief comments are made in regard to the composition of in virro dissolution media as well as
the hydrodynamics and duration of the test.

KEY WORDS: dissolution tests; prediction of in vivo performance: dissolution test conditions: composi-

tion of dissolution media.

INTRODUCTION

An important aspect of the development of a pharmaceuti-
cal product is to find an in vitro characteristic of potential
formulations that reflects their in vivo performance. Although
immediate release solid dosage forms are routinely subjected
to tests such as content uniformity, weight, hardness, friability
and disintegration, the test that is most often associated with
the assessment of in vivo performance is the dissolution test,
Currently there are about 500 tablet and capsule monographs
in the USP which have dissolution requirements (1), and disso-
lution testing is an integral component of new drug applications
to regulatory bodies worldwide.

In vitro dissolution testing provides useful information at
several stages of the drug development process. Formulation
scientists use dissolution to assess the dissolution properties of
the drug itseif and thereby select appropriate excipients for the
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Technologie, Marie-Curie-Str. 9, 60439 Frankfurt am Main, Germany.

2 College of Pharmacy, The University of Michigan, Ann Arbor, Michi-
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* The views and suggestions presented in this article are thase of the
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formulation. Dissolution testing is also employed to assist in
choosing among candidate formulations, with the aim of select-
ing the dosage form with the most suitable and reproducible
release profile. However, if these tests are not performed under
appropriate conditions, the prediction of which drugs and which
dosage forms will exhibit the desired release profiles in vivo
may be completely erroneous.

Clinical scientists rely on dissolution tests to establish in
vitrolin vivo correlations between release of drug from the
dosage form and drug absorption. When in vitro results fail to
adequately predict the in vivo performance of a drug product,
more and larger clinical studies are needed to assess product
bioavailability, thus adding substantially to the cost of product
development. For drugs and formulations that have release rate
limited absorption, it is also of particular interest to know
whether the drug will be better absorbed when the product is
given with food. Current pharmacopeial tests do not address
this need.

From the regulatory scientist's point of view, the evaluation
of preclinical and clinical data would be greatly facilitated by
the availability of validated, prognostic dissolution methodol-
ogy for the product. In certain cases, it may be appropriate to
use dissolution test results to evaluate the biopharmaceutical
implications of a product change, rather than to automatically
require a bioequivalence study (2).

Important aspects of the quality assurance of a drug product
include the ability to confirm that the correct manufacturing
procedures have been followed for a given batch, that batch-
to-batch reproducibility of the product meets regulatory require-
ments, and that the product performs adequately throughout its

i 0724-874198/0100-001 1$15.000 © 1998 Plenum Publishing Corporation
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shelf life. insofar as possible, the in vitro test conditions should
bear a meaningful relationship to the conditions in the gastroin-
testinal tract (3). In the case of very poorly soluble drugs,
however, the ability to test whether the product is able to release
all of the active drug within the desired time-frame under physi-
ologically relevant test conditions may be difficult to achieve
with current apparatus.

. In summary, there is a real need to develop dissolution
tests that better predict in vivo performance of drug products.
This could be achieved if the conditions in the gastrointestinal
tract were successfully reconstructed in in vitro test systems.
The development of prognostic in vizro tests should lead not
only to a reduction in the work needed for formulation develop-
ment, but also in the number and size of clinical studies required,
and to more meaningful quality assurance tests.

In this article, we seek first to clarify under which circum-
stances dissolution testing can be prognostic for in vivo perfor-
mance, then to present physiological data relevant to the design
of dissolution tests, particularly with respect to the composition
of the medium, the hydrodynamics employed and the duration
of the tesl. In a companion article, examples of drugs for which
dissolution is highly dependent on test conditions will be used
to illustrate the importance of selecting physiofogically relevant
test conditions for in vitro performance tests.

RATE LIMITING FACTORS TO DRUG
ABSORPTION

_Essentially, there are four possible sources of incomplete
drug absorption following the oral administration of a solid
dosage form (4):

1) The drug is not delivered from its formulation over an
appropriate time frame in solution form to those sites in the
G tract where it is well absorbed,

2) The drug is decomposed in the gastrointestinal tract or
forms a nonabsorbable complex,

3) The drug is not wansported efficiently across the gut
wall in the apical to basal direction, and/or

4) The drug is metabolized and/or eliminated en route to
the systemic circulation. These possibilities are illustrated in
Figure 1.

Since the gastrointestinal tract is not a static system, the
rate at which release, decomposition, complexation and gut

Drug in systemic circulstion
t 4
Lo = Guidiver metadolism
1 Bihary excrevon
Drug in solution
Decomposition 8t upiaks sites
Adsorpton [ I ] T
Compiaxation K \
Releass _ @.6 ce-d-<-4 Transt__
i t ’
v I Y S
Compiexation Orug in solution
[ a8
¢ ! « GutiLiver metabobism
Co Biliasy excrehon
LA 2 |
Drug in systemic clroutation

Fig. 1. Steps in drug absorption and sources of incomplete hioavailabil-
ity following oral administration of a solid dosage form.

Dressman, Amidon, Reppas, and Shah

wall transport occur must additionally be weighed against the
transit rate of the dosage form/drug through the gastrointestinal
tract. In order for a drug to be well absorbed, release and uptake
must be completed within the time taken for the dosage form/
drug to traverse that part of the gastrointestinal tract up to and
including -the sites at which the drug is absorbed, whereas
decomposition and complexation must occur more slowly than
cither release/uptake or transit.

THE BIOPHARMACEUTICS CLASSIFICATION
SCHEME

Recently, a Biopharmaceutics Classification Scheme (BCS)
has been proposed (5). Under this scheme (Table 1). drugs
can be categorized into four basic groups according to their
solubility properties and their ability to penetrate the gastroin-
testinal mucosa.

Thus, the BCS addresses two of the potential four limita-
tions to oral drug bicavailability. Of these two, drug solubility
recognizes the physicochemical limitations of the drug as a
potential source of incomplete release from the dosage form,
It is important to understand that the classification is based on
the solubility properties of the drug substance throughout the
upper Gl tract. In the Commentary Section, appropriate media
for such studies are suggested. The results of dissolution studies
with the dtug in the same media can be subsequently used in
the development process to assess the influence of formulation
on the release rate. Permeability studies are needed to locate
the main sites of drug absorption in the gastrointestinal tract,
as well as assessing the efficiency of drug transport across the
gut wall. A variety of cell culture, tissue and animal models
are available for assessing permeability; currently there are
also several groups studying permeability of drugs directly in
humans (6,7). In principle, studies addressing drug stability
problems in the lumen of the gastrointestinal tract should be
run in media that reproduce the conditions to which the drug
is likely to be subjected. In this respect, considerations for
design of stability test media parallel those applicable to release
and dissolution studies. In the case of drugs that undergo metab-
olism in the gut wall and/or liver, the rate and extent of the
effect must be assessed using tissue preparations or from phar-
macokinetic analysis.

Although the BCS is limited to two of the four important
factors, it nonetheless provides a useful starting point for recog-
nizing when and how dissolution tests can aid in the design
and evaluation of oral dosage forms. Compounds belonging to
Class 1, i.e. compounds with high solubility and permeability,
should go into solution quickly when they are housed in immedi-
ate release dosage forms, and also be rapidly transported across

Table 1. The Biopharmaceutics Classification Scheme

Ciass It Class 1z
HIGH SOLUBILITY LOW SCQLUBILITY
HIGH PERMEABILITY HIGH PERMEABILITY
Class III: Class 1V:
HIGH SOLUBILITY LOW SOLUBILITY
LOW PERMEABILITY LOW PERMEABILITY

Note: From Ref. 5.
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the gut wall. Therefore, it is expected that they will be well
absorbed unless they are unstable, form insoluble complexes,
are secreted directly from the gut wall, or undergo first pass
metabolism. Dissolution tests for immediate release formula-
tions of Class 1 drugs, therefore, need only to venify that the
drug is indeed rapidly released from the dosage form under
mild aqueous conditions.

For Class II drugs, by contrast, the rate of dissolution of
the drug is almost certain to be the principal limitation to its
oral absorption. The limitation can be equilibrium or kinetic in
nature. In the case of an ‘equilibrium’ problem there is not
enough fluid available in the gastrointestinal tract to dissolve
the dose. This can be checked by calculating the dose:solubility
ratio (8). For example, at a dose of 500 mg and an aqueous
solubility of 15 pg/ml at 37° C, 33 liters of fluid are required
to dissolve one dose of griseofulvin. Since the total volume of
fluid entering the gastrointestinal tract in a twenty-four hour
period is only about five to ten liters (9), there is clearly insuffi-
cient volume present at any given time for the entire dose of
griseofulvin to be dissolved. In the case of a *kinetic’ problem,
the drug dissolves too slowly for the entire dose to become
dissolved before the drug has passed by its sites of uptake.
Digoxin, for example, with a dose of 0.25 mg and a solubility
of 20 pg/ml. has a dose:solubility ratio of just 12.5 ml. Despite
the small volume of fluids required to dissolve the drug, digoxin
exhibits dissolution rate limited absorption at particle sizes of
greater than 10p. in diameter (8) because the poor driving force
for dissolution supplied by the solubility, combined with the
low surface area of drug at larger particle sizes, is insufficient
to ensure timely dissolution. For Class [I drugs, it should there-
fore be possible to establish a strong correlation between the
results of dissolution tests and the in vivo absorption rate. Estab-
lishment of an in vitrofin vivo correlation and the resultant
ability to discriminate between formulations with different bio-
availabilities will be dependent on how well the in vitro tests
are designed. In order to be successful, it is necessary to repro-
duce the conditions extant in the gastrointestinal tract following
administration of the dosage form as closely as possible. Ade-
quate comparison of formulations for Class Il drugs requires
dissolution tests with multiple sampling times in order to charac-
terize the release profile (2), and in some cases the use of more
than one dissolution medium may aiso be worth considering.

Like compounds belonging to Class I, Class IIl drugs are
rapidly dissolving and the test criterion should be that the
formulation can release the drug under mild aqueous conditions
within a predetermined time. Rapid dissolution is particularly
desirable for Class I1l drugs, in order to maximize the contact
time between the dissolved drug and the absorbing mucosa,
and consequently the bioavailability of the compound. There-
fore, the duration of the dissolution test should be at least
as stringent for Class IlI drugs as for Class | drugs. Class
1V drugs are expected to have poor absorption in general,
but it is anticipated that, as in the case of Class Il drugs,
poor formulation could have an additional, negative influence
on both the rate and extent of drug absorption. Thus, for all
four categories, it is anticipated that well-designed dissolution
tests can be a key prognostic tool in the assessment of both
the drug’s potential for oral absorption and of the bicequivalence
of its formulations.

IMPORTANT CONSIDERATIONS IN DISSOLUTION
AND THEIR CORRESPONDING
PHYSIOLOGICAL PARAMETERS

From the following equation, based on the Nemst-Brunner
and Levich medifications of the Noyes-Whitney model (10-12),
the factors important to the kinetics of drug dissolution can
be identified:

dXs _A*D, (o
=5 (€ - XV

where A is the effective surface area of the solid drug, D is
the diffusion coefficient of the drug, 8 is the effective diffusion
boundary layer thickness adjacent to the dissolving surface, C,
is the saturation solubility of the drug under lumenal conditions,
X4 is the amount of drug already in solution and V is the volume
of the dissolution medium. Some of these factors are primarily
influenced by physicochemical properties of the drugs. but most
are also influenced by the conditions in the gastrointestinal tract.
A summary of the relevant physicochemical and physiological
parameters is given in Table 2.

The key factors in the dissolution of drugs in the gastroin-
testinal tract are thus the composition, volume and hydrodynam-
ics of the contents in the lumen following administration of the
dosage form. Only when these factors are adequately repro-
duced in vitro can we expect to accurately predict dissolution
limitations to abserption.

In addition to these factors, the permeability of the gut
wall to the compound plays a role in the maintenance of sink
{less than 20% of saturation concentration) conditions for disso-
lution, which are required for the fastest possible dissolution
rate. For highly permeable drugs sink conditions are likely to
be maintained, in which case the dissolution rate per unit surface
area will be constant and close to the initial dissolution rate.
For less permeable drugs, the dissolution rate per unit surface
area will decrease with time, due to the gradual buildup of drug
in solution in the Jumen.

The lumenal conditions in the gastrointestinal tract vary
widely both within and between subjects. Intersubject variabil-

Table 2. Physicochemical and Physiological Parameters important to
Drug Dissolution in the Gastrointestinal Tract

Physicochemical
parameter

Physiological

Factor parameter

Surface area of particle size. surfactants in gastric

drug wettability juice and bile
Diffusivity of molecular size viscosity of lumenal

drug contents
boundary layer motility patterns &

thickness flow rate
Solubility hydrophilicity. pH, buffer capacity,

crystal structure,
solubilization

bile, food components

Amount of drug permeability
already
dissolved
Volume of sol- secretions,
vent available coadministered
fluids
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ity arises from normal genetic variation in the population (as
in the case of heart rate, liver function and other physiological
parameters)as well as from disease states implicating the gastro-
intestinal tract. Intrasubject variability may occur as the result
of circadian rhythm, food ingestion, physical activity level and
stress level, among others. This variability notwithstanding, the
remainder of this Section is devoted to a summary of representa-
tive values for key parameters in the fed and fasted states in
different segments of the gastrointestinal tract.

Lumenal composition in the GI tract

In addition to food and beverages ingested with the dosage
form, various fluids are secreted by the gastrointestinal tract,
including hydrochloric acid, bicarbonate, enzymes, surfactants,
electrolytes, mucus and, of course, water. Thus, parameters-that
can profoundly influence the solubility and dissolution rate of
a drug, e.g. pH, buffer capacity. presence of surfactant concen-
tration and volume of lumenal contents, may vary widely with
position in the gastrointestinal ract and with timing of adminis-
tration of the drug in relation to meal intake.

pH

Values of gastric pH in the fasted state can fluctuate on a
minute-to-minute basis over the range pH | to pH 7, but in
healthy, young Caucasians gastric pH lies below pH 3 during
90% of the fasted state (13), with an interquartile range of pH
1.4 to pH 2.1. Suitable dissolution media for simulating the
fasted state gastric conditions will therefore have pH values
between pH 1.5 and pH 2. Fasted state gastric pH values of
pH 6 and higher are found in two significant subpopulations:
those receiving gastric acid blocker therapy and those over the
age of 65 years (about 10-20 % of North Americans (14)
and Europeans (15) acquire hypofachlorhydria; the incidence
appears to be much higher in Japan (16)). With ingestion of a
meal, the gastric juice is initially buffered to a less acidic pH,
which is dependent on the meal composition. Typical gastric
pH values immediately following meal ingestion are in the
range pH 3 to pH 7. Depending on meal size, the gastric pH
returns to fasted state values within two to three hours. Thus,
only dosage forms ingested with or soon after meal intake will
encounter elevated gastric pH under normal physiological
circumstances.

Intestinal pH values (Table 3) are considerably higher than
gastric pH values due to the neutralization of incoming acid

Table 3. pH in the Small Intestine in Healthy Humans in the Fasted
and Fed States”

Dressman, Amidon, Reppas, and Shah

Table 4. Comparison of Average pH and Buffer Capacity of Chyme

Recovered at Midgut From Fistulated Dogs. After Administration of

Nonnutrient and Nutrient ‘Meals’, with Those of Simulated Intestina)
Fluid USP. Without Pancreatin

Buffer capacity

(mEg/L/pH
Sample pH unit)
Nonnutrient "meal” (water) 6.0¢ 0.16 * 0.16"
Nutrient meal (cheeseburger,
fries, water) 5.2 76 = 25°
SiFsp (USP)* 7.5 258 = 0.8

Nave: Excerpted from Ref. 20.

Shared letiers indicate significant differences, “p < 0.05, *p < 0.005.

* SIFsp was prepared according to the USP, but without pancreatin.
At the time the studies were initiated, the official pH of the medium
was 7.5.

with bicarbonate ion secreted by the pancreas. Furthermore,
there is a pH gradient in the small intestine, with values gradu-
ally rising between the duodenum and ileum. pH values in the
colon are heavily influenced by products of bacterial exoenzyme
reactions. Undigested carbohydrate that is passed into the colon
is converted into short chain fanty acids (C,~Cy) that lower
the local pH value to around pH 5 (18). Thus, when suitable
carbohydrate substrates are present, the pH in the proximal
colon may be 2-3 pH units lower than in the terminal ileum.

Buffer Capaciry

The microclimate pH in the diffusion boundary layer adja-
cent to the dissolving surface is an important determinant to
the dissolution of ionizable drugs. In addition to the intrinsic
solubility and ionization constant of the drug and the pH of
the medium, the buffer capacity of the medium plays an
important role in determining the microclimate pH (19). Data
obtained in a fistulated dog model (20) suggest that the buffer
capacity at midgut is far greater after a cheeseburger/fries/water
meal than following administration of water (Table 4).

Surfactants

The surface tension of gasiric fluid is considerably lower
than that of water, suggesting the presence of surfactants in
this region. Usual values in the fasted state lie between 35 and
45 mN.m"" (21). In the small intestine. secretion of bile results
in substantial concentrations of bile salts and lecithin, which
form mixed micelles even at fasted state concentrations.

Fasting bile salt concenirations of about 3-5 mM have been
reported for the proximal small intestine (Table 5). Although

Location fasted state pH fed state pH
mid-disial duodenum 4.9 5.2 Table 5. Fasting Bile Salt Concentrations in the Human Small
6.1 54 Intestine”
6.3 S.1
. 6.4 upper lower
jejunum 2‘;—65 5;'640 statistic duodenum jejunum jejunum
X 6.
ileum 6.5 . 6.8-7.8 mean = s.d. (mM) 64 = 13 5 6
6.8-8.0 (range) 6.8-8.0 43 12
7.4 7.5 median 3 )
. range 0-14 0-17
¢ Reproduced from Ref. 17, which summarized results from several
studies in the literature. ¢ Data from Refs. 22-25.
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Table 6. Postprandial Bile Salt C in the H Small
Intestine
Reference
Time Location Statistic Number
0-30 min duodenum mean 14.5 = 94 9
) range 5.8-39.6
upper jejunum  mean 162 * 15 30
mean 15 23
range 4-34
30-60 min duodenum mean 5.2 = 2.3 29
upper jejunum  mean 9.7 = 1 30
mean 8 23
range 3-~17
120-150 min  upper jejunum  mean 6.5 = 0.9 30

concentrations vary widely between individuals, average values
are similar in the duodenum and jejunum. Levels fall rapidiy
in the ileum where bile salts are absorbed by an active transport
mechanism. and are insignificant in the colon in healthy
individuals.

After eating, the bile output and lumenal concentration of
bile components (Table 6) peak within thirty minutes (26).
Thereafter levels gradually decline, mostly because of dilution
with chyme. The peak level averages about 1S mM in the
proximal small intestine. Since the gallbladder empties into the
upper small intestine, duodenal levels tend to fluctuate more
with meal ingestion than levels in the distal small intestine
(27,28).

Enzymes

The primary enzyme found in gastric juice is pepsin, an
exopeptidase. Lipases, amylases and proteases (Table 7) are
secreted from the pancreas (31) into the small intestine in
response to meal ingestion: these enzymes are responsible for
the bulk of nutrient digestion. Pepsin and the pancreatic prote-
ases pose a particular threat to stability of proteins and peptides
in the lumen, while lipases may affect release of drugs from
fat/oil containing dosage forms.

Bacteria, which mainly populate the distal ileum and the
colon, also secrete diverse enzymes. Table 8 (32) illustrates
some of the enzymes available, classified according to the
reactions that they catalyze. The ability of bacterial exoenzymes
to split certain chemical bonds has been used to design dosage
forms intended for colonic delivery, such as azo polymers and
some hydrogels (33-35).

Volume

The volume of fluids available in the gastrointestinal tract
for drug dissolution is dependent upon the volume of coadminis-
tered fluids, secretions and water flux across the gut wall.
About 2 liters per day are ingested orally, though this varies
considerably with climate, body weight, activity and personal
habit (9). The volume of the stomach in the fasted state may
be as little as 20-30 mL, mostly present as wet mucus rather
than as a fluid pool. At the other extrerne, gastric pressure starts
to rise when a volume of about 1.5 liters is exceeded (36).

The secretions of the para-gastrointestinal organs (salivary
glands, liver, pancreas) as well as the secretion of the stomach,
are received by the first portion of the duodenum. These endoge-
nous secretions, totalling about 6 liters per day, are essential
for the normal lumenal digestion of foodstuffs. Approximately
1~2 L of pancreatic juice are secreted into the duodenum over
a 24 hour period (37) while bile output in a 24 hour period
totals about 600 mL. Most of the pancreatic and biliary output
is secreted postprandially. In addition, the intestine secretes
about | liter of water per day, mostly as a component of mucus.

According to the perfusion studies of Dillard et al. (38),
the volume of fluid in the jejunum and ileum varies from
120-350 mL, depending on the perfusion rate. In a landmark
study by Fordtran and Locklear (39) (Figure 2), electrolyte and
volume measurements were compared at different sites within
the small intestine after ingestion of hypertonic (milk/dough-
nuts) and hypotonic (steak and water) meals. Volumes were
considerably higher following administration of a hypertonic
meal than afier administration of a hypotonic meal. In the case
of a hypertonic meal, net water effiux across the mucosa into
the lumen occurs due to the osmotic pressure difference, while
in the case of a hypotonic meal, there is net water absorption
from the meal.

Table 7. Characteristics of Some Exocrine Pancreatic Enzymes

%

(pro)enzyme output substrates products
trypsin(ogen) 33 proteins/polypep peptides, amino acids
chymotrypsin(ogen) ’ 16 . proteins/polypep peptides, aminoacids
(pro)carboxypeptidase A 12 proteins/polypep amino acids
(pro)arboxypeptidase B B proteins/polypep amino acids
{projelastase 8 proteins/polypep amino acids
ribonucleases i nucleic acids mono-nucleotides
lipase | 8.5 triglycerides fatty acids

‘ monoglycerides
lipase 2 . 34 triglycerides monoglycerides
amylase 36 polysaccharides disaccharides

trisaccharides
limit dextrins

Note: Excerpted from Ref. 31.

UMO00011995

NOVARTIS EXHIBIT 1017
Novartis v. Regents, IPR2023-01346

Page 741 of 4460



07019801

ié

Table 8. Bacterial Flora in the Colon and Their Exoenzymes

Reductive Hydrolytic
Bacteria Reactions Reactions
Bacteroides nitroreductase
Clostridia azoreductase glucosidase
hydrogenase sulfatase
Enterobacteria nitroreductase esterase, amidase
N-oxide-reductase glucuronidase
sulfoxide-reductase sulfatase
Lactobacilli azoreductase
hydrogenase

Note: Reproduced with permission from Ref. 32.

Fluid Jevels tend to be lower at more distal locations. Only
about 1.5 liters are presented to the colon daily, of which about
1.3 liters are absorbed, with the rest forming a component of
the stool (40).

Hydrodynamics in the GI Tract

Mixing Paiterns in the Gut

The hydrodynamics in the gastrointestinal tract, that is,
how well the lumenal contents are mixed, play an important role
in dissolution through their influence on the effective boundary
layer thickness, 8. In the upper G tract. there are basically four
motility patterns: no activity (quiescence), segmental move-
ments, propagative movements (short or long range) and tonic
contractions (41},

In the fasting stomach, long periods of little or no motor
activity occur. About once every two hours, contractions start
to occur which gradually become more frequent and more
forceful, until they culminate in a burst of activity that clears
the contents of the stomach into the intestine (so-called Phase
IiI activity). The quiescent phase can, of course, be modelled
by a stagnant system. To date, however, no useful quantitative
model of the hydrodynamics of the stomach in the more active
phases of the fasted state or in the fed state pattem has been
developed.

As far as the small intestine is concerned, some data is
available regarding the ratio of segmental to propagative motil-
ity as a function of the fed and fasted states. Segmentation is

| STEAK WEAL
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Fig. 2. Water volumes and electrolyte concentrations in the small
intestine following ingestion of a hypotonic steak/water meal (Panel
A), and a hypertonic milk/doughnuts meal (Panel B). (Reproduced
with permission from Ref. 39).
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Fig. 3. Distribution of markers in the colon after administration at 12
hour intervals, (Reproduced with permission from Ref. 43).

the predominant mixing pattern in the small intestine, and is
characteristic of the fed state. Segmental contractions tend to
occur over very short distances. typically less than 2 cm. and
serve 10 mix the lumenal contents thoroughly. Shor propulsive
movements. on the other hand, provide the main mechanism
by which the lumenal contents are moved down the intestine.
These usually result in movement of the chyme over distances
of 15 cm or less (41).

With the change in the ratio of segmenting to propulsive
activity as a function of the phase of the motor patiern and
upon meal ingestion, the efficiency of absorption also changes,
Absorption is least efficient during Phase 111 (fasted state long
range contractions). is intermediate during Phase I and Phase
Il and is greatest during the fed state motor pattern (42). Simi-
larly, it is expected that because of better mixing, dissolution
will also be most efficient in the fed state.

In the stomach and small intestine, movement of lumenal
contents is virtually always in the distal direction. In the proxi-
mal colon, however, mixing can occur longitudinally as well
as laterally, because some contractions drive the contents in
the proximal rather than the distal direction. Figure 3 shows
representative results from a study in which subjects ingested
radio opaque markers with meals 36, 24, and 12 hours prior
to radiography. Some of the markers taken 36 hours earlier are
still in the ascending colon while some of the markers taken
only 12 hours before are already at the end of the transverse
colon (43). Based on these data, one may assume that some
degree of mixing of fluids with solids occurs in the colon,
although this has not been quantitatively defined.

Flow Rates in the G Tracr

Flow rates out of the stomach and at various locations in
the small intestine have been measured in both the fasted and
fed states. Emptying rates can be as high as 40 mL/minute
immediately after ingestion of a 400 mL volume of normal
saline {(44). On the other hand, when small volumes are ingested
in the quiescent phase of gastric motor activity the emptying
rate may be virtually negligible (Table 9) (45). Nutrient fluids
empty from the stomach according to zero order kinetics, with
emptying dependent on caloric concentration. At a calorie den-
sity of 1 kcal/mi, about 2-2.5 mL/minute are emptied, whereas
at 0.2 kcal/mi, about 10 mL/min are emptied (44).

Kerlin et al. (46) studied flow rates at various locations
in the small intestine. They found that the flow of intestinal
content is largely intermittent during fasting, with peaks of flow
associated with passage of an activity front through the segment,
Values stayed largely between 0 and 2 mL/min, with an average
of 0.73 mL/min in the jejunum and 0.43 mL/min in the ileum,
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Table 9. Lag Times and Time for Half of the Fluid to Empty, for S0
mL and 200 mL Saline Solutions Administered to Healthy Human

Subjects
Volume

administered Phase [ Phase 11 late Phase {l/Phase 111
50 mL

lag time (min) 19 8 4

tos (min) 61 17 9
200 mL

lag time (min) 16 s 2

tg.s (min) 23 12 5

.Note: Excerpted from Ref. 45.

After eating. flow rates increased to average of about 3 mi/
min and 2 mL/min respectively. with values ranging from 0-7
mL/min.

Transit Data

Depending on where the drug is absorbed and how long
it takes the dosage form to deliver the drug to these sites, the
transit time used to calculate the appropriate duration of the
dissolution test will differ.

Most drugs are not well absorbed from the stomach, which
serves primarily a reservoir function. Because of its anatomical
location and permeable mucosa, the small intestine is usually
the main site of absorption within the GI tract. Owing to site
specificity of transporters and exporters, as well as a tapering
off in the unit surface area with distance down the small intes-
tine, many substances are not equally permeable at all sites
within the small intestine.

The proximal portion of the large intestine is, like the
small intestine, derived embryonically from the midgut (41)
and can thus serve as an absorbing organ for drugs. As of this
writing, it appears that active transport mechanisms in this
section of the gastrointestinal tract are limited primarily to
electrolytes. Moreover, the tight junctions are considerably
tighter than in the small intestine, restricting the passage of
molecules via the paracellular route. Thus, the spectrum of drugs
that can be efficiently transported is probably more restricted in
the colon than in the smatl intestine. The distal part of the colon
serves as a site for stool formation and storage, and for water
conservation and is not generally regarded as being a viable
site for drug absorption after oral administration.

Total Residence Time in the Gastrointestinal Tract

The total transit time imposes an overall limit on the
duration of the release profile of the dosage form. Total transit
time measurements were first reported by Hoelzel (47). He
studied the passage of many types of materials, ranging in
composition from gases to ball bearings. Total transit times
ranged from two to six hours for gases up to 80 hours for
high density objects. Materials with densities comparable to
pharmaceutical products had transit time on the order of 1-3
days, consistent with the findings of a more recent study (48)
(Figure 4) of the total transit times of osmotic pump dosage
forms.

2
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Fig. 4. Total transit time of osmotic pump dosage forms in healthy
volunteers. (Reproduced with permission from Ref. 48),

The total transit time is comprised of the residence times
in the esophagus, stomach, small and large intestines, and rec-
tum. In the absence of pathological conditions, esophageal resi-
dence time for most dosage forms is usually on the order of
seconds to minutes (49), and thus plays a minor role in the
overall transit profile. Gastric residence time is highly variable
depending on motility patterns and food intake, whereas the
small intestine residence time is relatively constant. In the large
intestine, only the proximal residence time is likely to be rele-
vant to drug delivery, since drug release and absorption from
the transverse and distal segments is hindered by the paucity
of available fluids, and by stool formation and storage.

Residence Times in the Stomach

Gastric residence time can be as short as a few minutes,
or as long as half a day, depending on the fed/fasted status of
the individual and the conformation of the dosage form. Fastest
emptying of fluids occurs when they are taken without food,
and in sufficient volumes. Emptying profiles of nonnutrient
fluids administered at various phases of the fasted state motility
cycle are presented in Table 9 (45).

In the fasted state, emptying of solids depends mostly
on the phase of the motility cycle operative at the time of
administration, and partly on the volume of fluid that is ingested
along with the solid. If a small volume of water is ingested
with the solid in Phase I (the quiescent phase of motility), first
order emptying may not be induced, and consequently there
may be a long lag time before either the water or the solid is
emptied. For disintegrating solids, the ability of the particles
1o become suspended in the emptying fluid, along with the
emptying pattern of the fluid. will be important to its emptying
rate. For nondisintegrating solids greater than about | mm in
diameter, emptying occurs mostly in late Phase I or Phase I
(period of greatest activity) of the motility cycle. Since the
average duration of the cycle is about 2 hours, average emptying
time will be on the order of one hour, with a range of values
between immediate emptying and a delay of two hours. The
lack of size dependency in the emptying behavior for particles
>1 mm is reflected by the gastric emptying times shown in
Table 10 (50,51).

In the fed state, the motility cycle is replaced by a more
regular contraction pattern in terms of both frequency and
amplitude. Emptying of nutrient fluids is zero-order and calorie
dependent, with about 2 kcal/minute emptied (44). Twelve
ounces of soda pop contains about 140 kcal, so a ballpark
estimate of emptying time in this case would be about 70
minutes. A specialized pattern of antral and pyloric contractions
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Table 10. Emptying Times of Various Sized Dosage Forms in the
Fasted State in Humans

Reference

Dosage form Method GRT* Number
25u microspheres v-scintigraphy 32-87 min 50
1 mm pellets y-scintigraphy 60150 min St
3 mm pellets vy-scimtigraphy 15420 min 5t
14 mm peilets y-scimtigraphy {5-210 min 51

“ GRT .= Gastric residence time.

limits the size of the particles which are passed into the duode-
num in the postprandial period to those smaller than about 1-2
mm in diameter (52). Ninety % of meal solids arc emptied as
particles less than 0.25 mm in diameter and almost none are
greater than 2 mm. The distal stomach reduces the particle
size of ingested solids to a fluid-like consistency. Undigested
particles too big to stay suspended in this chyme are retained
in the stomach until the reappearance of the fasted motor pat-
tern (53).

Emptying times for nondigestibie solids from the stomach
in the fed state can vary widely because emptying depends
on both the size of the solid panicles and the meal that is
coadministered. Representative results are shown in Table 11.
Meyeret al. (52)calculated that the cutoff diameter for emptying
in concert with the solid fraction of the meal is about 1.4 mm.

A second very impontant factor is the size of the meal.
This is because meal emptying depends on the calorie content.
Moore et al. (56) showed that the half-emptying times for meals
containing 196 (fat: carbo:protein 18:15:67), 621 (6:14:80) and
1920 + 206 (45:21:34) kcal. had half-emptying times of 77,
145 and 277 minutes respectively. Davis et al. (57) showed
that the half-emptying time of 0.7 1o 1.2 mm pellets was about
twice as long when given with a heavy (900 kcal) as compared
to a light (400 kcal) meal.

For a solid that is too large to empty with the meal, a
delay of several hours prior to its delivery to the small intestine
is likely, since in this case the food has to be cleared from the
stomach before the fasted state motility cycle can be reestab-
lished and the dosage form emptied under the auspices of Phase
I activity.

Small intestine Residence Time

In general. there is little difference in the mean transit
times through the small intestine for liquids and solids, between

Table 1. Representative Data for Emptying of Nondigestible Solids
in the Fed State

Reference

Particle size Method GRT* Number
0.16-0.4 mm y-scintigraphy 34-75 min 54
I mm y-scintigraphy 101 (£53) 52
1.6mm vy-scintigraphy 152 (269) 52
2.4mm y-scintigraphy 164 (=60) 52
3.2mm y-scintigraphy 152 (240) 52
9 mm x-ray 105 10 >600 55
14 mm +y-scintigraphy 180 to >780 51

* GRT = Gastric residence time.

Dressman, Amidon, Reppas, and Shah
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Fig, 5. Transit times of various dosage form types through the small

intestine. Data for the fed and fasted state have been pooled. (Repro-

duced with permission from Ref. 59).

the fed and fasted states, or for different types of dosage forms.
Malagelada et al. (58) showed that the intestinal residence
profiles for liquid and solids components of a meal are not
significantly different, and that the transit time is on the order
of one to three hours. Figure 5 summarizes the Nottingham
data bank (59.60) for small intestinal residence times of various
dosage forms in the fed and fasted states. As with the case of
digestible materials, it seems that the small intestine has little
capacity to differentiate between dosage forms with different
sizes and densities, in sharp contrast to their residence behavior
in the stomach.

Residence Times in the Colon

Whereas the transit through the stomach and small intestine
are on the order of minutes to hours, and each meal proceeds
through without mixing with previous or subsequent meals,
transit through the colon can be on the order of hours to days
and there is extensive mixing of the contents (see Figure 3).
Most of the mixing occurs in the proximal colon. Unlike the
remainder of the Gl tract, where the electrical waves that under-
lie the contraction patterns move almost exclusively in the
aborad direction, in the proximal colon the direction is reversed,
promoting delay of transit and facilitating the mixing required
for the efficient absorption of water and electrolytes (41).

In the distal half of the colon, the final stages of fluid
absorption occur, leading to the formation of feces for defeca-
tion. Therefore, the transit time of interest for calculating drug
availability for absorption in the colon is the transit time across
the proximal and transverse colon. In general, it seems that the
size of the dosage form has little effect on the transit time,
which is in any case quite variable. Values have been variously
reported as 7 to 20 hours (60). Part of the variability appears
to be atiributable to the time of dosing. i.e. whether the dosage
form is ingested in the moming or in the evening. Wilson et
al. (61) have recently shown that there is little movement of
single unit dosage forms in the colon during sleep.

COMMENTARY
Media Composition

Based on the physiological parameters presented in the
previous Section, the following media can be suggested to
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simulate gastric and small intestinal conditions in the fed and
fasted state.

Gastric Media

Table 12 shows the composition of a test medium simulat-
ing gastric conditions in the fasted state. Gastric juice already
in the stomach and secreted in response to fluid intake will
result in an acid pH value in most volunteers. The sodium
lauryl sulphate is present to reduce the surface tension to the
reported values, since the components that lower the surface
tension in vivo have not been unequivocally identified (62).
Assuming that the coadministered fluid is water, the osmolality
and buffer capacity of the medium will be low. Since secretions
are at baseline values in the fasted state, the primary determinant
of the volume will be the quantity of fluid that is ingested with
the dosage form. In most bioavailability studies. 200-300 mL
of water is given with the dose.

in the fed state, the lumenal composition in the stomach
will be highly dependent on the composition of the meal
ingested. A suitable starting point for design of a dissolution
medium would be to homogenize the meal to be used in the
clinical studies with the coadministered volume of water, and
measure the pH, buffer capacity and osmolarity. A volume of
oil reflecting the fat content of the meal can be added to an
aqueous buffer simulating the afore-mentioned parameters, to
produce an appropriate test medium. The use of long-life milk
(63) and Ensure® (64) have been variously suggested as media
suitable for simulating fed state in the stomach, in that they
contain appropriate ratios of fat:protein:carbohydrate.

Intestinal Media

Key differences between gastric and intestinal conditions
are the presence of bile and the higher pH value. Bile salts and
lecithin facilitate the wetting of solids and the solubilization of
lipophilic drugs (65) into mixed micelles. Thus, the dissolution
of drugs may be enhanced considerably over the rate observed
in plain aqueous solution. Sodium taurocholate was chosen as
a representative bile salt because cholic acid is one of the most
prevalent bile salts in human bile. Further, since the taurine
conjugate has a very low pKa, there is little likelihood of
precipitation or a change in the micellar size with minor varia-
tions in pH value. A suitable concentration of bile salt for
simulating fasted state conditions would be between 3 and 5
mM (Table 13}. Lecithin is present in an approximately 1:3
ratio with the bile sait, representative of the in vivo ratio which
usually lies between 1:2 and 1:5.

Phosphate buffer is used as a substitute for the physiologi-
cal buffer, bicarbonate, to avoid instability in the pH value due
to reaction with oxygen. The pH value chosen is pH 6.8. which
is generally representative of values measured from the mid-

Table 12. Dissolution Medium to Simulate Gastric Conditions
in the Fasted State

HCl 0.01-005 N
Sodium Lauryl Sulfate 25G
Sodium Chloride 2G
Distilled Water qs 1000 mL

Table 13. Medium Simulating Fasted State Condi-
tions in the Small Intestine

KH,PO4 0.029 M
NaQOH - qs pH 6.8
NaTaurocholate 5 mM
Lecithin 1.5 mM
KCl 0.22 M
distilled water gs IL

pH = 638,

osmolarity 280-310 mOsm.
buffer capacity 10 = 2 mEq/l/pH.

duodenum 1o the ileum (Table 3). Buffer capacity data (20)
indicate that the buffer capacity in the fasted state is much
lower than in the fed state or in the official dissolution medium,
so the medium given in Table 13 is only lightly buffered. A
volume of 500 mL would be consistent with the values reported
in the literature for the volume in the fasted state.

Many drugs that are very lipophilic (e.g. danazol, griseo-
fulvin, BCS Class 2) are better absorbed when given with a
meal than in the fasted state. Although changes in transit rate
and increased volume in the fed state as well as specific food
interactions may contribute to this increase, the increase in bile
output could also be a key factor. The dissolution medium
presented in Table 14 would be suvitable for evaluating this
effect. The medium contains acetate buffer instead of phosphate
buffer, in order to achieve the higher buffer capacity and osmo-
larity while maintaining the lower pH value representative of
fed state duodenal conditions. The taurocholate and lecithin are
present in considerably higher concentrations than for the fasted
state medium, and because of meal-induced secretions, a vol-
ume of up to ] L would be reasonable.

After meal ingestion, fats and oils and their digestion
products are also present, which may further modify the ability
of some drugs to interact with the micelles (66). If the dosage
form contains fatty excipients (e.g. some soft gelatin capsule
formulations) and/or the drug is very lipophilic, it may therefore
be worth considering the addition of mono- and diglycerides
and lipase to the medium to simulate oily phase partitioning
and digestion.

Duration of Dissolution Tests

The duration of the dissolution test must be tailored 1o not
only the sites of absorption for the drug but also the timing of

Table 14. Medium Simulating Fed State Condi-
tions in the Duodenum

Acetic acid 0.144 M
NaOH gs pH S
NaTaurocholate IS mM
Lecithin 4 mM
KCl 0.19 M
distilled water qs iL

pH = 5.

osmolarity 485535 mOsm.
buffer capacity 76 = 2 mEq/L/pH.
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administration. If a drug is best absorbed from the upper smail
intestine and is to be administered in the fasied state, dissolution
“tests in a medium simulating fasted gastric conditions with a
duration of 15 to 30 minutes are appropriate. On the other
band. if a drug is administered with food, and well absorbed
throughout the small intestine and proximal large intestine, 2
duration of as long as !0 hours (with appropriate changes 1o
the compesition of the medium) could be envisaged.

Perhaps the most common case, though, is that of a drug
that is reasonably well absorbed in the small intestine but less
well absorbed in the colon, and which is given under fasted
state conditions. In order to allow -2 hours for absorption in
the small intestine, dissolution of such a compound would need
to be completed under gastric conditions in 15 to 30 minutes
and/or under proximal small intestinal conditions in one hour.
In these circumstances, criteria of 85% dissolved after fifteen
minutes -in a gastric medium; after a combination of fifteen
minutes in a gastric medium and fifieen minutes in a medium
representative of conditions in the proximal small intestine; or
after thirty minutes in a medium representative of conditions
in the proximal small intestine would all be reasonable.

Hydrodynamic Model

Overall, most of the data available regarding hydrodynam-
ics in the Gl tract are qualitative in nature and not conducive
to interpretation in terms of being able to select a representative
flow pattern for dissolution test apparatus. The ability of the
conventional dissolution testers to simulate hydrodynamics and
flow patterns in the GI tract is open to question, since the
studies that have been used to compare the testers with the in
vivo conditions have consisted mainly of empirical in vivolin
vitro correlations. The recent work of Katori et al. (67), for
example, indicated that for controlled release acetaminophen
preparations, low agitation conditions correlated best with in
vivo results. A lot more research in this area is sorely needed
to establish suitable testing conditions for both immediate and
controlled release products. In addition, the wide variety of
mixing patterns found in the GI tract indicate that it is unlikely
that a single setting (e.g. of flow rate or rotation speed) or
apparatus can be used to simulate all motility conditions in the
Gl tract.

The flow-through tester is designed to simulate the flow
patterns in the Gl tract. Flow rates tend to be highest shortly
after ingestion of a'large volume of fluid into the stomach. and
lowest during Phase | of motor activity in the stomach, and in
the ileum. The flow rates suggested for application in the USP
flow-through tester (1) are rather high (8 or 16 mL/min) com-
pared to the physiological values, and unidirectional flow pat-
tem is probably unrepresentative of the segmental mixing
patterns in the small intestine and proximal colon. In the case
of paddle and basket appacatus, the relationship between the
hydrodynamics in the apparatus and those in the GI tract is
even less clear. All-in-all, the simulation of the hydrodynamics
in the Gl tract is the remaining unknown in our quest to establish
dissolution tests that are representative of the physiological
conditions.

Summary

The parameters important to design of dissolution tests
prognostic for in vivo dissolution behavior are the composition,

Dressman, Amidon, Reppas, and Shah

volume and hydrodynamics of the dissolution medium and the
duration of the test. Choice of dissolution test conditions should
be based on where the drug is best absorbed in the gastrointesti-
nal tract, and on whether it is 1o be dosed in the fed or fasted
state. Although with our current knowledge of the physiology
representative media can be selected to simulate gastric and
intestinal conditions. and appropriate test durations can be cho-
sen based on a knowledge of the drug’s permeability profile
in the gastrointestinal tract, the simulation of the in vivo hydro-
dynamics remains problematic and funther research is needed
in this area. Because of this deficiency. the dissolution test
selected for a given product should be validated in terms of its
ability to discriminate adequately between dosage forms that
are not bioequivalent, as well as to exhibit similar release pro-
files for products that are bicequivalent.
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Soft elastic gelatin capsules:
a unique dosage form

WILLIAM R. EBERT

. THE TECHNOLOGY for manufacturing soft elastic

gelatin (SEG) capsules has come a long way since the
middle of the 19th century, when this dosage form was
produced in leather molds. In fact, the rotary die method.
introduced in 1933 as an alternative to the plate process, was
the first continuous method of encapsulation to be imple-
mented by the industry. (Refinements of this system have
since made the process completely automatic.)

The original rotary die machine is now housed in the
Smithsonian Institute in Washington, D.C. (Figure 1). Vari-
ous aspects of the modern version are shown in Figures 2. 3,
and 4. As is illustrated in Figure 2, two tanks are hung over
the encapsulation machine, one containing the mass of
molten gelatin, the other containing liquid fill material. The
molten gelatin flows simultaneously through two spreader
boxes and over two cool casting drums. where gelatin
ribbons are formed and fed to the die rolls. Accurately
metered volumes of liquid fill material are injected between
the gelatin ribbons through the wedge seen in Figure 3. The
injection of the liquid forces the gelatin ribbon to expand
into the die pockets that determine the capsule shape. The
capsule, heat sealed and automatically cut out between the

two dies. is transported through a naphtha wash cycle and
thence through infrared drying baskets. Final drying is
accomplished by spreading the capsules in trays and drying
them at a relative humidity of approximately 20%. When
sufficiently dry. they are inspected for possible “leakers”
(Figure 5). graded according to size specifications (Figure 6).
and packaged for distribution in bulk shippers.

Prior to the invention of the rotary die process. the SEG
capsule was held to be of no particular value as a dosage
form. For one thing. it could not be filled with accuracy
beyond #20%. Furthermore, poor yields rendered this pro-
cess uncommercial. Today. the rotary die process achieves a
fill accuracy of #=1-3%. Yields are in the range of 98%-99%
of theory. Hence. the SEG capsule competes costwise with
both sugarcoated tablets and two-piece hard-shell capsules.

The Capsule Fill

The Scherer process described herein is designed to fill
liquids only. These may be suspensions of the drug or other
solid material in vehicles such as vegetable or mineral oils.
triglycerides. glycols such as polyethylene glycols and pro-

a4 PHARMACEUTICAL TECHNOLOGY. October 1977
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pylene glycol, surfactants such as polysorbates. of combina-
tions of these. Solutions of the solid-in oils. glycois,

" triglycerides. surfactants. and combinations of these are also

46

widely employed. Drugs. vitamins. and other materials that
naturally occur as liquids are ideally suited for SEG encap-
sulation: two or more miscible liquids may also be encapsu-
lated. There are. of course. limitations to the use of certain
vehicles. Some of these are indicated in Table I. Other
limitations to be observed include the following:

pH. Liquid pH should not be below 2.5 or above 7.5.
Acids hydrolyze gelatin and will cause leaking. while alkalis
cause gelatin to tan. which decreases the solubility of the
shell.

Emulsions. All emulsions. whether oil/water or water/oil.
will eventually “break.” thereby releasing water. which will
dissolve the gelatin shell.

Aldehydes. These compounds will tan gelatin. affecting its
solubility.

Salis of sirong acids and bases. This category includes
sodium, potassium ammonium, choline chlorides. etc. —all
destructive to the gelatin shell.

Miscellaneous. Compounds that readily hydrolyze — as-
pirin. for example — are not stable. .

Solids dispersed in a liquid must have a particle size that
does not exceed 80 mesh. for the encapsulation equipment
will not function properly with coarser matter. This particle
size will generally produce a relatively stable suspension — a
requisite in achieving good content uniformity throughout
the batch. Of course. in order to obtain optimal content
uniformity of a drug. the best possible liquid form is a true
solution. This form cannot always be achieved. however.
since it is often not possible to dissolve the drug in a volume

Vehicle
1. Water-immiscible.
volatile. and
nonvolatile liquids:
Vegetable oils
Aromatic oils
Aromatic and
aliphatic
hydrocarbons
Chlorinated
hydrocarbons
Ethers
Esters
Alcohols
Organic acids
2. Water-miscible.
nonvolatile liquids:
Polyethylene glycols
Nonionic surfactants
3. Miscellaneous:

Limitations
None

None

Glycerin Not more than about 5-10%
Propylene glycol ~ Not more than about 5-10%
Water Not more than about 5%

Low-molecular- Not more than about 5%
weight alcohols,
ketones, acids,

amines, esters

Table 1: SEG-capsule vehicles.

of solvent small enough to produce a capsule that is
appropriate from the standpoints of economics and patient
acceptance.

The rotary die process depends upon gravity fill at a
temperature of 35°C or less. This parameter is quite impor-
tant. as the sealing temperature on the wedge is between 37°
and 40°C. Though liquids with a wide range of viscosity —
0.222-3000 cp at 25°C — may be satisfactorily encapsulated.
there are materials whose viscosity is within the appropriate
range but which cannot be encapsulated because their
tackiness will cause binding in the pumps and valves. Some
solids in suspension will also cause problems in the filling
operation. When this occurs. the problem can generally be
overcome through proper formulation.

Calculation of fill volumes begins with determining the
specific gravity of the liquid to be encapsulated. This in turn
determines the capsule size for a preselected shape. Each
capsule size and shape has a known fill-volume range.
enabling the formulator to select the size most suitable for

~ his formulation. For obvious reasons of economy. the object

is to use the smallest capsule size possible.

While the capsules are drying, water from the gelatin shell
will migrate into the fill material and then return to the shell:
in this process. a certain amount of water will be retained by
the fill material. The extent of this water retention depends
upon the nature of the fill material. For example. a water-
miscible fill can retain up to 5% of its weight — a'fact that
should be considered when the fill volume of formulations
containing a water-miscible vehicle is being calculated.
Hydrophilic solids will also retain water — as much as 3% of
the weight of the solid(s). It is therefore obvious that readily
hydrolyzed materials (aspirin, for example) are not good
candidates for SEG encapsulation.

In the formulation of suspension-type fill materials, base
absorption of the solid is the first property that must be
determined. Base absorption is defined as the number of
grams of liquid base required to produce a capsulatable
mixture when mixed with one gram of solid(s). Base absorp-
tion is affected by various parameters — physical state,
particle size and shape, moisture content, hydrophilic or
lipophilic nature. etc. Therefore. the physical parameters
must be clearly defined once the base absorption for the
solid(s) has been determined. Otherwise, the flow charac-
teristics of the formulation could vary from lot to lot.
presenting difficulties in the encapsulation process.

. As is the case with all suspensions, SEG-capsule suspen-
sion fills require a suspending agent (1) to ensure homoge-
neity of the capsule contents throughout the batch {content
uniformity), and (2) to ensure good flow characteristics of
the liquid during encapsulation. Waxes such as beeswax.
paraffin wax. stearates. and cellulose derivatives are em-
ployed as suspending agents in oil suspensions. In nonoil
suspensions. polyethylene glycols. poloxamers. glycol esters.
and acetylated monoglycerides of various molecular weights
are generally used.

The Gelatin Shell -
Gelatin shell formulations should be chosen in accor-

dance with the product’s application. Many are available.
Alterations of the formula result in varying degrees of

PHARMACEUTICAL TECHNOLOGY, October 1977
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CAPSULES

NYENTED BY MOTHES
DUBLANC

iN 1833 .

P e LT D b

Figure 1: Original rotary die encapsulation machine, on

- display at the Smithsonian Institute, Washingion, D.C.

Figure 2: Molten gel mass in tank (4 ) flows through tubes to
spreader box (B) onto gelatin-ribbon casting drums (C). There
gelatin is cooled and formed into ribbons that pass through
mineral-oil lubricant bath (D) to the encapsulation mecha-
nism (G). Liquid fill material in other 1ank (E) flows through
tube to filling pump (F) and thence to the encapsulation
mechanism (G). Filled capsules drop onto capsule conveyor
(H) and are carried to capsule washer (1), then to infrared
dryer (J), and finally to capsule-drying runnel (K). Gelaiin net
falls in gelatin-nét receiver (L).

Figure 3: RP. Scherer roiary die encapsulation machine
showing gelatin ribbons, die rolls, and the wedge through
which the liguid fill material is injected into the die pockets.
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Figure 4: A bank of encapsulation machines. Overhead tanks, encaps
infrared drying baskets are seen.

Figure 5: Inspection of finished
capsules under a black-light unit.
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o ; .

ulation-unit capsule washer, and

N Figure 6: SEG capsules being graded
\ 10 specifications prior 1o packaging.
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plasticity, hard, medium, and soft. The basic ingredients are
gelatin, a plasticizer, and water. To obtain the desired
properties, the gelatin type and the amounts of plasticizer
and water are varied. By gelatin type, we mean the Bloom or
gel strength, a measure of the strength — proportional to the
molecular weight of the gelatin — of the cross-linking
between gelatin molecules. Without a plasticizer, the gelatin
shell would be too brittle; therefore, various amounts of
plasticizer are added to obtain the degree of plasticity
desired. The plasticizers employed are glycerin, sorbitol, and
propylene glycol.

Since gelatin can serve as a nutrient medium for micro-
organisms, a preservative system must be employed. Com-
monly used preservatives are methyl- and propylparabens
and sorbic acid.

FD&C-certified dyes are used when color is desired. If a
capsule is to be opaque, titanium dioxide is the opacifier of
choice.

It is of course possible to include drugs in the makeup of
the shell itself, as well as such flavoring agents as vanillin and
volatile oils (menthol, peppermint oil, anethole, etc.).

The Products

The rotary die process allows for a wide choice of size and
shape: round, oval, oblong, tube, and suppository. Other
shapes can be produced for special applications.

Oral dosage forms are generally formulated so that the
heat-seal seam of the gelatin shell opens to release its liquid
medication into the stomach less than 5 min after ingestion.
However. it is possible to render the gelatin shell enteric so
that the capsule will resist gastric juices and pass intact from
the stomach to the intestines, where it will release its
contents for intestinal absorption. It is also possible to
formulate the gelatin shell and its contents so as to produce a
palatable chewable product such as a cough capsule, an
antacid capsule. an anti-motion-sickness capsule, etc.

Suppositories, both rectal and vaginal, are often produced
in the SEG-capsule form. They offer many advantages over
conventional molded suppositories designed to melt slowly
in body cavities. Molded suppository capsules have bases of
polyethylene glycols or of fats and waxes. Since these
suppositories melt at body temperature, they must also be
protected from melting during storage. In fact. refrigeration
is recommended, and costly packaging is generally em-
ployed to ensure a reasonable shelf life. An SEG-capsule
suppository. on the other hand. does not depend upon heat
in order to release its medication. It is the moisture in the
body cavity that causes the suppository to come apart at its
heat-sealed seam and release its liquid medication. Since
this form does not melt at body temperature. it need not be
refrigerated during storage: consequently. less costly pack-
aging is required.

A number of veterinary SEG-capsule products are pro-
duced — notably, products containing anthelmintics such as
dichlorophene. toluene, and butyl chloride. Since these are
all organic liquids. they cannot be tableted: nor can they be
encapsulated in two-piece hard-shell capsules. These and
many other materials that present the same limitations are
ideally suited to the SEG capsule. Examples would be
alpha-tocopheryl acetate (a vitamin E supplement), which is

a liquid; chloral hydrate (a sedative-hypnotic), which is
hygroscopic: clofibrate (an anticholesteremic), which is a
liquid: and guaifenesin (an expectorant), whose melting
point is too low for tableting.

The tube-shaped SEG capsule is used for such special
applications as ophthalmic and otic ointments, topical and
rectal ointments, veterinary mastitis ointments, etc.

Other special applications include encapsulation of cos-

.metics such as bath oils, shampoos. and suntan oils. Use in

industrial products —~ paint capsules, ether capsules, room-
deodorant capsules. toilet-sanitizing capsules. etc. — is also
widespread.

Stability

Oxidation. Since air is excluded during the processing of
SEG capsules, and since the gelatin shell offers an excellent
barrter to oxygen.! oxidation of the fill material is negligible.
Hence, vitamins — many of which are susceptible to loss in
potency due to oxidation — are generally produced in SEG-
capsule form. Vitamins. multivitamins, and multivitamins
with minerals can be produced with shelf lives exceeding
those attainable for tablets. Any material whose potency
would be adversely affected by oxidation is an excellent
candidate for SEG encapsulation.

Photosensitivity. As mentioned earlier. the gelatin shell
can be rendered opaque by means of the opacifier titanium
dioxide. In this manner, photosensitive drugs or other
materials may be protected from light.

Bioavailability and Content Uniformity

The pharmaceutical literature of the past decade has
shown notable preoccupation with the subject of bioavail-
ability of oral dosage forms. Probably no other area has
been more comprehensively studied than this; and rightly
50, since it deals with the most important parameters of a
dosage form — i.e.. the rate and extent of drug absorption
after administration. Many factors influence these param-
eters. including drug-particle size, drug form. and dosage-
form adjuvants (binders. lubricants, disintegrants, suspend-
ing agents. etc.). Drugs that are poorly soluble in water are
often beset by bioavailability problems. This likelihood is
increased if the drug’s median effective dose and median
lethal dose are not far apart (i.e.. if the drug has a low
therapeutic index) and if the median effective dose is low.
This problem is compounded by the fact that it is technically
difficult to distribute a very small amount of a drug uni-
formly throughout a batch of tablets and therefore to obtain
an acceptable level of content uniformity from tablet to
tablet. A good example of a relatively water-insoluble drug
whose dose is very small and whose therapeutic index is low
is the cardiac glycoside digoxin. This drug is commercially
available in tablets 0of 0.0625,0.125. and 0.25 mg. A pediatric
liquid is also available. but it is the tablet that causes
concern. Studies over the past several years have shown that
many brands on the market had bioavailability and/or
content-uniformity problems which have since. been re-
solved through the efforts of the Food and Drug Administra-
tion and the United States Pharmacopeia. Nevertheless.
these products at best exhibit an absorption of only about
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75%-80% of the drug administered. We at Scherer theorized
that if we could formulate digoxin in a solution that would
not dissolve the gelatin shell, we might obtain a product
whose digoxin was absorbed 100% and whose content
uniformity was superior to that achievable by tableting
technology. It seemed that both of these objectives could be
attained if the digoxin were in a true solution rather than ina
heterogeneous tablet-powder mixture. We found that we
could dissolve digoxin in a solution containing polyethylene
glycol 400. USP (89.4% w/w): alcohol. USP (6.5% w/w):
propylene glycol. USP (3.4% w/w). and purified water. USP
(0.6% w/w).

Capsules containing 0.05 mg. 0.10 mg. and 0.20 mg of
digoxin were submitted to various investigators to be tested
for bioavailability. Interesting and unexpected results were
obtained. Binnion et al. compared the blood levels obtained
in human volunteers when administered the SEG capsules
1o blood levels obtained after administration of brand-name
tablets or of a nonencapsulated solution of digoxin.2 These
investigators found that the SEG-capsule product was better
absorbed than either the tablets or the solution. and con-
cluded that the SEG digoxin capsule was the most effective
preparation of digoxin available for oral ingestion.

Mallis et al. carried out both single- and multiple-dose
crossover studies in human volunteers.3 Their test prepara-
tions were (1) digoxin SEG capsules. (2) digoxin tablets with
a 78% dissolution rate. (3) digoxin tablets with a 97%
dissolution rate. (4) digoxin solution. and (5) digoxin elixir.
No difference in bioavailability was found between the two
tablet products: the solution and the elixir were found to be
superior to the tablets: and the SEG capsules proved to be
even superior to the elixir and the solution. These authors
suggested that the SEG digoxin capsule preparation de-
served to be considered as a replacement for the tablets
currently being marketed.

Marcus et al. also conducted a comparative bioavailability
study of digoxin preparations. using (1) digoxin SEG cap-
sules. (2) digoxin tablets. (3) digoxin solution. and (4)
digoxin intravenous preparation.4 Again it was found that
bioavailability of the SEG-capsule product was superior to
both tablets and solution. Binnion.5 Johnson et al..6
Ghirardi et al..” Lindenbaum.? and Johnson et al? all
confirmed the superiority of the digoxin SEG-capsule dos-
age form over commercially available tablets.

The most surprising finding in all of these studies was that
the SEG digoxin capsules exhibited a more rapid and
complete absorption than did the same solution not encap-
sulated. This phenomenon has yet to be explained. We can.
however. theorize that due to the rapid rupture of the SEG
capsule in the stomach. the entire digoxin dosage is in-
stantaneously presented to the absorption site. creating a
high concentration gradient which drives the digoxin
quickly and completely through the stomach mucosal cells
for transport to the blood. Ingestion in SEG-capsule form
may also preveni degradation of digoxin in the stomach
prior to absorption, while oral administration of the solution
might cause the digoxin to be dispersed throughout the
esophagus and stomach. This theory has yet to be proved.
however. .

In any event. the studies with digoxin demonstrate that it
is possible to improve the bioavailability of a drug — and

therefore to reduce the usual dosage — through SEG encap-
sulation. In the case of digoxin. a dose reduction of 20% can
be achieved without altering the therapeutic effect. Thisis of
significant importance. especially when the drug is relatively
toxic. as is digoxin. Surely. current investigations into the
nature of this dosage form will uncover other similar
situations.

As has already been mentioned. the SEG-capsule dosage
form is ideally suited to encapsulation of materials that are
impossible or difficult to produce in tablet or two-piece
hard-shell gelatin capsules. This category includes those
materials whose naturat form is a liquid. those that will
readily pick up water during processing (hygroscopic mate-
rials). and those whose melting points are too low to allow
for the heat generated by compression into tablets. Further
advantages should also be mentioned:

1. Since the fill material is protected by the geiatin shell.
bad-tasting substances are rendered completely pal-
atable.

2. For the same reason that objectionable taste is masked
by the gelatin shell. so are objectionable odors.

3. When moistened by saliva. an SEG capsule is easier 1o
swallow than a compressed tablet of the same size. In
fact. it is less difficult to swallow a rather large SEG
capsule than a smaller tablet. This makes things con-
siderably less complicated for the formulator who is
dealing with a drug whose dose is large (e.g.. 250 mg or
more).

4. There can be little argument about the brilliance and
elegance of an SEG capsule.

Considering the virtues of this dosage form. it is hardly
surprising that each year more and more SEG-capsule
preparations appear among the products of the food. drug.
cosmetic. and other industries.
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Summary. The biotransformation of midazolam is medi-
ated by a cytochrome P-450 isozyme (P-450 II1A) whose
activity is highly variable. The kinetics of the 1’- and 4-hy-
droxylation of midazolam, the major routes of midazolam
oxidation, by human liver microsomes have been exam-
ined to characterize further the cytochrome isozyme(s)
catalysing these reactions, and to screen for drugs that
might interfere with them.

In hepatic microsomal preparation from two kidney
donors (extensive and poor metabolisers of debrisoquine)
Ky values for 1’-hydroxylation were 4.2 and 6.1 uM (ex-

" tensive and poor metabolisers, respectively), and for the
4-hydroxylation they were 14.7 and 18.1 puM, respectively.
The corresponding V., values were 25.8 and 29.8and 17.0
and 18.1 nmol-mgP-'-h~'. Both reactions appeared to
be catalysed by the same or by corégulated isozymes.

Midazolam hydroxylations in vitro are inhibited by

-many drugs, including nifedipine and other dihydro-
pyridine-type calcium channel blockers, ergot alkaloids,
cyclosporine, erythromycin and phenothiazine-type neu-
roleptics. L

A clinical case report illustrates the consequence of
such a drug-drug interference with hepatic biotransforma-
tion; midazolam-induced sleep in a patient lasted for
6 days (tyz =25 h)

Key words: Midazolam; drug metabolism, cytochrome
P-450, P-450 II1A, drug interaction, adverse effect

Midazolam is a short acting, water soluble benzodia-
zepine with growing popularity as a hypnotic, a surgical
premedication, and an anaesthetic induction agent. Its
reported brief duration of action in healthy volunteers is
due to intense biotransformation via hepatic microsomal
oxidation, which results in an elimination half-life of 1.5

* Presented in part at the Fifty-seventh Annual Meeting of the Swiss
Society for Internal Medicine, Interlaken, May 1989, and at the
Fourth World Conference on Clinical Pharmacology and Therapeu-
tics, Mannheim, July 1989.

to 2.5 h [1-3]. The two major oxidative metabolites are
1’-, and 4-hydroxymidazolam. Under normal conditions
they do not contribute to the pharmacological effect,
since they are rapidly conjugated beforé being excreted
through the kidney. Some authors have reported a longer
half-life of midazolam [4-8]. Dundee et al. [7], for in-
stance, mentioned a markedly prolonged elimination
half-life of midazolam, ranging from 8 to 22 h in 6% of
surgical patients, and Maitre et al. [8] found an average
terminal half-life of 10.6 h in 12 patients recovering from
cardiac surgery. Although true genetic polymorphism of
midazolam oxidation was not identified, the available
data showed a broad unimodal distribution of the kinetic
parameters [9].

Evidence that the cytochrome P-450 system catalyses
the metabolism of midazolam was recently provided by
Kronbach et al, [10]. Through the use of in vitro inhibi-
tion studies, it was shown that formation of both mida-
zolam metabolites was more than 90% inhibited by a
polyclonal antibody raised against rat P-450 PCNI1
(corresponding to the human isozyme P-450 NF or P-450
II1A; [10]), suggesting that a single P-450 isozyme is in-
volved in the formation of these two metabolites. This
isozyme, which is closely related or identical to nifedipine
oxidase (P-450 NF), was further identified by ¢cDNA
expression as a member of the cytochrome P-450 IIIA
subfamily [11]. The same selective antibody was also able
to inhibit microsomal biotransformation of nifedipine
[12], cyclosporine [13], quinidine {14], and lidocaine {15},
which strongly suggests that these reactions are mediated
by a unique monooxygenase.

As the marked interindividual variation in the re-
sponse to this widely used benzodiazepine seems due to
variation in hepatic metabolism, the kinetics of midazo-
lam hydroxylation in vitro by human liver microsomes
have been investigated in order i) to define the function of

‘the cytochrome P-450 isozyme catalysing the reactions,

and ii) to screen drugs for their propensity to interfere
with the reaction. The clinical relevance of interference
with this hepatic biotransformation s illustrated by a clini-
cal case report.
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Table 1. Some inhibitors of midazolam 1°-hydroxylase

Inhibitors IC,  Inhibitors ICs
(uM) (uM)
(*Ki) . (*Ky
Amiodarone 15 Levomepromazine 10
Azithromycine 170 Mefloquine 250
Bromocryptine 40 Methylergometrine 5
Caffeine 480* Nicardipine 8
Chloroquine 150 Nifedipine 5*
Cyclosporine 2* Primaquine 160
Cimetidine 550 Quinine 250
Clarithromycine 330 Quinidine 120
Clotrimazole . <1 Ranitidine >1000
Dihydroergotamine 7 SKF525A 110
Ergotamine 0.5% Theophylline >1000
Erythromycin 148* Verapamil 100
Itraconazole 1 Troleandomycin 180
Ketoconazole 0.1*
Material and methods

Preparation of microsomes

Liver samples from human organ transplant donors were obtained
according to a protocol approved by the ipstitutional Ethics Com-
mittee (Department of Medicine, University of Geneva). Prepara-
tion and storage was as described [16). For microsome preparation
{17], small samples (50-150 mg wet weight) were hgmogenised in
0.25 mol-1-! phosphate buffer 5 vol. with a Polytron homogenizer
(Kinematica, Kriens, Switzerland), 3 times for 30s, at 17,000 rpm,
with 1 min cooling intervals in between. The homogenate was cen-
trifuged for S min in an Eppendorf 5414 centrifuge at 10,000 x g. The
pellet was resuspended in the same buffer and again centrifuged.
Both supernatants were pooled and fractionated in 180 p) aliquots
before being centrifuged for 12 min at 148,000 g (Airfuge, Beckman,
Palo Alto, CA). The pellets were resuspendedin 0.1 mol-1-' Na py-
rophosphate pH 7.4 and were centrifuged for 12 min at 148,000 x g.
This washing step was repeated and the final pellet was resuspended
in 0.1 M sodium phosphate buffer pH 7.4 and stored at —80°C. The
entire procedure was carried out in a cold room to prevent tissue de-
gradation. The protein content of the microsomal fractions, esti-
mated by the Lowry method, ranged from 4 to 7 mg-ml-’, depend-
ing on the preparation [18].

Incubation conditions

The kinetic experiments were performed with microsomes prepared
from liver from an extensive (KDGE-02) and a poor (KDGE-03)
metaboliser of the debrisoquine type polymorphism {19},

Microsomal protein 100 mg was incubated in a final volume of
200 p! sodium phosphate buffer 0.1 mol-1-! containing a NADPH
regenerating system (1 mmol-1=' NADP, Smmol-1-! isocitrate,
5Smmol-1-! MgCl,, 1U isocitrate dehydrogenase, Type IV; Sigma
Chemical Co., St. Louis, MO). The system was preincubated at 37°C
for 5 min before the addition of midazolam in final concentrations
ranging from 0.5 to 60 pmoi 1-%

Under those conditions the rates of formation of 1”- and 4-hydro-
xymidazolam were linear for up to 15 min. The reaction was termi-
nated after 10 min by cooling on ice and the addition of 200 uimeth-
anol. Denatured protein was removed by centrifugation at 10,000 x g
for 1 min and the supernatant was stored at—80 " until analysed.

For competition experiments, inhibitors (see Table 1 and the
figures) were dissolved in 0.1 mol-1"! sodium phosphate buffer
pH 7.4. Various concentrations of inhibitors were added at the same
time as the substrate. For screening experiments, the range of con-
centrations of the inhibitors used for the calculation of IC, values
varied according to the drug being used (0.1-1000 pmol - 1-*) against
a20 umol-1-' concentration of substrate. All inhibition studies were

performed with microsomes prepared from the same liver (exten-
sive metaboliser). )

Assay of I'- and 4-hydroxymidazolam

The production of 1’- and 4-hydroxymidazolam was determined by
reverse-phase HPLC. The system consisted of a pump (Spectro-
flow 400; Kratos, Ramsey, NJ, USA},a 100 ul-'injectionloop (Rhe-
odyne, Supelco, Bellefonte, PA, USA) and a variable wavelength
UV detector operated at 254 nm (HP 1050; Hewlett Packard, Palo
Alto, CA, USA). Aliquots of supernatants (50 to 100 pl) were
injected directly on to a Spherisorb 3pm Octodesil column
(4.6 x 75 mm; Supelco). The mobile phase was 10 mmol-1-! potas-
sium phosphate buffer pH 7.4, methanol and acetonitrile (38/40/22,
vol~volivol) and was delivered at 0.7 ml-min~!. Chromatograms
were analyzed by an SP 4290 integrator (Spectra-Physics Inc.,
Mountain View, CA, USA). The limit of detection of midazolam
metabolites was 3 ng per injection.

The same analytical method was employed to measure the plas-
ma concentrations of midazolam and its metabolites after extraction
with ether/dichloromethane (7/3, volival).

Analysis of kinetic data and statistics

Untransformed kinetic data were analysed by a nonlinear extended
least squares curve fitting program with observer-independent
weighting of the data [20], assuming Michaelis-Menten kinetics over
the substrate range studied. The non-parametric Spearman rank test
was applied to correlations in the fixed substrate concentration in-
hibition studies.

Results
Kinetics of midazolam hydroxylations

The kinetics of formation of 1’- and 4-hydroxymidazolam
by microsomes from an extensive metaboliser (KDGE-
02) and a poor (KDGE-03) metaboliser of debrisoquine

-1 -
Vimolxmg P x h)‘

Vioa" 25.8.208

K= 4.2, 6.1

Kpe 14.7, 181

R T T T
o] 20 40 80
Midazolam [uM]

Fig.1. Kinetics of midazolam !’- and 4-hydroxylation by micro-

somes from the liver of an extensive (debrisoquine phenotype)
(EM) and a poor (PM) metaboliser.

4 4-OH-MEM(dbl) £ 4-OH-MPM (dbl)
# 1"OH-MEM & 1-OH-MPM
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Fig.2a,b. Inhibition of midazolam 1" (a) and 4-hydroxylation (b) by
four azole antifungal agents. From left to right: itraconazole
(P <0.01), econazole (P <0.001), ketoconazole (P < 0.01), and do-
trimazole (P < 0.001). Results are expressed as percentage of con-
trol activity (in the absence of inhibitor). Each point is the mean of
four determinations

o

are shown in Fig.1. The pattern of metabolite formation
was in accordance with Michaelis-Menten type kinetics.
Midazolam was preferentially metabolised its 1'-hydroxy-
derivative. Despite slightly different Ky values (4.2 and
6.1 uM in extensive and poor metabolisers, respectively,
versus 14.7 and 18.1 uM for the 4-hydroxylation), the cal-
culated V,,, for both pathways had the same order of
magnitude (Vg =25.8 and 29.8 nmol-mg P~'-h~! and
17.0 and 18.1 nmol-mg P~'-h~' respectively).

Inhibition of midazolam I’- and 4-hydroxylations in vitro

Inhibition of midazolam biotransformation by various
compounds is presented in Fig.2 to 4. The effect of four
azole antifungal agents is shown in Fig.2, and that of five
compounds structurally related to quinidine in Fig. 3. The
pattern of 1’- and 4-hydroxylations inhibition was similar
in all experiments (Fig. 2).

% residual activity (1'-M-hydroxylation)

100 -

504

.

Fig.3. Inhibition of midazolam 1”-hydroxylation by five compounds,
structurally related to quinidine. From left to right: cinchonine, cin-
chonidine, quinine, hydroguinidine, and quinidine. Results are ex-
pressed as percentage of control activity (in the absence of inhibi-
tor). Each poiat is the mean of four determinations. Hydroquinidine
* (P <0.05) and quinidine * (P < 0.05) only inhibited the reaction at
these concentrations

{1l um

In inhibition studies at various substrate concentra-
tions, nifedipine and cyclosporine displayed a competitive
inhibition-type of kinetics for midazolam 1’-hydroxyla-
tion, both K being calculated at 2 uM (Fig.4). The extent
of inhibition (ICs or K;) by the screened drugs is shown in
Table 1.

Clinical case report

A 61 year old man was admitted to the coronary care unit
of the hospital for acute chest disease associated with in-
termittent atrial fibrillation. He received erythromycin
4 g-d-? for suspected legionnaire’s disease and amioda-
rone 1.7 g over 3 days for the control of his arrhythmia.
Other drugs intermitently administered in the course of
therapy were furosemide, digoxin, ranitidine, nitrogly-
cerine and amoxycillin. During electrical cardioversions,
sedation was achieved with intravenous midazolam (total
dosage 300 mgiv over 14 h). Despite an expected elimina-
tion half-life of 1.5 t0 2.5 h [21], midazolam-induced sleep
lasted for about 6 days. On two occasions, the administra-
tion of flumazenil (1 mg) produced a brief awakening,
The measured terminal half-life in the patient was (all
data set) 24.8 h. His plasma concentrations are shown in
Fig.5. .

Discussion

The in vitro biotransformation of midazolam observed
here is consistent with known in vivo data: the amount of
1’-hydroxymidazolam excreted as a conjugate in the urine
of healthy volunteers reached 75% of the administered
dose versus 3% of the 4-hydroxy metabolite {22). 1'-4-di-
hydroxymidazolam, another minor metabolite in vivo,
was not detected in vitro. This is not surprising, as the 1'-4-
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Fig.4a,b. Competitive inhibition of midazolam 1"-hydroxyla-
tion (Dixon plot) by cyclosporin (a) and nifedipine (b). Each point
is the mean of two determinations. MID, midazolam concentra-
tion
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Fig.5. Time course of a plasma midazolam concentrations in a pa-
tient with extremely low biotransformation (calculated half-life
24.8 hh). The black rectangle shows midazolam infusion (300 mg over
14 h), the hatched rectangle shows erythromycin administration
(4 g/day), and the arrows show flumazenil administration (1 mgiv.
on each occasion)

derivative results from further oxidation of the first step
metabolites, which would not reach a sufficient concen-
tration in vitro to be oxidized in a detectable amount.

In microsomes from KDGE-02 (extensive metaboliser
of debrisoquine), the observation of distinct apparent af-
finity constants for the formation of 1’- and 4-hydroxymid-
azolam may indicate either that two cytochrome P-450
isozymes aré involved in these reactions, or that there is
more than one way of binding to a single isozyme, thus
leading to the formation of two distinct metabolites. Vi
values of the same order of magnitude for both the 1’- and
4-hydroxylations, as well as parallel variation in midazo-
lam 1’- and 4-hydroxylation in all drug inhibition experi-
ments, suggest that only one cytochrome P-450 isozyme is
involved in the formation of both metabolites. The similar
inhibition of both reactions by the same specific rabbit
antiserum directed against rat P-450 PCN1 (P-450II1A) in
the Kronbach study supports this hypothesis [10].

- Ithas been suggested that genetic polymorphism of the
debrisoquine-type could have a major impact on the vari-
ability of midazolam biotransformation [7]. However, a
study in two groups of phenotyped volunteers did not
show any influence of the debrisoquine/sparteine pheno-
type on midazolam kinetics {23]. The lack of influence of
the poor metaboliser phenotype on microsomal midazo-
lam metabolism observed here also argues against this hy-
pothesis.

In inhibition experiments, numerous compounds ap-
peared to inhibit midazolam hydroxylase. Inmunoinhibi-
tion studies have shown that nifedipine [12], cyclosporin
[13], and lidocaine [15] are oxidized by an identical or
closely related isozyme of the cytochrome P-450 II1A sub-
family. The competitive inhibition by nifedipine and cy-
closporin in the present study (Fig. 4) also provide indirect
evidence that the same P-450 isozyme is involved in the
biotransformation of these three drugs. However, direct
extrapolation from in vitro inhibition studies to the clini-
cal situation is not warranted. Indeed, the importance of in
vivointeractions is the result not only of affinities (relative
K; and Ky) as relative concentrations at the enzyme site
must also be considered.

Both erythromycin and quinidine, a very selective and
powerful inhibitor of cytochrome P-450 DB1 [17, 24-25],
also act as competitive inhibitors of midazolam 1’-hydro-
xylation (Table 1). These findings are in agreement with
published data showing that the in vitro metabolism of
quinidine and erythromycin are catalysed by an isozyme
of the P-450 NF family [14, 26].

The inhibitory effect of quinine, a diastereoisomer of
quinidine, was less marked (Fig.3), and another isomer,
cinchonine, did not inhibit the reaction, suggesting that
the methoxy side chain on the quinoline ring is required to
block the hydroxylation of midazolam.

Drugs such as phenothiazine-type neuroleptics (e. g.
levomepromazine), Hz-antihistaminics (e.g. cimetidine),
amiodarone; verapamil and other nonspecific mono-
oxygenase blockers (e.g. SKF 525-A) are also able to
inhibit this reaction (Table 1). These P-450 blockers
include the potent “azole” antifungal agents (e.g. keto-
conazole and itraconazole). They also inhibit a wide
variety of liver monooxygenases, thanks to their ability to
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bind directly and with very high affinity, to the cyto-
chrome P-450 component of the monooxygenase system
[27-29].

The 4-quinolone antibiotics may interfere with the in
‘vivo cytochrome P-450 mediated biotransformation of
caffeine and theophylline [30, 31]. Under the present ex-
perimental conditions, the lack of an in vitro effect of
these drugs on midazolam oxidation provides additional
indirect evidence that the hydroxylation of midazolam is
mediated by a distinct isozyme.

Potential clinical consequences

A competitive inhibitor may either interact with other
drugs that are metabolised by the isoenzyme, or itself be
liable to biotransformation by the isozyme. All the drugs
mentioned in Table 1 might interfere with midazolam
biotransformation in vivo, depending on their respective
affinities for the enzyme and the dose administered. In
the case of the patient cited, the increase in midazolam
concentration was due both to amiodarone, a known
inhibitor of the metabolism of phenytoin, quinidine,
flecainide and theophylline [32], and to competitive
inhibition between midazolam and erythromycin, whose
biotransformation seems to be mediated by the same
cytochrome P-430 IIA isozyme [26). Significant prolon-
gation of the very short half-life of midazolam will not
usually have major consequences. However, in certain
extreme conditions, the interactions may have a dramatic
result, as illustrated by the present clinical report. Due to

the very large doses of midazolam administered to the -

patient, the potential contribution of non-linear kinetics
cannot be excluded.

In conclusion, the present data indicate that the major
biotransformation route of midazolam is mediated by a
moncoxygenase which is independent of the polymorphic
cytochrome P-450 DB1 isozyme. In vitro inhibition ex-
periments indicate that the disposition of other widely
used drugs is also controlled by this distinct metabolic
pathway, and that many compounds are capable of inter-
fering with it. This may lead to drug-drug interactions
involving either the response tomidazolam or to the inter-
acting compound.

Acknowledgements. We are grateful to Professor F Waldvogel,
Geneva University Hospital, for referring the patient described in
the clinical case report.
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Antlmycotlc Azoles. 7. Synthesis and Antifungal Properties of a Series of Novel

Tnazol 3-omes
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A series of novel mazol 3-ones have been synthesized, and their in vitro and in vivo antlfungel properties are reported.
Compound 68 (itraconazole), which displays a pronounced oral activity against vaginal candidosis in rats and against
microsporosis in guinea pigs, has been selected for clinical evaluation.

With the advent of ketoconazole (Ia), which was dis-

N
| 1l
N ~X
ot ©
e O
CHZO"@'N 3
Ia, X = CH (ketoconazole)
b, X= .
N
L g
N
CH,
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07N j\
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N/ _-[\{
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Iia, X=CH
b, X=N

covered approximately 30 years after the development of
the first orally active broad-spectrum antibiotics, the first
oral broad-spectrum antimycotic became available for
medical practice. This introduction msy be considered a
milestone in the treatment of fungal diseases with azoles.
‘The in vitro spectrum of ketoconazole covers a wide variety
of yeasts, dermatophytes, and other fungi.’? Its potential
in the therapy of dermatomycoses, candidosis of the mouth
and the vagina, systemic candidosis, chronic mucocuta-
neous candidosis and candiduria, as well as of deep and
subcutaneous mycoses by dlmorphxc and other fungi has
extensively been reviewed.!

Notwithstanding the promising results obtained in the
oral treatment of mycoses with ketoconazole and the
convenience for the patient, there still is a need for more
potent and better antimycotic drugs. The present paper
deals with the synthesis and antifungal properties of the
title compounds Ilab, and some of them fulfill these
criteria in animal models.

Chemistry. The synthesis, starting from cis-[2-(2,4-
dichlorophenyl)-2-(1H-imidazol-1-ylmethyl)-1,3-dioxolan-

(1) Levine, H. B. “Ketoconazole in the Maragement of Fungal

Disease”; ADIS Press: Australia, 1982,
- (2) Van Cutsem, J. Am. J. Med. 1983, 74(1B), 9.

(3) Restrepo, A.; Stevens, D. A; Uts, J. P. Rev. Inf. Dis. 1980, 2,
519.

(4) Graybill, J. R., Am J. Med. 1983, 74(1B).

5) ISeymoens.J ; Cauwenberg, G., to be publxshed in Prog. Drug.

es

4-yljmethyl methanesulfonate (1a)® and cis-[2-(2,4-di-
chlorophenyl)-2-(1H-1,2,4-triazol-1-ylmethyl)-1,3-di-
oxolan-4-yljmethyl methanesulfonate (1b),” is outlined in
Scheme I. )

Ketoconazole (3a) and the corresponding triazole ana-
logue 3b were prepared from la,b and 2 according to the
method described in a previous paper.® These compounds
were deacylated at reflux temperature with NaOH in n-
BuOH to the piperazines 4a and 4b, respectively. Both
compounds, as well as 1-(4¢-methoxyphenyl)piperazine (5)
were arylated with 1-chloro-4-nitrobenzene to the corre-
sponding nitroaryl compounds 6a~c. Catalytic reduction
with 5% Pt/C afforded the anilino derivatives 7a—e¢, which
were acylated with phenyl chloroformate to the phenyl
carbemates 8a—c. Conversion of these carbamates with
hydrazine hydrate at reflux temperature yielded the sem-
icarbazides 9a-c, which were cyclized to the triazol-3-ones
Illa~c. Alkylation of these triazol-3-ones with alkyl
bromides or with dimethyl sulfate gave the target com-
pounds IIa,b (method A). and Ilc, respectively. Phenols
IId were prepared by demethylation with a 48% HBr so-
lution of compounds Ilc. Methanesulfonates 1a,b in a
suspension of NaH (50% dispersion in mineral oil) were
coupled either with the sodium salt of phenols I1d, gen-
erated in situ from Ild, to give Ila,b (method B) or with
compound 2 to give 3a,b.

Biological Methods. The title compounds were tested
against a large number of microorganisms. Preliminary
in vitro experiments were conducted according o the
method described by Godefroi® with the fungi Microspo-
rum canis (M.c.), Trichophyton rmentagrophytes (T.m.),
Trichophyton rubrum (T.r.), Phialophora verrucesa
(Ph.v.}, Cryptococcus neoformans (Cr.n.), Candida tro-
picalis (C.tr.), Candida albicans (C.a.), Mucor sp. (Muc.),
Aspergillus fumigatus (A.f.), Sporothrix schenckii (Sp.s),
and Saprolegma sp. (Sepr.). In vivo, the compounds were
tested in expenmental vagmal candidosis in rats® and in
experimental microsporosis.® For oral treatment, the
compounds were formulated in polyethylene glycol (PEG)
200. In vaginal candidosis, the animals were treated
therapeutically (treatment starting 3 days after infection)
o.d. for 3 consecutive days with doses ranging from 0.63
to 10 mg/kg. Vaginal candidosis in ovarectomized and
hysterectomized Wistar rats, kept in pseudopregnancy by
weekly injections of 0.1 mg of oestradiol undecylate, was
induced by infection with 8 X 10° cells of C. albicans
(strain B 2630) Experimental microsporosis was treated
prophylactically (treatment starting the day of infection

(6) Heeres, J.; Backs, L. J. J.; Mostmans, J. H.; Van Cutsem, J.
J. Med. Chem 1979, 22, 1003 .
(7) Heeres, J.; Hendrick, R. Van Cutsem, J. J. Med. Chem. 1983,
26, 611. e
(8) Godefroi, E. F.; Van Cutsem, J.; Van der BEycken, C. H. M,;
Janssen, P. A. J. J. Med. Chem. 1967, 10, 1180.
"(9) Van Cutsem, J.; Thienpont, D. Chemotherapy 1972, 17, 392.

0022-2623/84/1827-0894301.50/0 © 1984 American Chemical Society
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Table I
N
Xl _
|
CHp O
X |
C‘@C’ cuz-o@u N-R
- Cl
Compd.| X R M.p.°C Formula Cryst. solv, Mr Yield Anat. ®
< 20 i
f | en | ey, 146 CagHagCloN O, | MIK 59
PAY : .
| N e, 1764 | CogHpqCloNgd, | MIK/i-Pr0 | 83242 | 88 | C,H.N
ta | CH | -H T | CouM5gCiNOy | MK 8238 | M | CHN
| N | -H 130.6 | CogHagClyNg0y | i-Pro0 c03 | 79 |CH,N
sa | ct | L Hno, 181 C3oHpqClaNgOg | n-BuOH 61048 | 54 | C.HN
so | N | € )no, 1678 | CpgHygClNgs | n-BuOH §1.47 | S0 |ciN
72 | cH | € )-nH, 1744 | C3gMgy ClgNgO3 | i-PrOH 580.50 | 97 | CLN
| N )N, 1868 | CpgHygClyNgOy | n-BuOH 58143 | 80 | CLN
; 40
8a | CH @-NHC:O¢ 198.8 C39Hqg ClyNgOg dioxane 700.60 82 - | C,H,N
20 . ‘
8b | N -@-NHC\0¢ 2031 | Cyghy, CloNgOg 70161 | 86 | C,H.N
° :
4 .
9a | cH -@—NHC\NHNHz 2259 | CqyyHy3CL,N,0, 63853 | 98 | C,HN
b .
=
% | N -{_:}-NH(:\NI_W2 1997 | CqqHq,CloNgO, 6395¢ | 99 |N

" sUnless otherwise stated, the analyses are within £0.4% of the theoretical values. *MIK = CH;C(=0)CH,CH(CH,),. ‘Reference

5.

Table II

Zan ,
CH3°©‘N N-@-R
f—

Compd. R Mp. *C Formuta Cryst. Mr Yield | Anal.®
solv.
6c -NO, 195.1 Cy7Hig N30y dioxane | 313.35 67 |N
7¢ - NHj 191.8 Cy9HpyN4O n-BuOH | 283.36 7 C,HN
20 _ .
8¢ 'NHC\O¢ 2045 ng‘ H25N303 n-BulH 403,46 61 N
¢ ~NHCNHNHg | >300 CygHaaNs0, OMF 341.40 63 N

2Unless otherwise stated, the analyses are within £0.4% of the theoretical values.
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Table IIT ~ -

0
™\ AN
CH3O@—N ~N~©—N N-R
' A =N
r2

_ Compd.| R! 82 | mp. | Formula Crystn. Mr. Yield | Anatl.®
0 4 H Ho 2300 | CygHyiNgOy OMF 340 | 28 | CH,N
| ‘ 11| CHy H | 245.2| CgoHp3Ng0, dioxane | 36542 | 35 | N
b 12 | CyHg Ho| 2102 | CpHyeNgO, n-BuOH | 37945 | &4 | CH,N
: 13 | n-CyHy | C22H27M50; n-BuOH | 30348 | 65 -t
o i-CgHy | H | 2085 | CppHagNgO, n-BuOH | 383.48 | 47 | C,H,N
[ 15 | n-CiHg | H | 1706 | C,p3HpgNgO, n-BUOH | 407.81 61 | CH,N
’}’gi 16 | i-C,Hg | M | 2030 | Cp3HpgNsO, n-BuOH |- 407,51 | §7 | N
17| H CHy | 298.4 | CgHa3Ns0; dioxane | 36542 | 34 | C,H
’ 18 | CHy CHy | 196.7 | C€,iHpeNgO, n-BuOH | 37645 | 31 | CHN
19 | CyHg CHy | 178.8 | CooHoyNg0y i-ProH | 3e3.48 | 80 | C,H.N
20 | n-CgHy | CHy | 1445 |  CpaHagNg0, i-PrOH { 40750 | 83 | C,H,N
21 | i-CqHy | CHy | 1927 |  CpaHpgNg0, iPron | 40150 | st | CH.N
22 | n-CiHg | CHy | 150.1 | Cp H3yNgO, i-ProH | 42154 | 58 | N
23 | i-CuMg | CHy | 1380 | €y Hg NGO, i-prod | 42156 | 53 | CH,N
*Unless otherwise stated, the analyses are within £0.4% of the theoretical values. ®Product was used withoqt further purification.
Table IV
0

7\ )\
HO-@-N N N N-R'
: Ry

Com#d R! r2 mp.°C Formula :;ly:m' Mr. Yietd { Anat?
-b
2 | CHy H |>260 CygHayN=0, DMF 351.40 96
25 | C,Hg H 217 CagHaaNe0y OMF 365.42 95 | C,HN
26 | n-CqH, | H € qH5Ns05 DMF 9.5 | 83 -b
27 | i-CqHy H 208.4 € HygNg0y DMF 379.45 86 | C,HN
28 | n-C Hg H 2216 CaoHayNeD, i-PrOH 393.49 69 | N
28 i-CHg . H 2144 Coqtaqely i-PrOH 393.49 38 C,HN
¥ 30 | CH, CHy [>260 CypH23Ns0,5 OMF 365.42 96 | C.HN
;- 31 CoHg CHy | 287.8 CpyHagNg0, DMF 379.45 82 C.HN
. 32 | n-CqHy | CHy | 2582 CogHagNgOy i-ProH 393.49 88 | C,HN
33 | i-C3H, | CHy | 2513 | CoypHggNgOy n-BuOH | 393.49 100 | C,HN
3¢ | n-CuHg | CHy | 2620 | CpqHygNgO, n-BuOH | 407.51 84 | C,HN
35 | i-CHg | CHy | 2687 Ca3H0N50, i-ProH 407.5 89 | C,HN

°Unless otherwise stated, the analyses are within £0.4% of the theoretical values. ®Products were used without further purification.
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Table V . '
N
&,fﬂ
CH2, o
1. °
C‘Q ° cnz-o@ﬂ.@u N-R!
cl ’ \—/ =N
R2
Cormpd| S:::: X R' rR2 m.p°C | Formuta Crystn. solv. Mr. Yield A;\a(. a
; 3 [ cis | CH | H H | 2550 | CqpHyy ClpNg0, n-BuOH 56853 | 30 | - [N
37 | cis | CH [ H . CHy | 2957 | CyyHy3ClNg0, Y2C4 HgO | i-ProM 6262 | 46 | - | CSHASQ
38 | cis | CH | H CoHg | 275.6 | €3 Hae CLyNGO, n-BuOH 676.58 | 26 | - [N
38 | cis | CH | CHj H 212.8 | CyqHq5C1,N,0, n-BuOH 66255 | 44 | B | CHN
l 40 | cis | CH | CHy ' CHy | 147.3 | CqyH35CIoN0, | i 67658 | 7 | B |CLN
! 41 | cis [ €H | CoHg Ho | 2007 | € HpcCLN,D, -BuOH 67658 | 53 { B |CHN
! 42 | cis | CH | CoHg CH3 | 1355 | CagHaqClyNy0, . H,0 9 i-ProH 70863 | 51 | B |CHN
43 | cis | CH | n-CgHy H 185.7 | CagHy,ClyN40, MiK : 69061 | 51 | B |CHN
46 | cis | CH | n-CqHy CHy | 153.8 | CygH3gClyNq0, . HaO © £-BuOH 12267 | 61 | B | NCoH
45 | cis |'CH | n-CqHy CaHg | 170.4 | CaqHyy ClaNg0, MIK / i-Prg0 71868 | 70 | B |CHN
46 | cis | CH | i-CqHy H | 2221 | CagHyp ClgNg0, MIK 69061 | 37 | A | CHN
47 | cis | CH | i-CqHyq CHy | 106.1 | CyeHaoCloNa0, HO “MIK/ i-Pry0 72267 | 71 | A [CHN
48 | cis | CH | n-CoHy H 199.2 | C35H3ClgNy0, MIK 70665 | 45 | A | C,HN
48 | cis | CH | n-CyHg CHy | 172.6 | CapHy, Clyy0, PhCH4/i-Pr,0 | 71868 | 70 1 oafan
50 | cis | CH | i-C4Hg H | 1950 | C3gHagClag0, MiK 70665 | 35 | B |CHN
| 81 | cis | CH | i-C,Hg CHy | 1503 | CpH,, CILN0, ’ MIK ) 7868 | 23 | A |N
; 52 | cis | CH | CHyCH=CH, H 181.3 | CygHy5 CloNyO, MIK 688.61 | 49 | A |C.HN
83 | cis | CH | s-C.Hq H 170.7 | C35H3gCIaN0, MIK 70.65 74 - |CHN
5¢{ cis | N | H Ho | 2506 | €3 HypClLNGO, OMF/i-Pr,0 65231 | 62 | - JCHN
i s5 | cis | N [ H CH3 | 212.4 | C3yH3aClaNg0, W2CoHO 8 | EtOH 659 | 38 | - |c,chw
5 | cis | N | CHy H 212.8 | C37Hg,CloNg0; n-BuOH 663.55 | 42 | B |CHN
57 | cis | N | CHg CHy | 1618 | CyqHy, CloNGO, HO P MIK 69560 | 71 | B jC
58 | cis | N | CyMg H 184.4 | CygHa, CLoNgO, n-BuOH | 81781 | % | 8 |CHN
58 | cis | N | CoHg CHy | 178.3 | Cy4H36C1,Ng0, n-BuOM 691.60 | 71 | B |NC
80 | cis | N | a-CyHy, Ho | 1763 [ € HyeClLNGO, MIK 6160 | 53 | 8 |wnCl
61 | cis | N | n-CqHq CHy | 1655 | CygHygCloNgO, Ho0 | n-BuOH 7364 | 52 [ B |CHN
62 | cis | N | i-CqHy H | 2004 | CyHaCH N0, MIK 691.62 | 64 | & |CIN
63 | cis | N | i-C3Hy CH3 | 158.6 | CagHaaCioNgO, . Hy0 | MIK mss | 68 | 8 |cinch
i B4 | cis | N | n-CiHg H 180.5 | Cophag CloNGO, - BuOH 70562 | 70 | B |CH,N
B5 | cis | N | (CHy),CHCH- CHy | 140.0 | CygHyoCigNg0, MIK 79.67 | 50 | B |C,HN
: 66 | cis | N | (CHgl)CHCHym H 155.8 | CagHagCloNgO, . MIK 70562 | 5¢ | B |CHN
. 67 | cis | N | -CH,CH=CH, H 158.2 | €3, Hy, CloNgO, PhCH, 68960 | 54 | A |C
68 | cis | N | s-CyMg H 186.2 | CygMaaClNG0, PhCH, 70566 | 46 | A |CHN -
69 | cis | N | (CN3),CHCH,CH - H 183.4 | CygH,oCloNgO, PhCH, N967 | 68 | A |C,HN
) s |~ | ] H | 1973 | CygHagCioNgD, PhCHy nnes | 43| A |CHN
7| oas | N | ~eng] H 174.5 | Cy5H35Cl N0, MK 703.63 | 40 | A {NC .7
72 | cis | N | s-C,Hg CHy | 1461 | CygH,oCloNgO, MIK £ i-Pr 0 71967 | 68 | A |C,HCl

“ Unless otherwise stated, the analyses are within £0.4% of the theoretical values. MIK = CH,;C(=0)CH,CH(CHg),. *C = calcd,
59.82; found, 58.80. N: caled, 14.80; found, 14.16. “NMR for H;0 5 1.86. *C: caled, 59.84; found, 59.16; NMR for H,0 5 1.86. /NMR
for H20_5 1.82. 6C: caled, 57.73; found, 56.81; NMR for C,H;0H § 1.20 (CHy), 3.71 (CH,). »NMR for H,0 § 1.84. {NMR for H,0
6 1.75. 7C: calcd, 58.09; found, 58.64. ‘NMR for H,0 & 1.75. ' ;
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or the day before) o.d. for 14 consecutive days with doses
ranging from 1.25 to 20 mg/kg. Experimental microspo-
rosis was induced in guinea pigs by artificial infection on
the back with M. canis. Substances showing more than
a 50% cure rate were tested at lower doses.

Results and Discussion

The test results are summarized in Table VI. The in
vitro results represent the lowest dose levels for total in-
hibition of growth. Compared with the title compounds,
ketoconazole demonstrates the highest in vitro activity and
is also clearly more active than its triazole analogue. The
low in vitro activity of the triazol-3-ones may be associated
with their low solubility in the test medium. Compound
68, when tested in Me,SO solution in Sabouraud broth at
pH 7.4, was active against dermatophytes at concentrations
ranging from 0.1 to 1 ug/mL and against Candida spp.,
Cr. neoformans, A. fumigatus, S. schenckii, and Ph. ver-
rucosa at 0.1 ug/mL.'° Some compounds (39, 53, 58, and
67) appear to be active at rather low concentrations (1-10
ug/mL) against dermatophytes, such as T. rubrum, T.
mentagrophytes, and yeasts, such as Cr. neoformans and
C. tropicalis. 1t is striking that even at 100 ug/mL none
of the tested compounds showed significant activity against
Mucor sp., and only one compound (40) showed significant
activity against M. canis. Three compounds (39, 40, and
53) inhibit the growth of A. fumigatus at 100 ug/mL.

(10) Van Cutsem, J.; Van Gerven, F.; Zaman, R.; Heeres, J; Janssen,
P. A. J. 13th International Congress of Chemotherapy, Vienna,
Aug 28-Sept 2, 1983.

Compound 67 was active against T. mentagrophytes, T.
rubrum, Cr. neoformans, and C. tropicalis and was the
only compound that had an inhibitory effect on the growth
of S. schenckii at 100 ug/mL. By comparison, it can be
concluded that in vitro and in vivo activity are very poorly
correlated. Although none of the triazol-3-ones displays
any in vitro activity against M. canis at 100 ug/mL, when
tested under the conditions described, several compounds
(39, 47, 62 and 66-68) demonstrated significant oral ac-
tivity against experimental microsporosis, even at low doses
(2.5 mg/kg). None of the nonalkylated triazol-3-ones was
found to be active in established vaginal candidosis and
microsporosis at the indicated doses. N-Alkylation has a
pronounced enhancing effect on in vivo activity. In the
prophylactic experiments against vaginal candidosis as well
a8 against microsporosis, it was seen that nonalkylated
triazol-3-ones were less potent than the alkylated ana-
logues.!! Moreover, the in vivo results prove that it is
favorable to substitute a triazole ring for the imidazole
moiety (46 < 62 and 53 < 68). Introduction of a methyl
group in the 5-position of the triazol-3-one ring (R? tends
to decrease the oral activity, in particular in microsporosis
(66 > 65 and 62 > 63, and 68 > 72). No definite conclu-
sions can be drawn concerning the influence of alkyl chain
variation (R') on biological activity in the imidazole de-
rivatives, since the gained in vivo results are too hetero-
geneous. Only minor effects on activity in vaginal can-
didosis have been observed after elongation of the alkyl
chain (R!) from methyl to n-propy! (56, 58, and 60) in the

(11) Van Cutsem J., unpublished results,
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Table V1. In Vitro and in Vivo Antifungal Activity

Journal of Medicinal Chemistry, 1984, Vol. 27, No. 7 898

INVITRO 2 N vivo®
Compé. VAGINAL CANDIDOSIS MICROSPOROSIS
. IN RATS GUINEA PIGS
M.c.l T.m.| T.r. |Phv. | Cr.n] Ctr.| Ca. | Muc.| A.f. | Sp.s.| Sapr.
DOSE {mg/kg) DOSE (mg/kg)
10 2.5 | 125 1063 20 10 25 | 125
36 = 100§ 100 |>100|> 100} >100{ 100 |>100]>>100}|>>100|>100}> 100 0/2
37 >100] 10 10 |>100] 100 | 10 100 | >100| > 100 > 100} > 100 0/2
38 >100| > 100> 100} > 100} >100| 100 | 100 |>100| > 100} > 100| > 100 0/2
39 >100{ 1 1 |>100] 1 | >100| >100| 100 {>100] 100 | 5/6 LiN 32| o Lid 2/6 | 0/6
40 100§ 10 100 | > 100} >100] >100{ 100 |>100] 100 | >100| >100] 3/4 072 272 0/2
41 >100{ 100 | 10 |>100{ >100| 100 | 100 | >100| >100| >100{ > 100 0s2
42 > 100 100 | >100| > 100| > 100 100 |> 100} > 00| > 100 >100{ > 100 0r2 072
43 >100| 100 | 100 | =100} >100{ >100| >100| > 100} >100] >100| > 00| &/4 072
bLé >100| =100 >100} > 100} >100| 100 | 100 |> 100} =100} >100{>100 072
45 >100] 10 100 | > 100} >100{ 10 100 | > 100} >100] >100| > 100 172 e
46 >100] 100 | 100 | > 100} > 100] 100 | 100 | >100} >100{ > 100| > 100 0i2 2/4 0/2
47 > 100} 100 |>100] > 100} >100] 1 100 | >1060] >100{ >100{>100 71 . 5/6 146 | 0/6
48 >100} 100 | 10 |>100{>100]{ 100 | 100 | >100|>100{ > 100| >100 476 | 072 )
48 >100{ 10 10 |>100] 100 i 100 | =100} >100] > 100| >100 4L/8 116 | 0/4 4ig | 0/6 | 072
50 = 100{ 100 |>100|>100| >100|>100] 100 | >100| >100| >100{>100 172 012
81 >100] 100 | 100 |>100] 100 | 100 |>100|>>100{ >100{ > 100> 100 274 2/2 0r2
52 >100] 10 1 >100} >100| 10 100 | > 100| > 100| > 100} > 100 0/2 12 0/2
53 >100] 1 100 10 t |=>100] >100| 100 |>100]|>100 172 12 | 274
54 > 100} > 100| > 100| > 100} > 100| > 100| = 100 > 100| >100| > 100} > 100 0/2
85 >100] 10 | 100 | 100 | 100 1 |>100|> 100} >100{>100|>100 0/2
56 >100| 1 10 | 100§ 100 | 10 100 | > 100} > 100] >100|>100| 2/2 46 | 5/6 | 418 1718 | 0/2 | Gi2
87 > 100{ > 100{ > 100 > 100 > 100{ > 00| > 100{ > 100} > 100| >100{>100| 1/2 172 0/2
58 >100] 1 1 |>100] 10 1 100 {>100] >100|>100|>100}| 10712 | 13/15| 16/18 | 4/12 4Li8 | 3710 C/8
59 > 100| > 100{ > 100| > 100{ > 100} > 100 | > 100} > 100} > 100| > 100> 100 8/10| 174 | 176 0/4
60 {>100| 100 1 {>100] 100 | 100 | > 100} >100| >100|> 100|>100] 6/6 8/10} 8/10| 3/10 148 | 0/8 | O/6
61 >100{ 1 |>100{>100| 100 | 100 | 100 | > 100] > 100> 100| >100 4 072
62 >100] 100 |>100|> 100] > 100 > 100| > 100| > 100} > 100} >100/>100] /6 }[20/24] 12/22| 2/12 616 | 7112 218
63 >100] 100 {>100|>100|>166| 10 |=>100]> 100|>100|>100|>100 142 g/2
64 =>100| 100 {> 100] > 100] > 100} > 100 | >100{ > 100{ > 100| > 100 | > 100 072 178
65 > 100} 10 |[>100{>100] 100 H 100 | >100| > 100{ > 100 | > 100 6/6 | 6/6 | 4/ 2/6 | 0/8 | O/8
66 |>100} 10 10 |>100] 100 | 10 100 | > 100] > 100} > 100 > 100 7610 T/10}| 4710 2/2 | 5/8 | 3/8
67 >100; 1t 10 | >100] 10 1 | >100} > 100| > 100 100 |>100 3/6 e} 1/6 2/2 | &16 | 074
68 >100| 10 10 |>100] 100 | 100 | >100] > 100] > 100|>100|>100] 12/12 | 29/34] 13/33| 7440 6/6 | 11712 |12/15
1] >100{ 100 |> 100} > 100{ > 100| >100| 100 | > 100} >100|>100|> 100 (17 172
70 |>100} 100 |> 100} > 100] > 100| >100| > 100| > 100} >100{> 100 | >100 152 2/2 1 012
71 }>100] 10 { 10 | 100 |>100}>100| 100 |> 100| > 100} >100|>100 2 2/2 | 0/2
72 >100] 100 | >100{ > 100} > 100| >100| 10 |>100| =100} >100] >100 212 0/2 272 0/2
3b 100 1 10 | 100 { 10 |>100;>100{>100) >100] 100 | 10 112 0/2 0/2
3a 100} 1 1 10 | 10 10 | 100 {>100f 100 | 10 | 10 |173/181] 2/8 | 0/12 30/30| 4/34) O/1L

°Lowest level of total inhibition (micrograms per milliliter).

triazoles, whereas the n-butyl derivative (64) is devoid of

activity.

Replacement of the n-propyl (60) by an allyl chain (67)
tends: to decrease the activity against vaginal candidosis,
but, on the other hand, an important increase in activity

bRatio of animals cured/animals infected.

against microsporosis is noticed. Branching of the alkyl
chain gives rise to a dramatic increase of activity against
vaginal candidosis, as well as against microsporosis (62, 66,
and 68). Introduction of a cyclopropylmethyl group (71)
for isobutyl (66) leads to a decreased activity in both in-
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fection models. Based on the results,! also gained from
other animal models, one compound [68, (itraconazole,
proposed international nonproprietary name)] has been
selected for clinical studies.

Experimental Section

Melting points are measured with a Mettler FP; melting point
apparatus and are uncorrected. New compounds were routinely
checked for their structure by UV and/or IR and NMR spec-
trometry (UV, Hewlett-Packard HP-8450; IR, Perkin-Elmer 580B;

. NMR; Brucker WP 200).

cig-1-Acetyl-4-[4-[[2-(2,4-dichlorophenyl)-2-(1H-1,2 4-tri-
azol-1-ylmethyl)-1,3-dioxolan-4-yljmethoxy]phenyl]-
piperazine (3b). To a suspension of NaH (50% dispersion) (37.0
g 0.772 mol) in Me,SO (1500 mL) was added compound 2 (168.0
g, 0.772 mol). After the solution was stirred for 1 h, 1b (286.0
g, 0.7 mol) was added, and stirring was continued for 5 h at 80
°C. The reaction mixture was cooled, and water was added. After
extraction with CH,Cl,, the organic layer was dried (MgS0,) and
evaporated to afford an oily residue, which was crystallized from
4-methyl-2-pentanone to give 3b (240.0 g, 64%), mp 176.4 °C.
Anal. (CyHyCLN;Op) C, H, N.
eis-1-[4-[[2-(2,4-Dichlorophenyl)-2-(1H-1,2,4-triazol-1-yl-
methyl)-1,3-dioxolan-4-yljmethoxy Jphenyl ]piperazine (4b).
A solution of 3b (240.0 g, 0.450 mol) and NaOH pellets (22.0 g,
0.54 mol) in n-BuOH (1000 mL) was refluxed with stirring ov-
ernight. The reaction mixture was cooled, whereupon water was
added. The mixture was subsequently extracted with CHCl; the
organic layer was dried (MgSQO,) and evaporated in vacuo. The
solid residue was crystallized from 4-methyl-2-pentanone/iso-
propyl ether to give 4b (156.0 g, 70%), mp 130.6 °C. Anal
(C,sHyCLNOg) C, H, N.
cig-1-[4-[[2-(2,4-Dichlorophenyl)-2-(1H-1,2,4-triazol-1-y1-
methyl)-1,3-dioxolan-4-ylJmethoxy]phenyl]-4-(4-nitro-
phenyl)piperazine (6b). A solution of 4b (150.0 g, 0.306 mol)
and 1-chloro-4-nitrobenzene (56.0 g, 0.356 mol) in Me,SO (400
mL) was stirred overnight at 120 °C in the presence of K,CO,
(22.4 g, 0.160 mol). The reaction mixture was cooled and diluted
with water. The crystallized product was filtered and taken up
in CHCl;. The solution was dried (MgSO,) and evaporated in
vacuo, yielding 6b (180.0 g, 96%), mp 165.0 °C. Recrystallization
from n-BuOH afforded an analytical sample, mp 167.8 °C. Anal
{CaHysCLINGO;) C, H, N.
cis-4-[4-[4-[[2-(2,4-Dichlorophenyl)-2-(1H-1,2 4-triazol-1-
yvlmethyl)-1,3-dioxolan-4-yljmethoxylphenyl]-1-
piperazinyl Jhenzenamine (7b). A solution of 6b (175.0 g, 0.286
mol) in MeOCH,CH,0H (1000 mL) was hydrogenated at 50 °C
in the presence of a solution of thiophene (4%) in MeOH (1'mL)
with 5% Pt/C (2.0 g) as the catalyst. When hydrogen uptake
was complete, the mixture was heated to reflux, and, subsequently,
the catalyst was filtered off. While the mixture was cooling, the
product crystallized and then filtered off to give 7b (134.4 g, 81%),
mp 180.0 °C. Recrystallization from n-BuOH afforded an ana-
lytical sample, mp 186.8 °C. Anal. (CyHzCLNgOs) C, H, N.
. ecig-Phenyl [4-[4-[4-[{2-(2-(2,4-Dichlorophenyl)-2-(1H-
1,2,4-triazol-1-ylmethyl)-1,3-dioxolan-4-ylJmethoxy}-
phenyl]-1-piperszinyl]phenyl]carbamate (8b). To a solution
of 7b (129.0 g, 0.222 mol) in CHCl3 (1000 mL) and pyridine (300
mL) was added dropwise over a period of 15 min phenyl chlo-
roformate (36.3 g, 0.232 mol). The reaction mixture was stirred
for 3 h, and subsequently, H,0 and petroleum ether were added.
The product crystallized and was filtered off. The crystals were
subsequently washed with H,0, i-PrOH, and finally with isopropyl
ether to give, after drying, 8b (133.0 g, 86%), mp 203.0 °C. Anal.
{C3H3CLNgOg) C, H. N.
cis-N-[4-[4-[4-[[2-(2,4-Dichlorophenyl)-2-(1H-1,2,4-tri-
azol-1-ylmethyl)-1,3-dioxolan-4-yljmethoxylphenyl}-1-
piperazinyl]phenyl}hydrazinecarboxamide (9b). Hydrazine
hydrate (50.0 g, 1.0 mol) and 8b (130.0 g, 0.185 mol) in 500 mL
of dioxane were stirred and refluxed for 3 h. Subsequently, the
reaction mixture was poured into H,0, whereupon the product
crystallized. The crystalline solid was filtered, washed with H,0
and i-PrOH, and dried to give 8b (170.0 g, 99%), mp 199.7 °C.
Anal. (CgH4ClNg0) C, H, N. :

" Heeres, Backx, Van Cutsem

cis -4-[4-[4-[4-[[2-(2,4-Dichlorophenyl)-2-(1H-1,2 4-tri-
azol-1-ylmethyl)-1,3-dioxolan-4-yl]Jmethoxylphenyl]-1-
piperazinyllphenyl}-2,4-dihydro-3H-1,2,4-triazol-3-one (10b).
Formamidine acetate (83.2 g, 0.800 mol) and 9b (115.0 g, 0.179
mol) in DMF (300 mL) were stirred at 130 °C for 3 h. The product
crystallized on dilution with water. The solid was filtered off and
recrystallized from DMF/i-Pr,0, yielding 10b (72.0 g, 62%), mp
254.4 °C. Anal. (CgHgCLNgO) C, H, N.

cig-4-[4-[4-[4-[[2-(2,4-Dichlorophenyl)-2-(1H-1,2,4-tri-
azol-1-ylmethyl)-1,3-dioxolan-4-yljmethoxy]phenyl]-1-pi-
perizinyl}phenyl}-2,4-dihydro-2-(1-methylpropyl)-3H-1,2,4-
triazol-3-one (68). To a suspension of KOH powder (0.7 g, 0.01
mol) and 10b (5.0 g, 0.0077 mol) in Me,SO (100 mL) was added
2-bromobutane (1.23 g, 0.009 mol). Stirring was continued for
14 h, whereupon the reaction mixture was diluted with water.
Extracting with CHCl, drying (MgSO,), and evaporating in vacuo
afforded a solid,which was chromatographed on silica with
CHCl;/CH,OH (98:2) as the eluent. The pure compound was
recrystallized from toluene to give 68 (2.5 g, 46%), mp 166.2 °C.
Anal. (CgHasCleNgO,) C, H, N.

2,4-Dihydro-4-{4-[4-(4-hydroxyphenyl)-1-piperazinyl]-
phenyl]-2-(1-methylethyl)-3H-1,2,4-triazol-3-ene (27). A
mixture of 14 (4.7 g, 0.012 mol) and 48% HBr solution (50 mL)
was refluxed overnight. The reaction mixture was cooled,
whereupon a product crystallized. The solid was filtered off and
dissolved in a water/MeOH mixture (50:50). After neutralization
of the solution with NaHCO,, the product was extracted with
CHCl; (500 mL). The organic layer was dried (MgSO,) and
evaporated to afford a residue, which was crystallized from DMF
to give 27 (3.9 g, 86%), mp 208.4 °C. Anal. (CyHyNs0,) C, H,
N

cig-4-[4-[4-[4-[[2-(2,4-Dichlorophenyl)-2-(1H-1,2,4-tri-
azol-1.ylmethyl)-1,3-dioxolan-4-yiJmethoxy]pbenyl]-1-
piperazinyllphenyl}-2,4-dihydro-2-(1-methylethyl)-3H -
1,2,4-triazol-3-one (62). To a suspension of NaH (50% dispersion
in mineral oil) (0.4 g, 0.0083 mol) in dry Me,SO (100 mL) was
added 27 (3.0 g, 0.0079 mol). after the solution was stirred at 50
°Cfor 1 h, b (3.2 g, 0.0079 mol) was added, and stirring at 100
°C was continued for 3 h. After dilution with water, the mixture
was extracted with CH,Cl,; the organic layer was washed with
water, dried (MgSQ,), and evaporated in vacuo to leave a solid
residue. Purification on silica with CHCl;/CH,0H (88:2) as the
eluent, followed by recrystallization from 4-methyl-2-pentanone,
gave 62 (3.5 g, 64%), mp 200.4 °C. Anal. (CaHgCLN;O)) Cl,
N.
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ANTIHISTAMINE/ANTI-INFLAMMATORY AGENTS

Itraconazole Affects Single-Dose
Terfenadine Pharmacokinetics and Cardiac
Repolarization Pharmacodynamics

Peter K. Honig, MD, MPH, Dale C. Wortham, MD, Robert Hull, MD, Kaveh Zamani, PhD,
Julie E. Smith, BSN, and Louis R. Cantilena, MD, PhD

The object of this study was to examine prospectively the effects of itraconazole on the
pharmacokinetics and electrocardiographic repolarization pharmacodynamics (QTc in-
tervals) of single-dose terfenadine in six healthy volunteers. It was designed as a prospec-
tive cohort study with each subject serving as his own control, set in an outpatient cardiol-

- ogy clinic. The participants were six healthy volunteers (two men, four women; ages
24-35) not taking any prescription or over-the-counter medications. Single-dose terfena-
dine administration (120 mg) was accompanied by pharmacokinetic profiles and serial
determination of the QTc interval for 12 hours. The subjects then began daily oral itra-
conazole (200 mg each morning) for 7 days. Repeat pharmacokinetic and pharmacody-
namic determinations were made after administration of a second dose (120 mg) of ter-
fenadine while receiving itraconazole. The main outcome measures were terfenadine and
acid metabolite serum concentrations; corrected QT intervals as determined by 12-lead
electrocardiogram (ECG); and presence or absence of late potentials as determined by
signal-averaged ECGs over 150 cardiac cycles. There were significant changes in the
pharmacokinetic parameters of acid metabolite after treatment with itraconazole. All
subjects had detectable levels of unmetabolized terfenadine after addition of itracona-
zole, which was associated with QT prolongation. There was no evidence of late depolar-
ization as manifested by an increase in QRS duration found using signal-averaged electro-
cardiography. Itraconazole influences the metabolism of terfenadine in normal volun-
teers and results in the accumulation of unmetabolized parent drug associated with
altered cardiac repolarization. This drug combination should be avoided.

The metabolism of terfenadine is significantly in-
fluenced by concomitant administration of keto-
conazole and some of the macrolide antibiotics.*
The inhibition of the biotransformation of terfena-
dine allowing the accumulation of unmetabolized

From the Division of Clinical Pharmacology (Drs. Honig, Zamani, Canti-
lena, and Ms. Smith), the Uniformed Services University of the Health
Sciences, Bethesda, Maryland; and Division of Cardiology (Drs.
Wortham and Hull), Walter Reed Army Medical Center, Washington,
D.C. The views expressed in this article are those of the authors and do
not reflect the official policy of the Uniformed Sesvices University,
Walter Reed Army Medical Center, Department of Defense or the Food
and Drug Administration. Supported by FDA interagency agreement:
FDA 224-88-3006, the Departments of Cardiology and Clinical Investi-
gation of the Walter Reed Army Medical Center. Dr. Honig is a FDA/
USUHS Fellow In Clinical Pharmacology. Address for reprints: Louis R,
Cantilena, MD, PhD; Division of Clinical Pharmacology, Departments of
Pharmacology and Medicine, Uniformed Services University of the
Health Sciences, Bethesda, MD 20814-4799.

4 Clin Pharmacol 1993;33:1201-1206

terfenadine is accompanied by altered cardiac repo-
larization. In vitro, parent terfenadine is a potent in-
hibitor of the delayed rectifier potassium current {J,)
in isolated cardiac myocytes.* This is a feature
shared by other drugs, such as quinidine, that pro-
long the QT interval.® The potential seriousness of
such drug interactions involving terfenadine is well
illustrated by a case in which a young woman taking
terfenadine and ketoconazole concomitantly had re-
peated symptomatic episodes of the serious ventricu-
lar arrhythmia, torsades de pointes.® The spontane-
ous reporting of other similar serious events to the
Food & Drug Administration {FDA) and the results of
prospective, controlled pharmacokinetic-pharmaco-
dynamic studies resulted in a labeling change that
contraindicated the concomitant use of terfenadine
with either ketoconazole or erythromycin.'*”?
Itraconazole is a recently approved oral systemic
antifungal agent with an enhanced spectrum of activ-
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ity over ketoconazole in the treatment of aspergillo-
sis, sporotrichosis, and other mycotic infections.® In
vitro experiments demonstrate itraconazole to be a
weaker, noncompetitive inhibitor of hepatic micro-
somal oxidation than ketoconazole®, however, sev-
eral reports describe a significant interaction be-
tween itraconazole and cyclosporine.’®'! Because
cyclosporin and terfenadine may share metabolic
pathways (Personal communication, FP Guengerich,
March 1992), a terfenadine interaction with itracon-
azole seemed plausible. The purpose of this study
was to examine prospectively the magnitude of the
effects of oral itraconazole on the pharmacokinetics
- and electrocardiographic pharmacodynamics of sin-
gle-dose terfenadine in humans and to determine if
there exists significant inter-individual variability
for this drug-drug interaction.

Study Protocol

Patients reported to the study area after an overnight
fast and had sterile catheters placed in a forearm
vein, kept patent with heparin, to facilitate repeated
blood sampling. Blood was collected with ethylens-
diaminetetra-acetic acid (EDTA) as an anticoagulant
after a waste sample was drawn to minimize any po-
tential effects of the heparin on the sample. Plasma
was separated and frozen for later analysis. A pre-
dose {trough) blood sample was obtained, and a 12-
lead ECG was performed. A single dose (120 mg) of
terfenadine was administered, and blood samples
were drawn at 0.5, 1, 2, 4, 6, 8 and 12 hours after-
wards. All medications were administered with 4 to
6 ounces of water and no food was allowed for 1 hour
after dosing. Twelve-lead ECGs were performed at 1,
2, 4, 6, 8, and 12 hours after dosing. Signal-averaged

METHODS ECGs of 150 cardiac cycles were obtained before dos-
ing and at 2, 6, and 12 hours after terfenadine admin-
. Study Site istration. Itraconazole {200 mg by mouth every morn-

This study was conducted at the Division of Cardiol-
ogy at Walter Reed Army Medical Center, Washing-
ton, DC. Determination of plasma terfenadine and
metabolite concentrations were performed at the Di-

- vision of Clinical Pharmacology, Uniformed Services
University of the Health Sciences, Bethesda, Mary-
land. Approval to conduct the study was obtained
from the Human Use Committee of the Department
of Clinical Investigation of the Walter Reed Army
Medical Center.

SUBJECTS

Healthy adult male and female volunteers between
. the ages of 18 and 65 were eligible. Exclusion criteria
were the use of prescription or over-the-counter
medications or the presence of cardiac, hepatic,
renal, or other systemic illnesses. A negative serum
human chorionic gonadotropin (8-HCG} was re-
quired for exclusion of pregnancy for all female sub-
jects.

Enrollment Protocol

Six volunteers were enrolied. No volunteering sub-
jects were excluded. After informed consent was ob-
tained, a complete screening history and physical ex-
amination were performed. Laboratory studies in-
cluded a complete blood count, serum electrolytes,
and chemistry panel including serum calcium and
magnesium, urinalysis, and baseline resting 12-lead
ECGdat 25 mm/second and 50 mm/second paper
speed.

1202 e ) Ciln Pharmacol 1993;33:1201-1206

ing) was administered beginning at 8:00 AM the next
day (Day 9). After having taken itraconazole for 6
days, the subjects reported for the second pharmaco-
kinetic profile and electrocardiographic evaluation
after receiving the second dose of terfenadine and
final dose of itraconazole.

Terfenadine and Acid Metabolite Assays

Plasma was separated from blood cells by centrifuga-
tion at 1000g within 30 minutes of phlebotomy and
stored frozen at —70°C. Concentrations of terfena-
dine and acid metabolite were determined within 30
days of collection. A solid-phase extraction was used
to prepare the samples for quantification by auto-
mated high-performance liguid chromatography
with fluorescence detection.’® The lower limit of
quantification in plasma for both parent terfenadine
and its acid metabolite was 5 ng/mL. The coeffi-
cients of variation for this assay were 6% for terfena-
dine and 12% for acid metabolite at the lowest con-
trol point.

Analysis of Electrocardiograms

All 12-lead ECG tracings were performed using a
Marquette MAC 15 Series (Milwaukee, WI) machine
by the same individual during the study to maintain
uniformity of technique. All identifying information
was removed from the tracings, which were then
coded, randomized, and blinded for ECG interval de-
termination by another investigator. The rate-
corrected QT interval (QTc) was determined using
the formula of Bazett* after cycle lengths (R-R inter-
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val) and QT intervals were ascertained from the
average measurements of three distinct leads (II,
aVF, V2) over a minimum of three cycles. For the
analysis of T-U complex morphology, the ECG trac-
ings were grouped by subject, blinded, and serially
compared. :

Signal-averaged ECGs were obtained over 150 car-
diac cycles using an ART (Arrhythmia Research
Technologies; Austin, TX) recorder. Data were digi-
tally stored before quantitative analysis of total QRS
duration and for evidence of late potentials.

Statistical Analysis

Wilcoxon signed-rank tests were used to compare
the maximum concentration (Cmax), time to maxi-
mum concentration (tmax), half-life (t%), and areas
under the concentration-time curve {(AUC,__) of
acid metabolite before and afier the addition of itra-
conazole.’ The elimination rate constant (k) was
calculated for acid metabolite as the slope of a log-
linear regression of the terminal elimination phase.
The acid metabolite half-life in each subject was cal-
culated by the formula: t% = .683/k. Area under the
curve was calculated by the trapezoidal rule for the
measured concentrations during the dosing interval
plus the last time point/k'®. Electrocardiographic
data (ECG_,,) of the two treatment periods and base-
line were compared using the Scheffe-F test for re-
peated measures.’ Area under the curve of the QTc
over the 12-hour terfenadine dosing interval before
and after the addition of itraconazole were compared
using the Wilcoxon signed-rank test. A value of P <
.05 was required to reject the null hypothesis for all
statistical comparisons.

RESULTS
Subject Demographics and Laboratory Results

No subjects were excluded during the screening and
enrollment process. Laboratory values for potas-
sium, magnesium, and calcium were within the nor-
mal range for all subjects. Table I shows the demo-
graphic characteristics of the six subjects.

Pharmacokinetics

After the first dose of terfenadine, the mean Cmax +
standard error of the mean of the acid metabolite was
469 ng/mL + 136 (range, 243-1136 ng/mL), which is
in accordance with published values for single 120-
mg dosing (Figure 1).7 The tmax of acid metabolite
was 2.3 + .3 hours (range, 2-4 hours). After 1 week
of itraconazole, the pharmacokinetic parameters

ANTIHISTAMINE /ANTH-INFLAMMATORY AGENTS

TABLE |
Subject Demographics

Subject Age Gender Helght Welght
Number {Years) (M/F) (Inches) (kg)

1 24 F 67 52

2 35 M 65 68

3 33 F 67 61

4 29 F 66 75

5 31 M 72 79

6 31 F 65 ' 73

(Cmax, tmax, and AUC) for the acid metabolite were
significantly changed. Maximum peak plasma con-
centration of the acid metabolite ranged from 126 to
380 ng/mL (mean = 272 + 37 ng/mL}, and time to
maximum concentration increased to 5.7 + 0.6 hours
(range, 4-8 hours). The mean acid metabolite AUC,_,
increased 30% (2732 ng-hr/mL to 3549 ng- hr/mlL,
Figure 1 and Table II}; however, this change was not
statistically significant.

Three {Subjects 1, 3, and 6) of the six volunteers
had guantifiable maximum concentrations of unme-
tabolized terfenadine {Cmax = 8.0, 8.0, and 6.9 ng/
ml, respectively) during the first pharmacokinetic
profile. In contrast, at the time of the second pharma-
cokinetic profile, all six subjects demonstrated easily
quantifiable concentrations of unmetabolized ter-
fenadine. Subjects 1, 3, and 6 had higher concentra-
tions of unmetabolized terfenadine (Cmax = 17.2,
10.0, and 17.7 ng/mL, respectively) after the addi-
tion of itraconazole. Figure 2 shows the individual
concentration-time curves for unmetabolized ter-
fenadine administered after 1 week of itraconazole,
demonstrating marked intersubject variability in
AUC and Cmax.

Pharmacodyhamics

Symptoms. None of the six subjects displayed any
unusual reactions or offered any subjective com-
plaints during administration of terfenadine and
itraconazole individually or in combination. Sub-
jects were specifically questioned for any dizziness,
palpitations, chest discomfort, shortness of breath,
headaches, drowsiness, sleep disturbances, or gastro-
intestinal distress, and all denied such problems.

Electrocardiographic Findings
There was no significant change in the corrected

mean QT interval or AUC of the corrected QT inter-
vals after terfenadine alone. For the group, the mean
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Figure 1. Mean acid metabolite concentration~time graph of six
subjects receiving single-dose terfenadine along {solid line and
markers) and with concomitant itraconazole {(broken line and open
markers). Error bars represent standord error of the mean.

maximum baseline QTc was 410 + 9.1 msec (Mean +
SEM), which increased to 425 + 9.0 msec after the
single dose of terfenadine. The addition of itracona-
zole to terfenadine resulted in a significant increase
“from baseline to 432 * 11.5 msec, which was asso-
ciated with detectable levels of unmetabolized ter-
fenadine in the blood (Table II). Figure 3 shows the
mean QTcintervals during the dosing interval aftera
single dosing of terfenadine before and after 1 week
of itraconazole. The difference in areas under sach
curve {AUC) was also statistically significant (Table

dua]itative morphologic analysis of the 12-lead
ECGs did not demonstrate significant changes. The
signal-averaged electrocardiograms failed to show in-

creases in QRS duration or evidence of late poten-
tials.

tions.’® Based on its chemical and structural similar-
ity to ketoconazole, labeling included a contraindi-
cation for concomitant use of terfenadine. This deci-
sion did not reflect the results of prospective clinical
studies investigating this drug combination in a con-
trolled fashion; however, the FDA has four well-
documented reports of severe cardiac complications
resulting from this interaction (Personal Communi-
cation: M. Sevka, FDA). One case involved a 28-year-
old woman who had prolonged QT intervals and
torsades de pointes accompanied by measurable
concentrations {28 ng/mL) of unmetabolized terfen-
adine. This patient was rechallenged with a single
120-mg dose of terfenadine without itraconazole and
had no quantifiable concentrations of unmetabo-
lized terfenadine. Another report involved the death
of a 21-year-old woman receiving both terfenadine
and itraconazole who had quantifiable (10.8 ng/mL)
antemortem blood concentrations.

This study demonstrates the pharmacokinetic in-
teraction as shown by the accumulation of the un-
metabolized parent drug and, more importantly,
shows the consequences of this accumulation,
which are changes in electrocardiographic repolar-
ization. The effect may have been more profound if
dosing to steady-state had been performed, as in the
design of a terfenadine-ketoconazole intsraction
study in which comparable concentrations of unme-
tabolized terfenadine were accompanied by pro-
found alterations in cardiac repolarization.’

£ wp / l\ DISCUSSION

L]

2 » $ T Itraconazole was approved by the FDA in 1992 for
2 t LN I the treatment of severe systemic mycotic infec-

é . -

2

<

TABLE 0}
Acid Metabolite Pharmacokinetic Parameters

Subject Coae (nG/ML) C s {(ng/ML) AUC (ng®hr/ml) AUC (ng®hr/mL) t 1/2 (hr) t1/2 (he)
Number T alone T + itraconazole T Alone T + itraconazole T Alone T + itraconazole

1 1136 318 5666 3441 3.7 6.1

2 294 126 1853 1602 3.1 6.1

3 337 273 2213 2809 3.1 4.7

4 421 380 2143 4058 33 4.4

5 243 219 1792 3215 3.7 6.

6 388 317 2724 6171 3.6 103

Mean + SEM 470 + 136 272 + 37* 2732 + 603 3549 + 622 34+.12 6.3 + .B6*

® indicates significant difference (P < .05)

1204 e J Clin Pharmacol 1993;33:1201-1206
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Figure 2. Individual single-dose terfenadine concentration-time
profiles of the six subjects after receiving itraconazole for 1 week.

Marked intersubject variability in the magnitude
of itraconazole-induced changes in terfenadine phar-
macokinetics was found. This may be due to several
factors, including intersubject variability of the bio-
availability of itraconazole or terfenadine. Alterna-
tively, the cytochrome responsible for the oxidative
metabolism of terfenadine may be variably ex-
pressed in the human population. Nifedipine has a
large intersubject pharmacokinetic variability and is
thought to share metabolic pathways with terfena-
dine.” It is certainly plausible that the wide popula-
tion variability in the metabolic capability of this cy-
tochrome may explain the detection of small quanti-
ties of unmetabolized parent compound while on
terfenadine alone and the wide variability in the
magnitude of inhibition by itraconazole across this
relatively small group.

The design of this single-dose interaction study
produced a different pattern in the before/after con-
centrations of acid metabolite than seen in previous
steady-state terfenadine interactionstudies.* An ex-
planation is offered by the fact that the acid metabo-
lite is further oxidatively metabolized to an inactive
second metabolite.!® A steady-state interaction study
may allow for inhibition of this second process and
accumulation of the acid metabolite. This hypothe-
sis is substantiated by analysis of the extrapolated
single-dose AUC data that shows an increase after
the addition of itraconazole (Table II).

This study shows that itraconazole alters the me-
tabolism of terfenadine, leading to the accumulation
of the cardiotoxic unmetabolized parent compound
and alteration of cardiac repolarization in all sub-
jects studied. Prolongation of the QT interval sug-
gests an increased risk for torsades de pointes.*® Sig-
nal-averaged electrocardiography was performed in
an attempt to detect any effect on conduction as de-
termined by total QRS duration and late potentials
that may be a marker for individual susceptibility to
reentrant ventricular tachycardia. No evidence of
late potentials was found in this study; however,
most of the literature demonstrating the predictive
utility of this technique involves studies with post-
myocardial infarction patients and may not apply to
this drug-induced condition.®

An itraconazole-only arm to control for the effects
of this antifungal agent on the electrocardiogram was
not performed throughout the entire dosing interval
because itraconazole is not known to have clinically
significant effects on cardiac repolarization. Because
the predose electrocardiograms and signal-averaged
studies after 1 week of itraconazole were unchanged
from baseline, we believe that the likelihood of itra-
conazole confounding the electrocardiographic find-
ings is small.

TABLE Wil
Electrocardiographic Outcome Parameters
Subject Basaeline QTc QTc MAX (msec) QTc MAX (msec) AUC of ECG AUC of ECG
Mumber {msec) T Alone T + ltraconazole T Alone T + Hraconazole
1 355 377 416 4887 5003
2 372 371 385 4670 4660
3 398 416 441 5296 5612
4 378 410 418 5009 5067
5 388 382 409 4867 4928
6 366 388 431 4968 5046
Mean + SEM 376 £6.3 39075 417 £ 7.9* 4950 + 84 5053 + 127¢
® Indicates significant difference from baseline and terfenadine alone periods. t Indicates significant difference from AUC during terfenadine sione peviod,
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Figure 3. Mean QTc measurements of the six subjects during the
dosing interval {12 hours) for single-dose terfenadine alone {solid
line, solid markers} and after 1 week of itraconazole (broken line,
open markers). Error bars represent standard error of the mean.

It is still unknown what factors are responsible for
the individual susceptibility to cardiac arrhythmia
in patients concomitantly receiving itraconazole and
terfenadine. Terfenadine is known to have other me-
tabolites that also may contribute to the electrocar-
diographic effects we have described.’®

Furthermore, as demonstrated in this study, there
exists large interindividual pharmacodynamic vari-
ability in QT response as well as the wide variability
in the pharmacokinetic effect of itraconazole on ter-
fenadine. It is imperative that awareness of this po-
tentially fatal drug-drug interaction in the prescrib-
ing community be achieved. It is important to dissem-
inate the knowledge of this drug-drug interaction to
health care practitioners through continuing educa-
tion and appropriate product labeling,'®*!

The authors thank Drs. Gregory Burke and Michael Sevka of
the FDA for their cooperstion in this study. They thank Ms. Kris.
tine Hoffman for her excellent technical assistance. They are
grateful to Al Szkutnik and the Pharmacy staff, WRAMC.
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0 CASE REPORT [

Successful Treatment of Cerebral Aspergillosis with a High Oral
Dose of Itraconazole after Excisional Surgery

Tomihiro IMai, Toshiyuki Y amMamoro, Shingo Tanaka, Motoi Kasuwact, Susumu CHiBa,

Hiroyuki MrsuMoro and Teiji Uepe*

We report a case of cerebral aspergillosis which originated from the sphenoid sinus, and
involved a progressive decrease of visual acuity. The neurological signs indicated a cavernous
sinus invasion. After extensive intracranial surgery we treated the residual aspergillosis with a
‘high oral dese of itraconazole (800 mg/d for 4 months, followed by 400 mg/d for 5 months). The
neurological irapairments of the patient graduaily subsided with the resolution of the fungal le-
sion shown on MRI. The successful therapy indicated that itraconazole has a significant role in
the treatment of advanced cerebral aspergillosis if it is used in high doses (16 mg/kg/d for adults).

(Internal Medicine 38: 829-832, 1999)

Key words: fungus infection, sphenoid sinus, brain abscess, MRI

Introduction

Cerebral aspergillosis due to a primary infection of the na-
sal sinuses is common in hot and dry areas such as the Sudan,
but it is rare in Japan (1, 2). This form of cerebral aspergillus
infection has a very poor prognosis in spite of intracranial sur-
gery and conventional antifungal therapy. Recent reviews sug-
gest that high-dose itraconazole (ITZ) is a suitable treatment
for cerebral aspergillosis (3). We report a case of a skull base
aspergillus infection which originated from the sphenoid si-
nus. It was successfully treated with high-dose ITZ.

Case Reports

~ In September 1996 a 47-year-old man with a history of

poorly controlled diabetes mellitus was admitted to the De-
partment of Ophthaimology in our hospital. He presented with
a Joss of left visual acuity which had developed in 1 month.
Following a tentative diagnosis of optic neuritis, he received
high doses of intravenous corticosteroids as a treatment. How-
ever subsequent cranial computed tomography (CT) showed
an enhanced lesion in the left sphenoid sinus and also the left
optic canal. An external sphenoidectomy was performed and a
thick pasty material was aspirated. When the aspirated mate-
rial was examined microscopically numerous aspergilli were
evident. The treatment was then changed to intravenous
fluconazole (FLCZ) at 200 mg/d (equivalent to 2 mg/kg of body
weight) for 1 week, and then increased to 600 mg/d (equiva-

From the Departments of Neurology and *Neurosurgery, School of Medicine

lent to 12 mg/kg of body weight) for the next 2 weeks, but no
clinical improvement was observed. Cranial magnetic reso-
nance imaging (MRI; GE Signa 1.5 tesla system) of the patient
revealed a direct extension of the lesion from the left sphenoid
sinus to the left frontal lobe (Fig. 1 and 2A). The patient was
transferred to the Department of Neurology in October 1996.
On admission he complained of a dull pain in the left frontal
area which subsided after nonsteroidal anti-inflammatory drug
administration. The patient was afebrile, completely corscious
and well-orientated, but blind ip the left eye with a Marcus-
Gunn pupil. Neither extraocular muscle weakness nor ptosis
were observed. The other cranial nerves and the cerebellum
were intact and abnormalities in the trunk and limbs were not
detected. The results of routine hematological and biochemi-
cal investigations were within normal limits. The erythrocyte
sedimentation rate was normal, and the result of a test for C-
reactive protein was negative. The total protein and cell count
in the CSF were 65 mg/dl, and 1 lymphocyte and 2 neutrocytes
per mm?, respectively. The patient’s diabetes mellitus was con-
trolled by insulin therapy and repeat electroencephalograms
indicated the absence of any abnormality. After admission he
developed ptosis and weak extraocular muscles due to a left
oculomotor palsy, but he did not complain of double vision
(due to left blindness). -

Treatment with ITZ was started initially at 200 mg/d, po,
together with FLCZ (600 mg/d, iv). An incomplete recovery
of the left extraocular muscles was obtained by this regimen
within 2 weeks. Subsequently the FLCZ was reduced and he
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was kept on ITZ at 200 mg/d for 2 months. Proliferation in the  intensity-enhanced cyst at the frontal lobe base (Fig. 2A and

dura adjacent (o the left ethmoid and sphenoid sinuses and an  B) were consistently shown in serial cranial MRIs. Due to a
sudden increase in headaches in the left forehead and decreased
visual acuity of the right eye, he returned to our department in
February 1997. Cranial CT scans revealed a new fungal lesion
which had expanded beyond the midline to the right optic ca-
nal and involved the right optic nerve. The CT scans did not
reveal a granulomatous lesion or fluid retention within the right
sphenoid and ethmoid sinuses. On the basis of these findings,
we concluded that the sudden loss of right visual acuity was
probably caused by constriction of the optic nerve by the granu- -
lomatous aspergillus lesion within the right optic canal.

A right frontotemporal craniotomy was immediately per-
formed to decompress the right optic nerve. It was observed
that the dura over the medial part of the right pterion, tubercu-
lum sella and planum sphenoidale was covered with a thick,
soft and grayish-granulomatous tissue. The lesion around the
right optic nerve was removed meticulously and the roof of the

Figure 1. Axial postcontrast T1-weighted image by Gd-DTPA  right optic canal was also removed so that the optic nerve was
show an invasive aspergillosis from the left sphenoid sinus to the sufficiently decompresscd. Although cranial MRIs demon-
skull base involving the orbital apex. strated an aspergillus brain abscess in the deep medial frontal

Figure 2. Coronal postcontrast T1-weighted images by Gd-DTPA displayed a cyst and an intensity-enhanced
dura at the left frontal lobe base during ITZ therapy of 200 mg/d (A. October 8, 1996; B. November 1, 1996). Re-
peated MRIs failed to show the enhanced cyst (C. March 3, 1997) and the thickness of the dura (D. July 7, 1997) while
the therapy was 400 mg/d of ITZ.
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lobe (Fig. 2A and B), excisional suigery did not approach the

abscess so that the dura remained intact. A histopathological
examination of the resected tissue showed the presence of as-
pergillus hyphae with reactive inflammatory cells. Mucormy-
cosis, which is more common in poorly controlled diabetes
mellitus (4), was not present in the tissue.

His visual acuity and right eye movements recovered im-
mediately after the excisional surgery. The dose of ITZ was
increased to 600 mg/d (equivalent to 12 mg/kg of body weight)
for the next 4 weeks, and then to 800 mg/d (equivalent to 16

.mg/kg of body weight). The scrum concentration of the anti-
fungal drugs, measured by high power liquid chromatography
(5), ranged from 213-866 ng/ml for ITZ and 714-2,355 ng/ml
for hydroxyitraconazole (hydroxy-ITZ) at a dose of 200-600
mg/d ITZ (equivalent to 4-12 mg/kg of body weight). After
the dose of ITZ was increased to 800 mg/d, the concentrations
rose dramatically to 2,561 ng/ml (ITZ) and 4,962 ng/mi (hy-
droxy-ITZ). Mainly because of their lipophilic characteristics,
neither ITZ nor hydroxy-1TZ was detectable in the CSF until
the oral ITZ dose reached 800 mg/d. When the patient received
800 mg/d of ITZ for 4 weeks, the CSF concentrations of ITZ
and hydroxy-ITZ were 16 and 83 ng/ml, respectively. The left
extraocular muscle movements gradually improved with high
therapuetic doses of ITZ (800 mg/d) but the left eye remained
blind. The patient received 800 mg/d of ITZ for 4 months, fol-
lowed by 400 mg/d for S months. Complete recovery of bilat-
eral extraocular muscle movements was achieved within 3
months after the surgery. Cranial MRIs showed neither a fun-
gal abscess in the frontal lobe (Fig. 2C) nor thickening of the
adjacent dura (Fig. 2D) and the cavernous sinus was not en-
hanced. The patient developed facial pigmentation, eruption
of the skin on the upper limbs and trunk, and postural hand
tremor during high therapeutic doses of ITZ. Laboratory find-
ings revealed a moderate serum ACTH elevation at 800 mg/d
ITZ. All these changes were side effects due to the high dose
of ITZ. The skin changes and postural hand tremor eventually

disappeared, and the serum ACTH level returned to normal
when the dose was reduced.

Discussion

Invasive aspergillosis is usually either a scrious complica-
tion of immunosuppressive treatment or diseases which pro-
foundly impair normal immunity. Aspergillus infection has been
noted in almost every organ and system of the human body
(6). Involvement of the lung, sinus, bone and brain was rela-
tively common in the review of 2,121 published cases with
invasive aspergillosis (6). Histologically, 20 of 32 necropsies
of invasive aspergiliosis showed a wide range beyond the lungs,
with the brain being the most common site (7).

Invasive aspergillosis from the sinuses into the skull base
often affects the orbits, the cavernous sinuses, and involves
the cranial nerves. In an advanced stage it causes carotid ar-
teritis, carotid occlusion, meningitis and brain abscesses. The
mortality rate is very high in the advanced condition (2). At
present, there is no completely effective treatment for aspergil-

Internal Medicine Vol. 38, No. 10 (October 1999)

Cerebral Aspergillosis

lus brain abscesses. Aspergillus abscesses with capsules are
often suigically drained or removed, depending on the size and
location of a lesion, yet this is rarely curative. Any successful
outcome in the reported cases with cerebral aspergillosis can
be attributed to a combination of aggressive surgery supple-
mented by the use of antifugal drugs, including ITZ (8).

Amphotericin B is the only antifungal agent licensed in the

United States of America for the treatment of aspergillosis (9).
The side effects of this agent frequently include febrilc reac-
tions and nephrotoxicity (10), and its efficacy is said to be sub-
optimal (9). To attain a significantly higher tissue level with
less toxicity than conventional amphotericin B (8), a lipid for-
mulation of amphotericin B has been recommended as the first-
line therapy for cerebral aspergillosis. However this drug has
not been available in Japan. A significant efficacy of miconazole
and FLCZ for human aspergillus infections (6) has not been
demonstrated. Indeed in the present case, even at high doses,
FLCZ did not prevent progression of the disease.

Itraconazole is a triazole derivative with a broad antifungal
spectrum which includes the aspergillus species (11-13); it is
been available as an oral preparation. lts distribution in human
tissues has been studied after single or repeated oral adminis-
trations of 100 mg or 200 mg (14). Although concentrations of
ITZ were below 1-2 ng/ml in most body fluids, the tissue con-
centrations of ITZ were much higher, indicating extensive dis-
tribution of the drug to the tissues. In humans neither the brain
nor meningeal concentration has been determined, however in
dogs, during long-term administration the amount of the drug
at either site was slightly more than that in the plasma (14). In
general 1TZ appears to be tolerated well (15) and most of the
reported adverse reactions are transient. Gastrointestinal reac-
tions, mild dyspepsia, heat burn, nausea, vomiting, diarrhea
and epigastric pain are not uncommon. Administration of high
doses gives rise to an increased incidence of side effects: among
those documented are severe hypokalemia, reversible adrenal
insufficiency and arrythmias. The latter is connected with an
interaction with terfenadine. Skin rashes and pruritus have also
been reported as hypersensitivity reactions (15). Consequently
it is necessary to watch for possible side effects, and to moni-
tor serum concentrations of ITZ during high dose administra-
tion. The bioassay technique employed in the present study
measured both ITZ and its major active metabolite, hydroxy-
ITZ (16). There are no defined concentrations of ITZ and hy-
droxy-ITZ that consistently yicld a predictable and favorable
response against invasive aspergillosis (9). In general, how-
ever, higher concentrations appear to be desirable. Recent re-
ports have recommended the use of high dose ITZ for high-
risk patients with cerebral aspergillosis for whom conventional
therapy has failed (3, 17). On the basis of our experience, we
strongly recommend high doses of ITZ combined (if neces-
sary) with radical surgery for the treatment of advanced cere-
bral aspergillosis.
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ABSTRACT

The synthesis of new urea-bridged B-cycladextrin dimers (CDs) has been successfully
achieved by a one-pot transformation of 6-monoazido-6-monodeoxy-3-CDs (1 and 2)
via the phosphinimines. Pseudo-first-order rate constants for hydrolysts of bis-(p-nitro-
phenyl)}-phosphate (BNPP) by metal-complexes of 7 have been measured.

1. INTRODUCTION

Although a large number of synthetic compounds have been designed as biomimetic host
molecules [1], only few of them reproduce characteristics of enzymatic action.

In the design of artificial enzymes cyclodextrin hosts are highiy available compounds and
have interesting properties. Hydrophobic binding of non-polar substrates in water can be
achieved with hydrophobic cavities of natural or modified cyclodextrins (CDs). Among
numerous published cyclodextrin conjugates [2] cyclodextrin dimers have a special status
and notably can bind appropnate substrates very strongly [3].

Another important feature of CD dimers is that the doubly-bound substrate i1s normally
stretched along the hnker. In the case of linkers containing a catalytic group, this leads to
striking rate acceleration. A representative example was recently reported by Breslow
{4]. The dimer including bipyridine moiety is able to coordinate Lz"" ion and hydrogen
peroxide molecule to result in oxidative hydrolysis of phosphate anion or neutral pho-
sphate triester with high rate acceleration.

Considering the increasing interest of this field and the necessity to develop new systems
to improve the properties of the previously described enzyme mimics (e.g., selectivity,
rate acceleration, chelation) we decided to bring a new contribution with the synthesis of
a full family of novel B-cyclodextrin dimers.

Journal of Inclusion Phenomena and Molecular Recognition in Chemistry 25: 53-56, 1996, 53
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54 1. KOVACS ET AL.
2. MATERIALS AND METHODS

6-Monoazido-6-deoxy-B-cyclodextrin (1) was prepared according to the literature {5, 6]
but with only a slight excess of sodium azide (1.2 mol). Acetylation of 1 with pyndine/
acetic anhydride at 80°C afforded the peracetylated 2 as white powder (m.p. 155-157°C)
in 91% yield. Phenanthroline-2,9-bis-(2-aminoethyl)-carboxamide (§) was obtained as
yellow powder from phenantroline-2,9-dicarboxylic acid dimethyl ester with ethylene di-
amine in 90% yield. Hydrocortison, Ketoconazole and Itraconazole were isolated from
commercially available drug formulations by extraction with organic solvents.
Solubility isotherms were measured at 25 £ 1°C, with 48 h equilibration in a Millipore
reverse osmotic purified water. Stability constants were determined for 1 : 1 complex
composition by linear curve fitting to the solubility isotherms (Table 1). Kinetic measu-
rements were carried out in HEPES buffer (pH 7.06) at room temperature, using dimer 7
(0.2mM), CuCh, ZnCl, or EuCl; (0.2mM), H,0, (48mM) and bis-(p-nitrophenyl)-pho-
sphate (BNPP) (0.06mM). Concentration of p-nitrophenol, resulted by the hydrolysis,
was determined by UV/vis spectrometer at Ay = 400 nm and the rate constants were
calculated (Table 2).

3. RESULTS AND DISCUSSION

Hitherto, CD dimers bridged with carbon-sulfur single bonds were obtained by direct
condensation of dithiols with 6-monoiodo-6-mono-deoxy-B-cyclodektrin [7].

We report here the synthesis and characterization of four original symmetrical CD dimers
with urea linkage or with a spacer which contains diamino and urea moieties.

For the synthesis we used the sugar phosphinimine reaction, i e., conversion of azido su-
gars with triphenylphosphine and CO,. From protected azidosugars the reaction leads to
the formation of carbodiimides [8] in which two sugar units are linked with carbodimide
bridge. In contrast, from unprotected sugar azides cyclic carbamates [9] were obtained.
Both syntheses were carried out either in two steps or under one-pot conditions. Recent-
ly, we have found that similar transformation of azidosugars, in the presence of amines,
furnishes urea derivatives of the aminosugars corresponding to the starting azides [ 10].
Application of the reaction to 6-monoazido-6-monodeoxy-f3-cyclodextrin (1) gave rea-
dily the dimer 3 in which the two CD units are bound with urea linkage (Scheme 1). Si-
milarly, the peracetyl compound 2 afforded the acetylated urea-linked dimer (4) and not
the corresponding carbodiimide. Formation of 4 can be attributed, very probably, to the
presence of water molecules complexed by 8-CD. Dimer 4 was also obtained by acetyla-
tion of 3 in pyridine/acetic anhydride at 80°C providing evidence for the structure of both
molecules (Scheme 1).

Under similar conditions, but in the presence of phenantroline-2,9-bis~(2-aminoethyl)-
carboxamide (5) 2 gave a new dimer (6) in which the two B-CD units are linked sym-
metrically to the phenantroline-bis-carboxamide motety with urea units. Deacetylation of
6 by the Zemplén method gave the hydroxy denvative 7 (Scheme 2).

The structures of the new dimers were corroborated by NMR showing the characteristic
signals of the CD, phenantrolyl and urea moieties. Data of FABMS analyses matched
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Stability constants of dimers 3 and 7 were determined and compared with those of 3-CD
(Table 1).
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Table 1. Stability constants of urea-bridged 8-CDs and 8-CD with various drugs

K [dm’ mole’]
CD-compound Ketoconazole Itraconazole Hydrocortisone .
3 131 : 101 2481 -
7 535 28
B3-CD 939 250 6111

Complexes of dimer 7 with cations were formed and the rate constanis of BNPP hydro-
lysis were measured under pseudo-first-order conditions (Table 2).

Table 2. Rate constants of BNPP hydrolysis by dimer 7

Compounds Time(s) k(s Time(s) Ka(s™)
7-Cu®* 0<t<180 9.55x10™ 180<1<7.2.10° 1.60x10”
Cu® 0<1<10.8x10° 8.62x10°  64.8x10°<1<97.2x10° 5.69x10°® :
7-Eu™ 0<t<240 3.10x10°° 300<t<90x10* 2.10x10%
Eu® 0<t<70.2x10° 6.45x107  75.6x10°<1<163 8x10° 2.39x107
7-Zn** 0<1<7.2x103 8.03x10°  9.0x10°<i< 14.4x10° 1.80x10”
Zn* no hydrolysis afler 72 h

4. CONCLUSION

Structures of the new CD dimers allow to conclude positively for the scope of this me- L
thodology in the synthesis of such denivatives. The calculated complex constants for 1:1 b
complex compositions are in a similar range to those of 3-CD. Complexation of Hydro-

cortison by the dimer 7, however, is more complicated. The low solubility of the com-

plexes are the limits of their application to steroids and conazole-like drugs.
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Nor are Hunter and colleagues’ PCR data convincing, It would
have been surprising not to find trypanosomal DNA in the brain of
patients who died only 3-19 days after initiation of therapy, and
these workers have no arguments supporting their contention that
this implies the presence of live trypanosomes.

It was shown four decades ago thatin T brucei rhodesiense sleeping
sickness, graded dosing of melarsoprol decreases the frequency of

‘PTRES This has not yet been proved in gambiense

trypanosomiasis, and it is still standard practice to iniriate reatment
with the full dose on the fisstinjection (3-6 mg/kg), to reduce the risk
of treaument failures. The minimum effective dose of melarsoprol is
not known, and studies with another enimal model have suggested
that 0-9 to 1-8 mg/kg daily may be sufficient,® so that the currently
used daily dose may already be overcurstive. This finding
highlights thar what is urgently needed is more aggressive research,
with properly designed trials involving large numbers of patients, to
answer these very simple questions,

As clinicians who have treated more than 1500 patients with
gambiense trypanosomiasis, we are very well aware that
melarsoprol treatment is much like playing Russian roulere. We
believe that the more aggressive reatment regimens that Hunter et
al propose would be equivalent to increasing the number of bullets
in the cylinder—perhaps killing the paresites more rapidly but at
what cost to the patient?

Université de Montéal,

Montrés!, Québec, H1N 1A2 Canada FRANCOIS MILORD
Université da Sherbrooke,
Sherbrooke, Québec JACQUES PEPIN
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Eosinophilia, clozapine, and pancreatitis

Sir,—Clozapine has fewer extrapyramidal side-effects thsn
conventional newroleprtics, although it has a particular spectrum of
adverse reactions.’ Acute pancreatitis associated with clozepine has
been reported.? We report a second case of pancreatitis that also
seems 1o have been caused by clozapine.

A 17-year-old woman who continued to have psychotic
symptoms despite treatment with conventonal neurcleptic was
started on clozapine. After 2 weeks at 100 mg per day, her psychotic
symptoms diminished. Other medications were lithium,
propranolol, haloperidol, and valproic acid. She had pyrexia,
naused, vomitng, right upper quadrant pain, and tachycardia.
Galibladder studies were normal. Leucocytes (185 x 109/,
eosinophils (19%), amylase (231 U/ml, normal = 16~108), alkaline
phosphatase (147 TU/l, 0~41), and erythrocyte sedimentation rate
(60 mm/h) were increased. We presumed clozapine-induced
pancrestitis. Because of the associadon between valproic acid and
pancreatitis,’ valproic acid was stopped with no change in her
symptoms. Clozapine was then stopped and her somaric symptoms
resolved within a few days. Her psychiatric status deteriorated and

.. 30 days later, clozapine was restarted. Her somatic symptoms

recurred within 2 weeks. Leucocyte count rose to 14-8 %'10°/1 (no
differental was done). Clozapine was stopped and her somatic
symptoms resolved. The patient has been off clozapine for the past 2
years with no recurrence of pancreatitis.

There was a temporal relation between the use of clozapine and
wo episodes of abdominal symptoms with pyrexia and increased

leucocyre count, with a clear “on-off-on” partern. The patient also
had mn eosinophilia (which has been reported with clozapine)** at
the time of the first episode of pancreatitis, suggesting & possible
allergic aetology.
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Hepatic injury associated with
itraconazole

Sir,—Liver enzyme may be slightly raised during treatment with
the antimycotic itraconazole.!? We describe three cases of
sympromatic hepatic injury associated with this drug.

Case 1 (62/F, itraconszole 100 mg twice daily for
onychomycosis)-5 weeks later she complained of malaise, nausea,
pain in right flank, pale stools, and dark urine, Itraconazole was
stopped. There was no history of alcohol abuse, operations, or
transfusions and she did not use other drugs. Laboratory values are
shown in the table. Ultrasonography revealed a mildly enlarged
liver, 2 weeks later she had prurits, weight loss, and jaundice. Total
bilirubin and conjugated bilirubin increased to 97 pmol/l and 80
pmol/l, respectively, whereas the other values gradually decreased.
2 months later all laboratory indices were normal.

Csse 2 (75/M imaconazole 200 mg twice daily for
bronchopulmonary aspergiliosis)In the sixth week of treatment
he was jaundiced. There was no history of transfusions or
opemtions and be did not use other drugs. Iwaconazole was
discontinued, Echography of the liver and biliary tract showed
no sbnormalities. Serum bilirubin increased o 2 maximum of
183 umoljl. 10 weeks later all liver function tests were normal.

Case 3(57/F itraconazole 100 mg twice daily for chronic mycosis
of soles and e nails}—5 weeks later she had a temperarure of
40-2'C, snorexia, headache, and insomnia. She used ropical
imidazole bur no other drugs and there was no history of
transfusions or operations., Itraconszole was stopped and the
patient received 30 mg prednisone for 5 days, which resulted
in disappearance of pyrexia and subjective symproms,
After discontinuation of itraconazole, alkaline phosphatase and
y-GT increased slightly during 10 days to 392 Ujl and
275 UJl, respectively. 1 month later, laboratory data were simost
normal.

LABORATORY AND SEROLOGICAL INDICES

— Case 1 Case 2 Case 3 Nomnal
Alkaline phosphatase .
un 593 716 280 40-120
Aspsrate aminotrans-
fersse (UMD 124 ' 58 182 <25
Alanine aminotrans-
ferase (U 227 106 272 <25
¥~GT (ufl) 307 485 27 <35
Tora! bilurubin {(pmolfl) k4 130 - 8-16
Conjugated bilirubin
(umol/) 27 - - <5
Lactate dehydrogenase
1 292 - 409 110-270
Hepatitis A - - - .
Hepatitis B - - -
Toxoplasmosis IeG+/lgM—| ND -
Epstein-Barr virus IgG+/IgM~| - |lgG+/lgM~
Chlamydis virus ND - ND
Cyromegalovirus - - |IgG+{IgM-
Coxiglia burnstii ND - ND

7-GT =gsmma-glutamy! transferase. NO =not done. — = nsgative.
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Itraconazole was probably the cause of liver damage in these three
patients because other common causes of hepatic injury were
excluded and because there was a clear temporal relation between
inteke and onset of the reaction. Moreover all patients recovered
after discontinuation of treatment. Itraconazole is related to
miconazole and ketoconazole, for which several cases of
symptomatic hepatic injury have been reported.® The mild and
transient liver enzyme elevations, the paucity of immunoallergic
signs, the delayed latent period, end delayed reaction to rechallenge
are compatible with metabolic idiosyncrasy to a mildly intrinsic
hepatotoxin.

Although the structures of itraconazole and ketoconazole are
gimilar there are pharmacodynamic differences. Whereas
ketoconazole influences microsomal cytochrome P-450-dependent
monoaxygenases,* a similar effect has not been demonstrated for
itraconazole.* But both drugs may increase cyclosporin blood
concentratons.’® We conclude that it is highly likely that
itraconazole can cause liver injury. It may be advisable o monitor
serum liver enzymes in patients who receive (long-term) therapy
with itraconazole.
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immunisation of infants in Iceland against
Haemophilus influenzae type b

Sir~~In May, 1989, a national vaccination programme against
Haemophsius influsnzae type b (Hib) was started in Iceland with the
first conjugate vaccine available, a capsular polysaccharide of Hib
linked to diphtheria voxoid (PRP-D, Connsught Laboratories).
Children aged 3 months 1o 3 years were offered this vaccine during
the first year (about 17 000 children), PRP-D was given to infants at
age 3, 4, 6, and 14 months with triple vaceine. Children who were
4-14 months when the programme started received two or three
doses according to age, and those who were 15 months to 3 years
were given one dose. The age groups up to and including 24 years
received PRP-D at & regular visit to a health centre, bur children
over that age had o come in for an extra visit, and not afl came. In
Reykjavik (about 50% of the population) a few hundreds older than
2} years did not auend although twice invited by letters to their
parents.’ Infant immunisations in Iceland are free. If an infant does
not tum up as scheduled, parents are called and reminded of the
visit, Coverage of infant immunisations generally reaches 95-97%,
Parents, however, have an option whether to accept immunisation
for their children or not. Occasional parents did not want this new
vaccine,

During 1974-88 H influensae meningitis was confirmed in 133
children under 5, an incidence of 43 per 100 000. Abour 70% were
under 2, 9% under 6 manths, and 7% were 4-9 years, Their median
age was 16 months, 1 of these children died and a few were left with
sequelse. During this period Hib bacteraemia without meningitis
was confirmed in 64 children under 5; many had accompanying
focal infections but all survived. Their median age was the same as
those with Hib meningitis.?

In 1989 Hib meningitis was oconfirmed in 8 children, alf of whom
were unvaccinated except 1 baby aged 3 months who had received
one dose of vaccine 12 days before the illness. These children all
survived, but 1 had ol hessing loss. Hib bacteraemin withour
meningitis was confirmed in 4 children in 1989; all survived. 3 of these

157

and on the of
humsn liver microsomes, Br § Clin Pha-mamll%l;u: 624-26.

Loss of taste and terbinafine

memjuhhn(]une 13, p 1483) reported loss of maste ing
46-yw—old womsn receiving treaunent with 250 mg twerbinafine
(Lamisil, Sandoz) for Trichophyton rubrum infection of her toenails.
Since the only other drug taken By the patient was a combined oral
contraceptive (lyneswenol plus ethinyloeswradiol) Juhlin considered
the possibility of drug interaction, and in so doing misinterpreted a
paper from my research group.! This paper presented dats from an
in-viro smdy in which two antimycotic drugs, the azole
ketoconazole and the aflylamine rerbinafine, were examined for
their effects on the metabolism of seversl drugs including
ethinyloestradiol (EE,). At 50 pmol/l terbinafine, the enzyme
hydroxyiating the steroid (EE, 2-hydroxylase) was inhibited by
30%. We speculated that terbinafine and EE, may be substrates for
the same cytochrome P-450 isoenzyme but that it is noteworthy that
maximum plasma concentrations following 250 mg terbinafine are
only 3 umol/l (ie, 16 times less than concentrations used in vitro),
We were therefore iooking specifically at the effect of terbinafine on
EE, metbolism and not vice-versa; we have no evidence that EE, is
inhibitory towards terbinafine (as stated by Juhlin), We still await
definitive identification of the specific isoenzyme(s) responsible for
terbinafine metabolism.
‘Terbinafine has a low porential for interactions with other drugs.

children were unvaccinated, but 1 had received one dose at 7 months
and developed epiglotitis at 12 months.’ Since 1989 no case of Hib
meningitis has been confirmed in Iceland, but 2 children have had
Hib bacteraemia (besides 2 newborn babics). | was in January, 1950,
at age 4 years (unvaccinared), the other in December, 1991—a
9-month-old child who had recéived three doses of PRP-D.
During 3 months in 1984 and 1986 and from suturon of 1990
until spring of 1992, H influsnszae sirains isolated from children
under 6, swabbed because of respiratory, throst, ear, or conjuncoval
infections, were typed. The percenmge of type b strains diminished
during the second and third trimester in 1991, Out of 415 strains

H INFLUENZAE STRAINS ISOLATED FROM SWABS FROM
CHILDREN AGED 0-5

No of Hib
-— . Total no strains (%)
Jan-April, 1084 144 15 110
Aug-Nov, 1986 117 12/10)
Sept-Dec, 1990 116 18(16)
1887
Jan-March 89 9(10)
April-June 131 4(3)
July-Sept 89 2(2)
Oct-Dec . 172 0
Jan-May, 1992 243 1
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Itraconazole drastically increases plasma
concentrations of lovastatin and
lovastatin acid

Background: Lovastatin is a cholesterol-lowering drug that can’ cause myopathy as a rare side effect.
Concomitant usc of certain drugs (e.g., cvclosporine) increases the risk of skeletal muscle toxicity. Lova-
statin is metabolized by CYP3A4. Because itraconazole is a potent inhibitor of CYP3A4, we wanted to
study a possible interaction berween these drugs. ‘

Methods: In this double-blind, randomized, rwo-phase crossover study, 12 healthy volunteers received
either 200 mg itraconazole or placebo orally once a day for 4 days. On day 4, each subject ingested a single
40 mg dose of lovastatin. Plasma concentrations of lovastatin, lovastatin acid, itraconazole, hydroxvitra-
conazole, and creatine kinase were measured up to 24 hours.

Results: On average, itraconazole increased the peak concentration (C,,,,) of lovastatin and the area under
the lovastatin concentration-time curve (AUC) more than twentvtold (p < 0.001), The mean C,,, of the
active metabolite, lovastatin acid, was increased 13-fold (range, tenfold to 23-fold; p < 0.001) and the
AUC((0-24) twentyfold (p < 0.001). In one subject plasma creatine kinase was increased tenfold within 24
hours of lovastatin administration during the itraconazole phase but not during the placebo phase. No
increase in creatine kinase was observed in the other subjects.

Conclusions: [traconazole greatly increases plasma concentrations of lovastatin and lovastatin acid. inhi-
bition of CYP3A4-mediated metabolism probably explains the increased toxicity of lovastatin caused not
only by itraconazole but also by cyclosporine, ervthromycin, and other inhibitors of CYP3A4. Their
concomitant use with lovastatin and simvastatin should be avoided, or the dose of 3-hydroxy-3-
methvigluaeyl coenzyme A reductase inhibitors should be reduced accordingly. (Clin Pharmacol Ther
1996:60:54-61.)

Pertti J. Neuvonen, MD, and Kirsi-Maija Jalava, MD Hclsinki, Finland

Inhibitors of 3-hydroxy-3-methylglutaryl coen-
zyme A (HMG-CoA) reductase. widely used Lo treat
hypercholesteralemia. reduce clearly mortality from
coronary disease and overall mortality.! Lovastatin
(mevinolin) is an inactive lactone pro-drug con-
verted in vivo 1o the corresponding open hydroxy
acid, lovastatin acid. which is a competitive inhibitor
of HMG-CoA reductase, the rate-limiting step in
cholesterol synthesis.

Skeletal muscle toxicity is a rare side cffect of
HMG-CoA reductase inhibitors: its incidence is

From the Department of Clinical Pharmacology, University of
Helsinka,

Reevived for publication Dece. 4. 1993: aceepted Feb. 19, 19un,
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0.1 10 0.2% with lovastatin monotherapy.” A con-
siderably increased risk of diffuse myalgia. and cven
cases of severe rhabdomyolysis, have been reported
after the combined use of lovastatin and certain
other drugs. for  example.  cyclosporine  and .
ervthromyvein. ™ According to the product informa-
tion for lovastatin (Mevacor. Merck & Co.. Inc.,
Whitchouse Station, NJ.). the incidence of myopa-
thy has been as high as 30% within 1 vear when
patients have used tovastatin together with immu-
nosuppressive therapy. including cvelosporine. The
mechanism of these interactions has remained un-
clear, although higher-than-cxpected concentrations
of HMG-CoA reductase inhibitors have been ob-
served

Lovastatin is metabolized in the liver by CYP3AS
Cyclosporine and erythromycin are inhibitors of, for
example. CYP3A4.” Nraconazole. a widely used an-
timycotic, is a very potent inhibitor of CYP3A4. and
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Table 1. Characteristics of the subjects

[#]]
(94

Neuvonen and Jalava

Subject )

No. Sex Age (vr) Weight (kg) Orther drugs
1 Male 27 6l No
2 Female 22 53 No
3 Female* 24 53 Levonorgestrel (LIS mg + ethinylestradiol 30 pg
4 Female 21 53 ~No
5 Female® 29 65 . Gestodene 75 pg +- ethinylestradiol 30 pg
6 Male 23 60 No
7 Male 22 65 No
8 Female 20 48 No
9 Femalet 22 52 No

10 Female 23 57 No

1 Male 23 62 No

12 ‘No

Male 23 67

" Using contraceptive steroids.
+ A tenfold increase in creatine kinuse during the itraconazole phase.

it increases the AUC values of certain orally admin-
istered substrates of this enzyme (midazolam'’ and
triazolam'') up to tenfold to a hundredfold, that is,
more than erythromycin does in similar experimen-
tal conditions.'? We wanted to study the effect of
itraconazole on the pharmacokinetics of lovastatin
to find their possible interaction and to clarify the
mechanism of myopathies associated with HMG-
CoA reductase inhibitors.

METHODS

Study design. Five male and seven female volun-
teers (age range, 20 to 29 yeurs; weight range, 48 to
67 kg: Table 1) participated in the study after each
gave written informed consent. The study was ap-
proved by the Ethics Committee of the Department
of Clinical Pharmacology, University of Helsinki.
The subjects were ascertained to be healthy by
means of a clinical examination and laboratory tests
(¢.g., blood count. glucose, serum potassium. creat-
inine. alaninc amino transferase, and creatine ki-
nase). All subjects were nonsmokers, and none of
them was receiving continuous medication except
for two female subjects who were using contracep-
tive steroids (Table I).

A randomized, double-blind, crossover study de-
sign in two phases was used. at intervals of 4 weeks.
The volunteers were given either 200 mg itracon-
azole (Sporanox, Janssen Pharma, Beerse. Belgium)
or placebo orally at 7:30 am for 4 days. On day 4,
cach subject ingested a single 40 mg dose of lova-
statin (Lovacol. Orion, Espoo. Finland. license of
Merck & Co., Inc.) with 150 ml water at 8:30 am.

The subjects fasted for 1 hour before the ingestion
of lovastatin and had a standard meal 4 hours after-
ward. ‘

Biood sampling and determination of drug concen-
trations. On the day of administration of lovastatin,
a forearm vein of each subject was cannulated with
a plastic cannula and kept patent with an obturator.
Blood was sampled into tubes that contained ethyl-
enediaminetetraacetic acid. Timed blood samples
{10 ml) were collected immediately before adminis-
tration of lovastatin and 2, 1.2, 3.4.6.8. 12, and 24
hours after administration. Plasma was scparated
within 30 minutes and stored at —40° C until ana-
lyzed.

Plasma concentrations of lovastatin and lovastatin
acid were quantified by HPLC.'* A 10em X 4.6 mm
internal diameter column packed with 3 um
particle-sized Shandon HyperSil C,; BDS (Alltech.
Deerfield, IiL.) was used. The detection limit was §
ng/ml. The coefficient of variation was 5.5% for
lovastatin (at 20 ng/ml) and 3.7% for lovastatin acid
(at 33 ng/ml). The standard curves were linear be-
tween S and 2000 ng/ml. Itraconazole or its metab-
olites in plasma did not interfere with the analytical
method.

The concentrations of itraconazole and hydroxy-
itraconazole were determined by HPLC.'*'" A 10
c¢m X 4.6 mm internal diameter column, packed with
3 pm particle-sized Shandon HyperSil C,x BDS was
used. Ammonium acetate-acetonitrile (35:63) was
used as a mobile phase. The detection limit was 5
ng/ml. The coefficient of variation was 19 for itra-
conazole (at 96 ng/ml) and 7.7% for hydroxyitracon-
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azole (at 98 ng/ml). Creatine kinase was quantified
with use of a routine photometric method in the
hospital laboratory.

Pharmacokinetic calculations. The pharmacokinet-
ics were characterized by peak (C,,,,,,) and minimum
(Coins for itraconazole and hydroxyitraconazole)
concentrations in plasmad, concentration peak times
(tmax) Climination half-lives (t,,,); and arcas under
the drug plasma concentration—-time curves up 24
hours [AUC(0-24)]. The AUC(0-24) values of itra-
conazole and hydroxyitraconazole refer to the time
between () and 24 hours after the ingestion of lova-
statin, that is, between | and 25 hours after the last
dose of itraconazole. ‘

Statistical analysis. All data are expressed as mean
values = SEM. Data were analyzed by the Student ¢
test for paired values or the Wilcoxon signed-rank
test. Differences were regarded statistically signifi-
cant when p values were <0.05. :

RESULTS

Lovastatin and lovastatin acid. ltraconazole greatly
increased the plasma concentrations of both lova-
statin and lovastatin acid (Fig. 1; Table H1). The
mean C,,,. of the parent lovastatin was increased
more than twentyfold by itraconazole (from less
than 5 ng-ml ' during the placebo phase 10 128 =
14 ng-ml™"; p < 0.001). During the itraconazole
phase. the AUC(0-24) of lovastatin was 546 = 55
ng-m! ' hr (Table ). and the t,,, was 3.6 = 1.1
hours. During the placebo phase these variables
could not be determined because plasma concentra-
tion of lovastatin was higher than the detection limit
in only three subjects.

During the itraconazole phasc, the plasma con-
centrations of lovastatin acid in cach subject were
much higher than those during the placebo phase.
On average. the C,, was increased 13-fold (range,
tenfold to 23-fold; p < 0.001) and the AUC((-24)
was increascd about twentyfold (p < 0.001). The t,,,
of lovastatin acid was 6.0 = 1.1 hours during the
itraconazole phase: during the placebo phase it
could not be determined.

Itraconazole and hydroxyitraconazole. The mean
plasma concentrations of itraconazole and its active
metabolite hydroxyitraconazolce on the day of lova-
statin ingestion are given in Fig. 2. The AUC(0-24)
of hydroxyitraconazole was about twofold higher
than that of itraconazole. There were fourfold to
fivefold interindividual differences in the C,,... Coine
and AUC(0-24) values of itraconazole and threefold
to sixfold differences in the respective values of

CHINICAD PHARMACOFOGY & VHERAPEUTICON
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hydroxyitraconazole (Table 11I). The lowest C,,,
values of plasma itraconazole and hydroxyitracon-
azole were associated with the lowest increases in
the concentrations of lovastatin and lovastatin acid
(subject 12). Subject 9. in whom the creatine kinase
level was increased., had the lowest AUC(0)-24) val-
ues of itraconazole and hydroxyitraconazole.

Creatine kinase. In onc subject (subject Y), plasma
creatine kinase was increased tenfold within 24
hours of lovastatin administration during the itra-
conazole phase but not during the placebo phase
(Fig. 3). No increase in creatine kinase was observed
in the other 11 subjects.

Side effects. No clinical side effects were reported
by the subjects after the ingestion of lovastatin dur-
ing the placebo phase or the itraconazole phase.

DISCUSSION

The results of this study indicate that concomitant
ingestion of itraconazole increases greatly the con-
centrations of the pro-drug lovastatin and its active
metabolite lovastatin acid in the svstemic blood cir-
culation. The concentrations of lovastatin acid were
increased in each subject about tenfold to thiryfold.
The concentrations of lovastatin were increased
even more, but the exact figures for the inuctive
parent drug could not be determined because its
concentrations during the placebo phase were often
helow the detection limit of 5 ng/ml. Lovastatin acid
is & competitive inhibitor of HMG-CoA reductase;
that is. the activity of this enzyme in plasma and
peripheral tissues must have been reduced accord-
ingly. although it was not measured in this study.

The systemic bioavailability of the pharmacologi-
cally active lovastatin acid is normally only about
5%. The major part of oral lovastatin is taken up by
the liver and metabolized during the first pass.'®
Accordingly, the concentrations of lovastatin acid in
peripheral blood and tissues are low and the sys-
temic side cffects are rare with lovastatin mono-
therapy when conventional doses are used.” On the
other hand. high doses and. in particular. coadmin-
istration of cyclosporine, erythromycin, or certain
other drugs increase the incidence and severity of
skeletal muscle side effects of the HMG-CoA reduc-
tasc inhibitors.™’

The parent lovastatin is an inactive lactone pro-
drog. of which a part is hydrolyzed to the active
lovastatin acid. This metabolic step is not dependent
on cytochrome P450. In contrast to this, the other
main routes of the biotransformation of lovastatin,
that is, the formation of 6*-B-hydroxylovastatin. 3"'-
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Fig. 1. Mean = SEM concentrations of lovastatin (upper panel) and lovastatin acid (lower
panel) in the plasma of |2 healthy volunteers after a single oral dose of 40 mg lovastatin following
daily usc of oral 200 mg itraconazole (solid circles) or placebo (open circles) for 4 days.

hyvdroxylovastatin, and 6 -exomethylene-lovastatin,
are cvtochrome P450 dependent, and CYP3A en-
zymes arc primarily responsible for their formation.®
In the present study, itraconazole increased the
plasma concentrations of the parent lovastatin more
than twentyfold, obviously by inhibiting its CYP3A-
mediated biotransformation. On the other hand,
because the hydrolysis of lovastatin to lovastatin
acid is independent of CYP3A, the concentration of
lovastatin acid was increased greatly along with the
increased level of lovastatin. Furthermore, it can be
suggested that metabolism of lovastatin acid to its
further metabolites is CYP3A dependent. because
the t,» of lovastatin acid was prolonged during the
itraconazole phase (up to a mean of 6 hours).

Many of those drugs reported to have increased
the toxicity of lovastatin are inhibitors of CYP en-
zymes. At least itraconazole, cyclosporine, and
erythromycin are all potent inhibitors of CYP3A4,°
and their concomitant use increases the plasma con-
centration of several drugs that are substrates of
CYP3AA4. In particular, drugs that have a low oral
bioavailability due to an extensive first-pass metab-
olism either in the gut wall and or in the liver (e.g.,
terfenadine,'”'* triazolam,'' and midazolam'’) are
liable to interact with the inhibitors of CYP3A4. In
this study the increases in the C,, and AUC(0-24)
of lovastatin and lovastatin acid obviously were
caused mainly by inhibition by itraconazole of the
first-pass metabolism. The t,,» values of lovastatin
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Fig. 2. Mcan = SEM concentrations of itraconuzole fopen circles) and hydroxyvitraconazole
(solid circlesy in the plasma of 12 healthy volunteers after daily use ol 200 mg oral itraconazole

for 4 days.

Table I1. Cm;n'
placebo phases

e and AUC(0-

Lovastatin

24) of tovastatin and lovastatin acid in plasma during the itraconazole and

Subject Corn Lo AUCW-24) Corer . . AUCW0-24)
No. fngeml /) (hr) fngeml ') tng-ml ') thr) tngeml ' hy
i 16X (<<5) 2 RUL(™) 135 (8.8) 4(6) T35 (534)
2 138 (9.6) 2(1) 363 (*) 9 (1.7) 3(2) 486 (8)
3 168 (<5) 2 a1y (*) 288 (20.7) 34 1370 (69)
3 176 (<5) 2 813 (%) 191 (334) 3q4) 2086 (118)
5 156 {<5) 2 651 (%) 1539 (12.3) ( ) 1007 (43)
6 86 (<5) 3 302 (%) 267 (19.1) (4) 1286 (71)
7 171 (<5) 3 691 (*) IRI17.7) 1(4) 1351 (50)
b 70 (5.2) REW] 325 (M) 216 (13.1) 4(4 1367 (31)
Yy 16 (<5) 2 430 (") 192 (8.5) () 751 (3
10 TH6RT7) 2 574 473 (43.1) 23 2439 (126)
1 140 (<5) 2 S10(*) 247 (255) 3(3) 1179 (93)
12 25 (<5) 2 173 (%) 62 (5.1) 4(3) 488 (5)
Muan 1281 (<) 2.3 5461 (™) 2341 (17.9) 24 (3.5) 1212+ (34.8)
SEM i4 .1 RN 34 (3.3) 0.2(0.3) 171 ¢11.2)

The data within parentheses refer. i the corresponding vidues during the placebo phase.
Cne Pessk plasma concentration: i,,,,,. time to reach peak concentration: AUC(O-245, arca under the plasina concentration-time curnve trom o 24 hoars.

* Less than 13 but could not be caleulasted exactiy.

t Significanty different from the placeho phase. p - 0000

and lovastatin acid during the itraconazole phasc
(3.6 hours and 6.0 hours) are two to three times
longer than those described in the literature.'® Thus.
itraconazole also scems to decrease their climina-
tion, although the elimination t,,, values (or clear-
ances) could not be determined during the placebo
phase.

In this study healthy volunteers ingested a single

therapeutic dose of 4 mg lovastatin during the
placebo and itraconazole phases. Even this short
exposure Lo high concentrations of lovastatin and
lovastatin acid (and to itraconazole and hydroxyitra-
conazole) caused a tenfold increase in creatine ki-
nase in one healthy voung woman. There was no
increase in her creatine Kinase level when she ine
gested the same dose of lovastatin 4 weeks later

UMO00012045

NOVARTIS EXHIBIT 1017

Novartis v. Regents, IPR2023-01346
Page 791 of 4460



07019801

CLINICAL PHARMACOLOGY & THERAPEUTICS

VOLUATF a0, NUMBER | Neuvonen and Jalava 59

Table IIk. Pharmacokinetic parameters of itraconazole and hydroxyitraconazole in plasma on the fourth day
on itraconazole. that is, on the day of lovastatin ingestion

Irraconazole Hyvdroxyitraconazole
Subject Conen Loy Coen 4 AUC(0-24) Car L, Con Iy AUC0-24)
No. (ngemi 'y (hr) ngeml ') (hry qngeml ' -hr) (ngemd ) qhey (mgemi™') thry  ngemll )
1 974 2 131 17.1 10.070 832 4 412 352 17.990
2 693 4 89 11.4 7.080 823 4 259 14.8 14.170
3 1.041 3 226 17.6 1680 1114 4 596 39.0 20.510
4 753 4 133 252 BA60 904 4 461 48.8 18500
S 437 4 87 257 4.620 621 4 2K6 208 10.850
6 741 4 193 19.3 8.320 1.059 4 649 415 19.160
7 743 3 70 12.9 7.750 Kb 4 217 315 16820
8 475 4 107 19.0 4.610 655 4 314 214 10.990
9 318 3 48 213 2.960 419 4 108 17.9 6.730
10 694 2 102 . 14.0 6.410 758 4 398 28.4 14460
11 R46 4 136 26.7 9.630 957 6 397 36.2 18.980
12 213 6 m 18.7 1790 448 8 255 18.0 8.760
Mean 661 36 119 19.1 7118 788 4.5 363 28.6 14.826
SEM 73 03 0.

C - Minimum plasma concentration: 1., climination half-life.

during the placebo phase. She had a slight allergic
rhinitis and atopy in her medical history, but there
were no abnormalities in her laboratory parameters
when studied 2 weeks before the ingestion of itra-
conazole and lovastatin. However, her creatine ki-
nase was already slightly elevated (from 143 IU/L 1o
385 TU/L) after 3 days’ use of itraconazole, and it
was 3640 1U/L 24 hours after the ingestion lova-
statin (and the fourth itraconazole dose). A pro-
longed concomitant use of lovastatin and itracon-
azole obviously would have led 10 a more severe
myopathy in this subject. During the itraconazole
phase her concentrations of itraconazole, hydroxy-
itraconazole, lovastatin, and lovastatin acid were on
the same level as or even less than those in the other
subjects in whom no elevation of creatine kinase was
observed. Thus some additional factors, in addition
to a tenfold increase in the concentration of HMG-
CoA reductase inhibitor, seem to have contributed
to the rapid increase in creatine kinase.

Quite recently (i.e.. during the final preparation
of this article) a case of severe rhabdomyolysis was
reported to have occurred in a patient within 2
weeks of the addition of itraconazole to a therapy
that contained lovastatin.'® Furthermore, we are
aware of another patient in whom a severe rhabdo-
myolysis developed while receiving treatment with
the combination of itraconazole and lovastatin.
Thus the findings of the present study are in a good
agreement with these clinical case reports.

In the prolonged concomitant use of itraconazole

50 1.4 782 63

4 45 32 L8

and lovastatin, the concentrations of HMG-CoA
reductase inhibitors in the peripheral blood and
tissues would be at least ten to thirty times higher
than the concentrations during the lovastatin mono-
therapy. Because of the dose-dependent nature of
lovastatin toxicity, use of lovastatin in conventional
doses together with itraconazole or with other po-
tent inhibitors of CYP3A4 carries an obvious risk of
a systemic toxicity. ltraconazole is extensively me-
tabolized to pharmacologically active hydroxyitra-
conazole. The AUC(0-24) values of this metabolite
were about two times higher than those of the par-
ent drug. Because hydroxyitraconazole is equally
potent or even more potent than itraconazole as an
inhibitor of CYP3A4, this metabolite-may contrib-
ute significantly to the observed itraconazole-
lovastatin interaction. Ketoconazole, ervthromyéin,
clarithromycin, verapamil, and diltiazem are among
other commonly used drugs that cause a clinically
significant inhibition .of CYP3A4 in humans and
can elevate the plasma concentrations of its
substrates.”'>!71%30 Eyrthermore. in addition to
several drugs, even grapefruit juice might increase
the plasma levels of lovastatin acid by inhibition of
CYP3A4 in humans.?">*

Most of the clinically used HMG-CoA reductase
inhibitors are extensively metabolized. and the bio-
transformation of simvastatin closely resembles that
of lovastatin.™ The formation of simvastatin acid is
not dependent on cytochrome P450. whereas CYP3A
enzymes probably are primarily responsible for other
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Fig. 3. Mean = SEM concentrations of creatine kinase
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SCH 56592 is a new broad-spectrum azole antifungal agent that is in phase 3 clinical trials for the treatment

) of serious systemic fungal infections. The pharmacokinetics of this drug candidate were evaluated following its
intravenous (i.v.) or oral (p.o.) administration as a solution in hydroxypropyi-B-cyclodextrin (HPSCD) or oral
administration as a suspension in 0.4% methylcellulose (MC) in studies involving mice, rats, rabbits, dogs, and
cynomolgus monkeys. SCH 56592 was orally bioavailable in all species. The oral bioavailability was higher with
the HPBCD solution (range, 52 to ~100%) than from the MC suspension (range, 14 to 48%) and was higher
in mice (~100% [HPBCD] and 47% [MC]}), rats (~66% [HPBCD] and 48% [MC]), and dogs (72% [HPBCD]
and 37% [MC]) than in monkeys (52% [HPBCD)] and 14% [MC]). In rabbits, high concentrations in serum
suggested good oral bioavailability with the MC suspension. The i.v. terminal-phase half-lives were 7 h in mice
and rats, 15 h in dogs, and 23 h in monkeys. In rabbits, the oral half-life was 9 h. In species given increasing
oral doses (mice, rats, and dogs), serum drug concentrations were dose related. Food produced a fourfold
increase in serum drug concentrations in dogs. Multiple daily doses of 40 mg of SCH 56592/kg of body weight

for eight consecutive days to fed dogs resulted in higher concentrations in serum, indicating accumulation upon

: multiple dosing, with an accumulation index of approximately 2.6. Concentrations above the MICs and
minimum fungicidal concentrations for most organisms were observed at 24 h following a single oral dose in
MC suspension in all five species studied (20 mg/kg for mice, rats, and rabbits and 10 mg/kg for dogs and
monkeys), snggesting that once-daily administration of SCH 56592 in human subjects would be a therapeu-
tically effective dosage regimen. '

The incidence of fungal infections has substantially in-
creased over the past 2 decades, and invasive forms are impor-
tant causes of morbidity and mortality (1). Of the estimated
100,000 known species of fungi, about 180 have been shown to
cause disease in humans, and only about 10% of these are
encountered in most clinical settings (2). Disseminated candi-
diasis, pulmonary aspergillosis, and infections caused by
cmerging opportunistic fungi are the most common of the
serious mycoses (12). Aggressive immunosuppression, myelo-
toxic therapcutic regimens, AIDS, cancer, and organ trans-
plantation have opened the door for these organisms. Al-
though amphotericin B has been the gold standard in
antifungal therapy for half of a century, newer chemical agents,
such as azoles, have emerged in recent decades. These entities
are generally active by mote than one route of administration,
have a broader spectrum of activity, and are less toxic than

amphotericin B. The ideal antifungal agent would be broad -

spectrum, fungicidal, active against resistant strains, and active
by various routes of administration and would have a good
safety profile.

SCH 56592 has been shown to be active against both yeasts
and filamentous fungi, including Aspergillus, Candida (includ-
ing fluconazole-resistant Candida krusei), Cryptococcus, Blas-
tomyces, Coccidioides, and other opportunistic fungi (5, 7-11;

* Coriesponding author. Mailing address: Department of Drug Me-
tabolism and Phaimacokinetics, Schering-Plough Research Institutc,
Mail Stop 2880, Kenilworth, NJ 07033-1310. Phone: (908) 740-3190.
Fax: (908) 740-3966. E-mail: Amin. Nomeir@sprcorp.com.
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V. M. Girijavallabhan, A. K. Saksena, R. G. Lovey, F. Bennett,
R. E. Pike, H. Wang, P. Pinto, Y. T. Liu, N. Patel, and A. K
Ganguly, Abstr. 35th Intersci. Conf Antimicrob. Agents Che-
mother., abstr. F61, 1995). The MIC at which 90% of the
isolates are inhibited and the minimal concentrations at which
90% of the isolates are killed for various strains of A. flavus, A
fumigatus, C. albicans, and C. tropicalis were in the ranges of
0.03 to 0.25 and 0.5 to 2.0 wg/ml, 1espectively. Preliminary
studies suggest that SCH 56592 binds to the plasma protein of
rats, dogs, and humans. SCH 56592 is expected to be clinically
effective in both immunocompetent and immunocompromised
paticnts as prophylactic, therapeutic, and maintenance treat-
ment for fungal infections.

The objectives of the present studies were to characterize
the pharmacokinetics of SCH 56592 following intravenous
(iv.) andfor oral (p.o.) administration to mice, rats, rabbits,
dogs, and cynomolgus monkeys. In addition, the effect of dose
on serum drug concentrations was evaluated in mice, rats, and
dogs.

MATERIALS AND METHODS -

Animals. Malc CF-1 mice (18 to 20 g), male CRL-CD-BR rats (180 to 220 g),
and male New Zealand White rabbits (approximately 3 kg) were purchased from
Chailes Rives Laboratories (Wilmington, Mass.). Male beagle dogs (7 to 15 kg)
and male cynomolgus monkeys (3 to 9 kg) were obtained from the Schering-
Piough Research Institute colony. Animals were kept in temperature-, bumidity-,
and light cycle-contiolled rooms. Animals were tandomly assigned to each treat-

‘ment group and were subjected to fasting (water allowed) for 18 h prior to

dosing, unless othclw:sc mdu:axed
Bi ilability and SCH 56592 was administered iv to
mice, rats, dogs, and monkeys as a solution in 40% (wt/vol) aqucous hydroxypro-
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pyl-B-cyclodextrin (HPRCD) and orally as a solution in HPBCD or as 2 suspen-
sion in an aqueous solution containing 0.4% methylcellulose, 0 5% polysorbate
80; and 09% NaCl (MC) Rabbits received SCH 56592 only po in the MC
suspension Mice, 1ats, and rabbits received a single dose of 20 mg/kg of body
weight; dogs and cynomolgus monkeys received a single 10-mg/kg dose Blood
was coliected at various intervals following dosing, and serum was frozen at
~20°C pending analysis

Effect of oral dose on serum drug concentrations. Mice were given -, 40-,

80-, and 160-mg/kg doses at a constant volume of 5 mbkg of body weight from .

MC suspension formulations prepated at 4, 8, 16, and 32 mg/ml, respectively.
Additional animals 1eceived only the vehicle Thice animals were sacrificed at
each time point to determine concentrations of SCH 56592 in serum. In a similar
experimental design, 1ats weie given 10-, 20-, 40-, 80-, and 120-mg doses of SCH
56592/kg in MC, and 3 animals were sacrificed at each time point

An initial study was carried out with dogs to evaluate the effect of food on the
otal bioavailability of SCH 56592 following a single 10-mg/kg dose. This was a
paraliel group study design in which 6 dogs wete dosed following an 18-b fast and
another 6 animals were dosed following feeding.” The results showed that food
significantly improved the bioavailability of SCH 56592 (see [able 2); therefoie,
a study was cartied out in fed dogs to evaluate the effect of dose on concentra-
tions of SCH 56392 in setum Six animals were used in a crossover study design
with a 2-week washout period. The oral dose formulation was prepared as a
suspension in MC at a concentiation of 16 mg/mi, and the animals were dosed at
40, 80, and 120 mg/kg

A third study was performed to investigate the pharmacokinetics of SCH
56592 in fed dogs foltowing multiplc dosing Six animals were dosed with an MC
suspension of SCH 56592 (16 mg/ml) at 40 mg/kg once daily for 8 consecutive
days. Blood was collected at various lime intervals on days 1 and 8, just prior to
the administration of SCH 56592 on days 2 to 7, and once daily on days 9 10 13

Analysis of serum samples. Serum samples were analyzed for SCH 56592 by
high-pestormance liquid chromatography (HPLC) The HPLC system used con-
sisted of a Hitachi model L-620 pump, 2 Waters model 715 WISP sample
processor, and a Waters 484 tunabic absorbance detector set at 262 am. Two
sequential 5-pm Beckman octadecy! silane Ultrasphere 4.6-mm by 15-cm col~
umns, preceded by a S-pm Beckman octadecyl silane Ultiasphere 4.6-mm by
4.5-cm guard column, weie used. The mobile phase was a mixture of 500 ml of
acetonitrile, 500 ml of 0 1 M ammeonium phosphate monobasic, S m! of methyl-
ene chlotide, and 0.5 ml of triethylamime at a flow rate of 1.5 mi/min. The
retention times for SCH 56592 and the internal standard (SCH 56894, a diaste-
reomer analogue of SCH 56592) were approximately 10 and 7.5 min, respec-
tively. Serum was prepated for analysis by the addition of 0.04 mi of the internal
standard in methanol (10 pg/mi) and 0 56 ml of methanol to 0.2 ml of serum,
mixed for about 1 min, and then cenuifuged at 3,000 X g far 4 min The
supernatant was transferted into polypropylene tubes and was kept in a refrig-
c1ator (4°C) overnight Samples were then 1ecentrifuged as previously described,
and 02 ml of the supernatant was analyzed by HPLC. The method was cross
validated in all species studied prior to sample analysis. The limit of quantitation
was (.05 pg/ml. Inttaday precision (coefficient of variation [CV]) and accuracy
(bias) weie in the 1anges of 2 to 4 and 0 to 6%, 1espectively The corzesponding
interday values were 3 to 5 and 0 10 5%, respectively, indicating that the method
was satisfactory. With each analytical tun, six quality control samples were
analyzed, along with two standard curves pigpared in serum

Pharmacokinetic evaluation. Concentrations of SCH 56592 in serum that were
cqual to and above the limit of quantitation were used for pharmacokinetic
analysis by model-independent methods (3). The mazimum concentration in
serum (Cpgp)- ime of Cprpy {Tmey). and final quantifiable sampling time (tf) were
the observed values. The teiminal-phase rate constant (k) was the siope of the
serum concentiation-time curve The half-life {1, 5) was cstimatcd as 0:693/k. The
area under the serum concentiation-time curve from time zero to tf (AUC ) was
calculated by the trapezoidal 1ule and was extrapolated-to infinity as follows:
AUC, . = AUC, + C gk, where Cy is the estimated concentiation at tf

RESULTS

Mean scrum concentration-time profiles of SCH 56592 fol-
lowing i.v. and p.o. administration to mice are shown in Fig. 1,
with mean pharmacokinetic parameters presented in Table 1.
SCH 56592 was completely bioavailable (100%) from the
HPBCD solution; from the MC suspension, its bioavailability
was 47%. Following p.o. administration at 20 mg/kg, the C_ .,
range was 6.3 to 7.8 wg/ml, which was attained at a T, range
of 1 to 2 h after dosing. It is interesting that serum concentra-
tions remained almost unchanged between 1 and 6 h following
i.v. or p.o. administration (Fig. 1). Also, following p.o. admin-
istration in MC, mean concentrations of SCH 56592 in serum
were >2 pg/ml for at least 12 h after dosing. The ¢,,, following
i.v. administration was 7 h. Table 2 shows the mean C ., Tz
and AUC,_,, following p.o. administration in MC at doses of

ANTIMICROB. AGENTS CHEMOTHER.

Concentration (ug/mi)

Time (he)

FIG. 1. Serum concentration-time profiles of SCH 56592 in mice following
the iv or p.o. administration of a 20-mgfkg dose of BCH 56592 A, iv. as a
solution in HPBCD; O, p.o. as 2 solution in HPBCD; @, p o as a suspension in
MC. Each vertcal bar 1epresents 1 standard deviation from the mean

20, 40, 80, and 160 mg/kg to mice. There was a dose-related
increase in both C_,, and AUC,_., within the dose range
studied. Also, as the dose increased, T, shifted toward longer
times.

Mean serum concentration-time profiles of SCH 56592 in
rats following i.v. and p.o. administration are shown in Fig. 2,
with mean pharmacokinetic parameters shown in Table 1. The
oral bioavailability values were approximately 66 and 48% for
the HPBCD solution and the MC suspension, respectively.
Foliowing p.o. administration, the C,,,, range was 3.0 to 3.5
wg/mi, which was attained at a 7, range of 2 to 4 h after
dosing. The 11,2 following iv. administration was 7.0 h. The
mean Chay Tmaw and AUC,_.., of SCH 56592 foliowing p.o.
administration at 10, 20, 40, 80, and 120 mg/kg as a suspension

TABLE . Mean pharmacokinetic parameters of SCH 56552 in
mice, rats, dogs, and cynomolgus monkeys’

iv.in po in

Species () Parameter HPRCD HPRCD p-o in MC
Mouse (3)  Cp (ng/mi) 78(13)  63(11)
T e (B 20 1.0
AUCq. (ng - Wml) 137.0 1430 63.7
t1 () 7.0 :
Bioavailability (%) 104.0 46.5
Rat (3) Crax (g/ml) 35(13)  3.0(20)
Toax (B) 20 4.0
AUC,.. (ug-Wml) 894 586 430
ti2 (h) 7.0
Bioavailability (%) 656 480
Dog (2) Crax (pg/ml) 35 3.0
Tpex (0 20 40
AUC,., (pg-b/ml) 894 586 430
4 (h) 7.0
Bioavailability (%) 65.6 480
Monkey (2)  Cpn (p.g/ml) 11 0.4 (18)*
Tone 140 50(31)
AUCO_., (ug-Wml) 1150 594 15.9 (20)
Ly (h) 227
Bioavailability (%) 51.7 13.8

: Values in parentheses ate CVs (in percent)
n=6
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TABLE 2. Mean pharmacokinetic parameters of SCH 56592
following p.o. administration in MC suspensions

) Dos Coax AUCo...
Seces () mghg) gy T ® iy
Mice (6) 20 4.9 (20)° 390 82.0
40 11.5¢45) . 70 146.0
80 12.1 (20) 70 363.0
160 17.1 (14) 120 508.0
Rats (3) 10 27(51) 40 314
’ 20 37(12) 6.0 65.1
0 60(19) 40 1190
80 102(26) 60 1869
120 101(11) 40 262.6
Rabbits (6) 20 42(12) 511 71.5(16)
Dogs (fasting) (5) 10 02(22)  76(121)  7.5(45)
Dogs (fed) (6) 10 07(28)  83(93)  266(42)
40 21(31)  92(9%0)  1050(30)
80 31(20) 90(82)  167.0(18)
120 33(27)  150(66)  1920(34)

“ Values in parentheses are CVs (in percent).

in MC are shown in Table 2. There was a dose-related increase
in both C,., (up to 80 mg/kg) and AUC,_, (up to 120 mg/kg),
while the 7., 1ange was 4 to 6 h. )

The mean serum concentration-time piofile of SCH 56592 in
fed rabbits following p.o. administration of a 20-mg/kg dose in
an MC suspension is shown in Fig. 3, with mean pharmacoki-
netic patameters presented in Table 1. The t,,, was approxi-
mately 9 h. The high concentrations of SCH 56592 in serum
suggest good oral bioavailability.

Mean serum concentration-time profiles of SCH 56592 fol-
lowing i.v. and p.o. administration to dogs are illustrated in Fig.
4, with mean pharmacokinetic parameters presented in Table
1. The oral bioavailability values were 72 and 37% for the
HPBCD solution and the MC suspension, respectively. Follow-
ing p.o. administration in HPRCD and MC, the C_,, values
were 1.4 and 0.7 pg/ml, and the T, values wete 2.5 and 15 h,
respectively. The ¢, was 15 h following i.v. administration.
Mean pharmacokinetic parameters of SCH 56592 following
p.o. administration at 10 mg/kg in fed and fasting dogs are

Concentration (ug/mi)

T
12 24
Time (hr)
FIG 2 Serum concentration-time profiles of SCH 56592 in rats following the
i.v. o1 p.o. administration of a 20-mg/kg dose of SCH 56592 4, iv. as a solution

in HPBCD; O, p.o. as a solution in HPRCD; ®, p.o as a suspension in MC. Each
vertical bar represents 1 standard deviation from the mean
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FIG. 3. Serum concentiation-time profile of SCH 56592 in rabbits following
the p.o. administration of a 20-mg/kg dose of SCH 56592 as a suspension in MC.
Each vertical bar represents 1 standard deviation from the mean

shown in Table 2. Food enhanced the bioavailability of SCH
56592, while the shape of the serum concentration-time profile
was not affected by food (data not shown). The data in Table
2 show that both C,,, and AUC,_,, were increased approxi-
mately fourfold in the fed dogs compared to the fasting dogs.
Mean pharmacokinetic parameters of SCH 56592 following
p.0. administration of doses of 10, 40, 80, and 120 mg/kg to fed
dogs are shown in Table 2. As the dose increased, concentra-
tions of SCH 56592 in serum increased as reflected by dose-
related increases in both C,,,,, (up to 80 mg/kg) and AUC,_.,
(up to 120 mg/kg).

The mean serum concentration-time profile of SCH 56592 in
fed dogs on days 1 to 13 dwing and after daily p.o. adminis-
tration at 40 mg/kg for eight consecative days as a suspension
in MC is shown in Fig. 5; mean pharmacokinetic parameters on
days 1 and 8 are shown in Table 3. Because of the limited
number of blood samples taken after the first dose (day 1), the
results of the single dosc-exposure study at the 40-mg/kg dose
level were included in Table 3 to compare single- and multiple-
dose data. Concentrations of SHC 56592 in serum appeared to
be at steady state by day 8, since concentrations in serum on
days 6, 7, and 9 were similar (Fig. 5). Concentrations in serum

BQA

Qup,

Concentration (pg/ml)

Time (hr)

FIG. 4. Serum concentration-time profiles of SCH 56592 in dogs following
the iv. or p.o. administiation of a 10-mg/kg dose of SCH 56592 4, iv. as a
solution in HPBCD; O, p.o. as a solution in HPRCD; @, po as a suspension in
MC.

i
i
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FIG. 5 Seium concentration-time profile of SCH 56592 in dogs during and
following daily p o administration of 40 mg of SCH 56592 per kg as a suspension
in MC for eight consecutive days. Sampling times werc at 1, 4, 6, and 8 h on the
fust day of dosing (day 1), predose on days 2, 6, and 7, and at 0.5, 1, 2, 4, 6, §,
12, 24, 48, 72, 96, and 120 h after the last dose (administered on day 8). Each
vertical bar represents 1 standard deviation from the mean

were higher upon multiple dosing; thc accumulation index was
approximately 2.6. :

Mean serum concentration-time profiles of SCH 56592 in
fasting monkeys following iv. and p.o. administration at a
10-mg/kg dose level are shown in Fig 6, with mean pharma-
cokinetic parameters presented in Table 1. The oral bioavail-
ability values were approximately 52 and 14% from the
HPBCD solution and the MC suspension, respectively. Follow-
ing p.o. administration in HPRCD and MC, the C,,, values
were 1.1 and 0.4 pg/ml, respectively. The ¢,, was calculated
from the i.v. data to be approximately 23 h.

DISCUSSION

SCH 56592 was bioavailable in all five species studied. The
oral bioavailability was higher with the HPBCD solution than
with the MC suspension, which was not surprising, since the
compound is completely in solution following administration in
HPBCD. This also suggests either that SCH 56592 did not
prccipitate out from the HPRCD solution in the gastiointesti-
nal tract or that it was dissolved quickly in the gastrointestinal
tract contents after precipitation. The latter explanation is un-
likely because the bioavailability from the MC suspension was
always lower than that from HPBCD solution.

Oral bioavailability was higher in mice, rats, and dogs than in
monkeys. In rabbits, high concentiations in serum suggested
good oral bioavailability from the MC suspension. The ¢,
values in mice, rats, and rabbits were 7 to 9 h, while in dogs and

TABLE 3. Single- versus multiple-dose pharmacokinetics of SCH
56592 in fed dogs following daily administration in an MC
suspension of 40 mgkg for 8 consecutive days

Mean (% CV;n = 5)

Parameter (unit)

-Single dose? Multiple
(day 1) dose (day 8)

Crax {(pg/ml) 213D 5.6 (43)
"max (1) 9.2 (90) 5.0 (45)
AUC (pg - h/ml) 1050 (30)° 107.0 (47

“ These data are from the dose-1esponse study (Table 2).
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FIG. ¢ Serum concentration-tume profiles of SCH 56592 in cynomolgus
monkeys following the iv. or po administzation of a 10-mg/kg dose of SCH
56592. A, i.v. as a solution in HPRCD; O, p.o. as a solution in HPRCD; @, p.o
as a suspension in MC.

monkeys they were 15 and 23 h, respectively. Dose-related
increases in serum drug concentrations were observed in mice
(dose range, 20 to 160 mg/kg), rats (10 to 120 mg/kg), and fed
dogs (10 to 120 mg/kg) following a single p.o. dose in the MC

'suspension. However, as the dose increased, the increase in the

C nax Was less than that in the AUC, suggesting that absorption
is slowed at higher doses. Also, concentrations above the MICs
and minimal fungicidal concentrations were observed at 24 h
following a single p.o. dose in the MC suspension in all five
species studied (data not shown), suggesting that a once-daily
administration could be the clinical dose 1egimen.

Studies in dogs showed that the administration of SCH
56592 as a suspension in MC with food increased both the C,,,
and the AUC, .. approximately fourfold. This increasc in bio-
availability is likely due to a greater dissolution in the presence
of food because of increased 1esidence time in the stomach as
well as increased gastrointestinal secretions (4, 6, 13, 14). This
is supported by the finding that p.o. administration of the same
dose of SCH 56592 as a solution in HPRCD with food in-
creased its bicavailability by only 60% compared to adminis-
tration of the same solution under fasting conditions (data not
shown).

Following daily administration of 40 mg/kg for eight consec-
utive days in an MC suspension to fed dogs, concentrations in
serum were higher than those following a single dose, as indi-
cated by an approximately 2.6-fold increase in the C,,. How-
ever, the AUC, _, following a single dose (105 fig * h/mi) was
similar to the AUC,_,, following multiple doses (107 g - h/ml)
(Table 3), indicating no untoward accumulation upon multiple
dosing in the dog.

In conclusion, SCH 56592 was orally bioavailable in mice,
rats, rabbits, dogs, and monkeys. Dose-related increases in
concentrations of SCH 56592 in serum were observed in mice,
1ats, and dogs following administration in an MC suspension.
Food improved the oral bioavailability in dogs approximately
fourfold SCH 56592 concentrations in serum increased upon
multiple dosing with no untoward accumulation.
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