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Abstract

SK&F 104353, a potent leukotriene antagonist, exists in two physically distinct species as a disodium salt. Type 1
melts with decomposition, showing a single endotherm in the region of 250-270°C in differential scanning
calorimetry (DSC) thermograms, as well as exhibiting a weak powder X-ray diffraction (XRD) pattern. Type II
contains a single DSC melting endotherm in the same region, but in contrast has additional, smaller endotherms in
the region of 70-85° C; the new transitions remain upon cooling and reheating. The powder XRD pattern of II is
very similar to that of I with respect to peak positions, but II’s bands are sharper, suggestive of increased
crystallinity. Types I and II can also be distinguished using solution calorimetry, manifesting different heats of
solution in an ethanol /water mixture. Apparent irreversible conversion of 1 to II can readily occur, and has a
significant impact with respect to physical stability of potential suspension aerosol formulations. The results are
explained in terms of a solid-state transformation, i.e., from a metastable, partially amorphous form of low
crystallinity (I) to a similar but more physically stable form of higher crystallinity (II); the conversion is facilitated by
the presence of water, although true ‘hydration’ is not involved. Temperature-dependent Raman spectroscopy has
been applied to characterize the transformation in more detail. The unusual solid-state behavior of this compound
may reflect more general structural characteristics of leukotriene antagonists.

Keywords: Leukotriene antagonist; Calorimetry; Powder X-ray diffraction; Raman spectroscopy; Microscopy; SK& F
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1. Introduction doleukotriene receptor antagonist which has po-
tential applications for treatment of asthma and

2(S)-Hydroxy-3( R)-[2-carboxyethyDthiol-3-[2- other pulmonary diseases (Gleason et al., 1987;
(phenyloctyDphenyllpropionic acid (SK & F Robuschi et al., 1992). The free dicarboxylic acid
104353) is a potent and selective pepti- form (Fig. 1) is isolated as a water-insoluble oil;
efforts have thus focused on identifying suitable

salts for formulation development. The disodium

salt, SK&F 104353-Z,, is of particular interest

* Corresponding author. with respect to its physical properties, existing as
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Fig. 1. Structure of SK&F 104353.

two distinct species. Type 1, the synthetic product
typically obtained by precipitation from absolute
ethanol, appears to be a metastable form of low
crystallinity. Exposure of I to moisture, e.g., by
storage of drug substance under high relative
humidity conditions, results in transformation to
a more physically stable form of higher crys-
tallinity, type II. The conversion of I to II can be
followed by XRD, DSC, optical microscopy, and
solution calorimetry. The conversion has been
further examined as a function of temperature
using Raman spectroscopy; the functional groups
most affected appear to be the methylene groups
in the hydrocarbon chain regions. The implica-
tions of the existence of different physical types
of the drug substance are discussed with respect
to synthetic process control and suspension
aerosol formulation.

2. Materials and methods
2.1. Synthesis

Preparation of SK&F 104353 free acid has
been reported (Gleason et al., 1987, Flisak et al.,
1993). The disodium salt form was obtained by
adding 0.56 N sodium hydroxide /ethanol solu-
tion (98.8% EtOH, v/v) to SK&F 104353 previ-
ously dissolved in absolute ethanol, at a constant
rate with stirring, until a final pH of 8.2-8.5 was
reached. The precipitated solid was filtered,
washed repeatedly with absolute ethanol, and
dried at 65°C under vacuum for several hours,
resulting in a white to off-white powder that is
highly water soluble, > 100 mg/ml.

Chemical stability of samples was evaluated by
reversed-phase high performance chromatogra-
phy (HPLC) using a C-18 column and a mobile

phase consisting of acetonitrile /water /trifluoro-
acetic acid (65:35:0.1) with a flow rate of 2.0
ml /min.

Residual moisture was determined by coulo-
metric Karl Fischer titration using a Mitsubushi
moisturemeter, model CA-05.

2.2. DSC

Thermograms were recorded using a Perkin-
Elmer DSC-7 scanning calorimeter equipped with
a thermal analysis data system (Perkin-Elmer,
Norwalk, CT). Unless otherwise noted, samples
were lightly crimped in standard aluminum pans,
1.e., closed, but not hermetically sealed, and
heated at a rate of 20° C/min.
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Fig. 2. XRD patterns of SK&F 104353-Z,: (a) type I drug
substance; (b) type 1I, produced by treating type 1 with 50:50
ethanol /water. Similar effects were observed when type I
drug substance was stored at high humidity.
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2.3. XRD

Powder diffractograms were obtained using a
General Electric XRD-5 diffractometer with a
Siemens automation system (Siemens Analytical
X-Ray, Madison, WI). Samples were lightly
ground, then slurried with a 1% solution of collo-
dion in amyl acetate. The slurry was layered on a
silica single crystal substrate and air dried.

237

2.4. Solution calorimetry

Heats of solution at 25° C were measured with
a Tronac Model 450 isoperibol calorimeter
(Tronac, Orem, UT). The principles and experi-
mental design of this system have been described
elsewhere (Lindenbaum and McGraw, 1985).
Sample amounts on the order of 40-60 mg were
accurately weighed into soft glass ampoules. The

x| Q)
25.0 T
z
S z20.0 4
B
5]
o
o
8 150
T
10.0 4
5.0 1 J
G.0 T T T T T T— T T
75.0  100.0  125.0  150.0  175.0  200.0  225.0  250.0  275.0  300.0
Temparature (*C)
30.0 4 b)
25.0
Z I
& 20.04
8 ’
2
w
]
5 150
T
10.0 A
5.0 u \./& }
Y
0.0 T T T T T T T T T
75.0  100.0  125.0  1S0.0  175.0  200.0  225.0  250.0  275.f 3L .D

Temparature (*C)

Fig. 3. DSC thermograms of SK& F 104353-Z,: (a) type I; (b) type 1L
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solvent system chosen was a 50:50 mixture of
ethanol /water, wherein SK&F 104353-Z, read-
ily dissolves, producing a measurable heat of so-
lution.

2.5. Microscopy

The particle size and shape of the unconverted
drug substance were evaluated by dispersing a
small amount of the powder into a test tube
containing approx. 3 ml of an inert fluorocarbon
liquid (Fluorinert, FC-80, 3M, St. Paul, MN) us-
ing a small metal spatula to blend the powder
with the liquid. A drop of the resulting dispersion
was placed onto a glass microscope slide and
observed at 400 X power using a Nikon Biophot
light microscope equipped with plan apochro-
matic objectives and a 35 mm SLR camera (Nikon
Inc., Garden City, NY). To prepare the converted
drug substance, a small amount of unconverted
SK &F 104353-Z, was placed in a glass test tube,
to which a 50:50 ethanol-water mixture was added
dropwise until a slurry developed. After 2—3 min,
a drop of the slurry was placed on a glass micro-
scope slide and observed as above. The morphol-
ogy and particle size of the drug particles in
suspension aerosol formulations were evaluated
as follows: the metered dose inhaler (MDI) canis-
ter was shaken and actuated twice through a
plastic actuator in order to prime the valve. The

MDI was removed from the actuator, and the
valve was actuated directly onto a glass slide; the
particles from the captured spray were observed
microscopically at 400 X power.

2.6. Raman

Raman spectra were obtained using a SPEX
Micramate 1403 double monochromator (SPEX,
Edison, NJ) with 1800 grooves /mm holographic
gratings. Slit widths of 500 mm, corresponding to
5 cm~! resolution, were used since spectra taken
at 2 cm™! resolution yielded identical results.
Samples were illuminated with approx. 30 mW of
of 514.5 nm radiation from a Coherent model no.
90-5 argon ion laser (Coherent, Palo Alto, CA).
Temperature-dependent spectra were obtained
using a Linkam Model THM 600 RTD tempera-
ture controlled hot stage (Linkam, Tadworth, UK)
which fitted between the microscope objective
and the microscope stage. In order to record the
true sample temperature, the sample was placed
directly on a separate copper constantan thermo-
couple inside the hot stage.

3. Results and discussion

The XRD patterns of types I and II are shown
in Fig. 2. The similarity in peak positions suggests
that they have the same crystal structure, but
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Fig. 4. Expanded DSC region of type II: (solid line) initial heating to 100° C; (broken line) re-heating, after cooling same sample to

room temperature.
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differ in extent of crystallinity. Type I's powder
pattern is characteristically weak and diffuse;
however, there are indications of long range or-
der suggesting it is not a truly ‘amorphous’ mate-
rial. Type II's pattern is significantly sharper,
consistent with an increase in crystallinity and
stronger long-range order.

The XRD results correlate well with their re-
spective DSC thermograms (Fig. 3). Both forms
exhibit melting with concomitant decomposition
above 250° C. The decomposition process causes
some uncertainty in determining the true onset of
melting as well as an accurate enthalpy of melt-
ing; a typical value for the latter is on the order
of 120 J /g. This value is considerably below what
would be expected for the melt of a highly crys-
talline material. As expected, reheating of sam-
ples that had undergone melting gave thermo-
grams devoid of any thermal events. In contrast
to type I, the initial thermogram of type II ex-
hibits melting at approx. 250°C plus two addi-
tional, smaller endotherms, at approx. 71 and
85°C, which are well below the region of melt-
ing /decomposition. The new endotherms are rel-
atively small (the more prominent 71°C en-
dotherm has a typical enthalpy of 22 J/g), but
reproducible; note that they are still present upon
cooling and reheating to 100° C, albeit slightly
shifted to lower temperature (Fig. 4). The effects
of varying the DSC heating rate on these transi-
tions were also studied. Slower heating rates de-
creased the onset temperatures of the new type 11
transitions, but the effect was slight and their
appearance was otherwise unchanged. These en-
dotherms are also present when a type II sample
is heated in an open DSC pan, as well as in a
sealed one, indicating that they are not artifacts
produced by crimping.

TGA studies were also carried out on type I
and type II samples exposed to different relative
humidities. The objective of such studies was to
assess whether hydrate formation exists in type
II. A representative TGA thermogram is shown
in Fig. 5b, and a compilation of TGA weight loss
as a function of humidity and storage time is
given in Table 1. While the drug substance does
acquire some moisture at high humidity, there is
no indication of hydrate formation. Rather, the
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Fig. 5. Comparison of DSC and TGA data for type II: (a)

DSC; (b) TGA. Type II was produced by spiking type I with
5% water by weight, then storing in a desiccator with Drierite.

water that is taken up by the drug substance
appears to be surface adsorbed, and can be easily
driven off in the presence of a drying agent, or by
mild heating. The lack of correlation between the
DSC and TGA data for type II (Fig. 5) argues
against formation of a stable hydrate species.

To rule out chemical degradation as a factor in
the conversion, both forms were assayed by

Table 1
Hygroscopicity study of SK&F 104353-Z,
Condition Average percent weight loss (TGA)
Days 24 h desic-
b
Initial> 051 1 2 3 4 7 cator
32% R.H. 0.74 0.80 0.66 0.53 0.64
58% R.H. 098 098 0.86 098 1.00
79% R.H. 1.28 1.26 196 160 150 0.48

? Initial sample was dried 3 days at 80° C.

b Sample was placed in desiccator containing Drierite after 1
week exposure to 79% R.H.

R.H., relative humidity over saturated salt solutions at 25° C.
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HPLC. Type Il showed no significant increase in
the amount of known degradation products char-
acteristic of this compound (Figazotto et al., 1991).
In contrast, physical transformation of type I to
type II can be observed microscopically (Fig. 6)
when type I drug substance (Fig. 6a) is treated
with a small amount of ethanol/water mixture
and then evaporated to dryness; note the forma-
tion of needle-like particles (Fig. 6b). Similar
behavior was found when type I was used in the

preparation of suspension aerosol formulations
(Fig. 6¢); analysis of the resulting needles con-
firmed that they were in fact type II drug sub-
stance. The conversion appears accelerated by
exposure to high humidity conditions, suggesting
a critical humidity level must first be attained.
Once started, the conversion process seems irre-
versible. However, isothermal calorimetry studies
indicate that the kinetics of the I to II conversion
are complex, and may be influenced by particle

Fig. 6. Photomicrographs of SK&F 104353-Z,: (a) initial suspension aerosol prepared from type I; (b) suspension aerosol after
conversion of type I to type 1I; (c) type Il drug substance resulting from treatment of type 1 with 50:50 ethanol/water. Note

similarity of particle morphology in (b) and (c).
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size, sample weight, and temperature, as well as
humidity (Sokoloski et al., 1993). In the afore-
mentioned ethanol slurry treatment studies, some
lots of type I drug substance converted more
readily than others, although all eventually could
be induced to convert.

This lot-to-lot variability with respect to con-
version can be evaluated more quantitatively us-
ing solution calorimetry. While this technique is
most commonly applied to characterize differ-
ences in crystal structure due to polymorphism
(Lindenbaum and McGraw, 1985), it has also
been found useful in determining extent of crys-
tallinity (Pikal et al., 1978). As shown in Table 2,
type I samples which are not converted to type II
yield heat of solution values virtually identical to
their starting materials. Samples which are suc-
cessfully converted give enthalpy of solution val-
ues on the order of 1-2 kcal /mol greater than
unconverted lots. The solution calorimetry results
correlate well with corresponding XRD and DSC
data.

While polymorphic forms of other leukotriene
antagonists have been reported (Ghodbane and
McCauley, 1990), the XRD and DSC results in
this case do not seem consistent with a true
polymorphic conversion. The rapid conversion of
1 to 1I in the presence of high humidity raises the
possibility of hydrate formation. However, the

Fig. 6 (continued).

persistence of type II's low temperature DSC
endotherms upon cooling and reheating is incon-
sistent with a hydrate, in which they would be
expected to disappear after the initial heating.
The similarity of the transitions when obtained in
open as well as closed pans also argues against
the existence of a stable hydrated form. More-
over, TGA and Karl Fischer determinations con-
ducted on the same samples of types 1 and II

Table 2
Solution calorimetry data from 50:50 ethanol /water *
Run Sample Converted P AH (kcal /mol)
A initial 8.88
final yes 10.58
B initial 8.35
final yes 10.38
C initial 7.83
final yes 10.38
D initial 8.56
final no 8.34
E initial 9.71
final yes 12.15

# Runs A-D show the heats of solution for starting materials
corresponding to different lots of drug substance (all type I)
and the respective products produced by treating them with
an ethanol-water slurry. Run E shows solution calorimetry
data for another type I sample and its product produced by
exposure to 40° C, 75% R.H storage (type II).

® Conversion of initial samples to type Il was verified by
XRD, DSC, and optical microscopy.
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Fig. 7. FT-Raman spectra of SK& F 104353-Z, type ], at different temperatures.

showed no obvious differences in water content,
which is on the order of 1.0% by weight; i.e., type
II does not appear to be the result of perma-
nently adsorbed excess moisture on the surface of
type I. Note that a stoichiometric monohydrate of
SK&F 104353-Z, would correspond to a weight
loss on the order of 3.6%, a hemihydrate on the
order of 1.8%. Also, a hydrate is expected to

show a characteristic inflection in the TGA corre-
sponding to dehydration; neither type I nor type
IT samples exhibit this behavior. Therefore, type
II does not appear to be a hydrate of type I.
Examination of infrared and Raman spectra of
the two types provides some further information
regarding functional groups affected by the con-
version process. The IR spectra (not shown) of

] 1
t

' 4

2700 2800 2900

3000 3100 3200

Raman Shift (cm-1)
Fig. 8. FT-Raman spectra of SK& F 104353-Z,, type 11, at different temperatures.
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Table 3
Location and assignment of SK&F 104353-Z, Raman bands

Frequency (cm 1) Assignment

3055 aromatic C-H stretch
3030sh ® aromatic C-H stretch

2967 aliphatic C-H stretch

2932 symmetric CH, stretch
2901 antisymmetric CH, stretch
2855 antisymmetric CH , stretch
1605 aromatic ring vibration
1578 aromatic ring vibration

# sh, shoulder.

types I and II are quite similar; however, some
differences can be more clearly seen when the
spectrum of type I is subtracted from that of type
II, particularly in the modes associated with
mono- and disubstituted C-H deformation bands
in the region of 900-675 cm ™! (Silverstein et al.,
1974). A band at 712 cm ™!, which is assigned to
the monosubstituted aromatic ring, appears to be
most strongly associated with the conversion to
higher crystallinity.

More obvious changes are apparent in the
Raman spectra, with major peak frequencies and
assignments summarized in Table 3. The most
dramatic effects occur in the high frequency C-H
stretching region. Fig. 7 and 8 show the tempera-
ture-dependent Raman spectra of types I and II.
Two features are apparent from these figures.
First, the room temperature Raman spectra are
clearly different for the two types. Secondly, there
are temperature-dependent effects observed only
for type II, whereas the spectra for type I are
temperature independent.

While changes at lower frequency are also
observed, the most notable differences between
the Raman spectra occur in the high-frequency
C-H stretching region, from 2700 to 3200 cm™!.
This region includes vibrations from the aromatic
moieties (3055, 3030 cm™!, sh), the lone C-H
stretch (2967 cm™!), and from the methylene
vibrations of the hydrophobic tail (8 CH,) as well
as the hydrophilic tail (2 CH,). With respect to
the aromatic stretching region, one can use the
intensity ratio of the aromatic C-H stretch to the
aromatic ring vibration as an internal standard.
For both types I and 11, the 5455/ 1405 ratio was
1.5, and did not change with temperature.

Attention thus focused on the aliphatic C-H
stretches. The symmetric CH, stretch is known to
be affected by the trans/gauche rotational iso-
merism of the hydrocarbon chain due to in-
tramolecular Fermi resonance (Snyder et al., 1978,
1980) In particular, the symmetric stretch of highly
ordered as well as completely disordered polyeth-
ylene chains appears as three bands, whose fre-
quencies (at 2850, 2890, and 2929 cm~!) do not
change with phase but differ in relative intensities
for disordered chains (i.e., a mixture of trans and
gauche rotational isomers) vs ordered chains (all-
trans). Note that the middle of the three bands is
obscured by the strong antisymmetric CH, stretch
which occurs nearby. However, the antisymmetric
stretch at approx. 2900 cm ™! can couple to the
torsional and librational motions of the alkane
chain, and its width has been observed to depend
on the mobility of the alkane chain (Zerbi et al.,
1988).

The intensity ratios of both [I,4,/154s, and
Igs0/ 12590 have been used to characterize struc-
ture and phase transitions of hydrocarbon chains.
First, I,54/1,45 decreases for the transition from
crystalline to liquid polyethylene (Snyder et al.,
1982). In the case of SK&F 104353-Z2, this ratio
stays approximately constant between the two
types. Second, I,gs0/l,g9 decreases upon going
from an ordered to a disordered chain (Snyder et
al., 1978, 1980). In the present samples, where
the actual ratio used is I,g55/ 5490, this ratio is on
the order of 0.58 for type II and 0.73 for type I,
suggesting an increased mobility in the type 1
state. A smaller decrease in the ratio is seen
when type II is at temperatures above the ob-
served DSC phase transition. It is thus possible
that the methylene groups remain in a nearly
all-trans conformation for all three phases, but
are still more free to undergo torsional and libra-
tional oscillations in type I and in the high tem-
perature phase of type II. Interestingly, hot-stage
microscopy studies conducted on type II under
crossed polars did not reveal any dramatic visual
changes in this temperature range. However, a
slight fading of birefringence was noted at ap-
prox. 70° C; this change was reversible upon cool-
ing and reheating,

The temperature-dependent Raman spectra of
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types I and II confirm that a phase change occurs
for the high crystallinity type, but not for the low
crystallinity type. No intensity changes were ob-
served for type I, indicating that no conforma-
tional changes occur in the alkane chains with
temperature. This clearly indicates that tempera-
ture alone does not provide sufficient mobility for
a tranformation from type I to type II, By con-
trast, there is clear evidence of disordering at
temperatures above the apparent DSC phase
transitions of type II. Once such a transition
occurs, no further changes with temperature are
observed (spectra were recorded up to 150° C but
are not shown). The major change in the higer
temperature form appears as a lowering in the
intensity of the 2899 cm ! band, which decreases
to a value that is still higher than that observed
for the low crystalline (type I) form.

An X-ray structural determination carried out
on the crystalline racemate of SK&F 104353 (SK
&F 103944) indicates that hydrophobic and hy-
drophilic groups are segregated by the molecular
packing, with the lipophilic chains packed in a
head to tail arrangement (Eggleston et al., 1990).
We postulate that exposure of type I to moisture
allows some mobility within the lipophilic ‘tail’
regions; reorientation of the tail could conceiv-
ably facilitate growth of small, isolated crystals
already present in I, leading to a product of
higher crystallinity. The precise significance of
the low-enthalpy, weak DSC transitions in type 11
remains to be determined; however, their pres-
ence appears to be indicative of the increased
crystalline character. It is also of interest to note
that low-enthalpy solid-solid transitions have been
observed in some paraffins, which may be rele-
vant to the present compounds (Lourdin et al,,
1992). Further studies utilizing spectroscopy
and /or microscopy as a function of temperature
are expected to provide additional insight into
their origin in the leukotriene antagonists.

From a formulation standpoint, type 1 is clearly
problematic to work with, since it can readily
convert to II and the conversion cannot be easily
suppressed or controlled. This physical instability
is a particular concern for aerosol formulation,
wherein particle size and morphology must be
controlled to achieve desired therapeutic behav-

ior. Crystal growth in MDI formulations is unde-
sirable, as it decreases the amount of respirable
drug available, and can also lead to unsatisfactory
performance of the inhaler device (Dalby et al.,
1991). Suspension aerosol formulations prepared
with type I were found to be unsatisfactory in this
regard, while MDIs prepared with micronized
type 1I appear to be physically stable, even when
stored under high humidity conditions, making
this form preferable for formulation develop-
ment.

However, attempts to produce type II on a
practical scale were not particularly successful;
the final precipitation step appears to be ex-
tremely sensitive to the amount of moisture pre-
sent. This suggests that the role of water may be
that of a transient solubilizing agent, which allows
type I to dissolve and then recrystallize out as the
more highly crystalline type II species. It also
seems clear while water facilitates conversion of
type I to type II, the latter does not represent a
hydrated species and is not different chemically
from type I starting material.

A previous report dealing with a structurally
similar leukotriene antagonist (Vadas et al., 1991)
suggests that this class of compounds can exhibit
unusual solid-state behavior. It was speculated
that the observed thermal and microscopic behav-
ior might stem from the amphiphilic nature and
surface activity of these molecules, which allows
them to exist in liquid crystailine phases. How-
ever, in the present case, the conversion of type 1
to type II appears to be unrelated to liquid crystal
characteristics; rather, the DSC and hot-stage
polarized light microscopy studies indicate that a
solid-solid phase transition occurs below 100° C,
which appears to be correlated with increased
crystallinity. One unusual feature is its persis-
tence, i.e., this transition does not disappear upon
repeated annealing, as would be expected for
other partially crystalline systems.

4, Conclusions
The growing importance of leukotriene antag-

onist compounds in pharmaceutical development
will require thorough preformulation studies us-
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ing a variety of techniques. Such early-stage stud-
ies are a prerequiste for better understanding
how their structural features impact on the physi-
cal stability of these compounds in dosage forms.
Calorimetric methods and Raman spectroscopy
in particular may be useful in monitoring changes
in the solid-state behavior of this class of com-
pounds.
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