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ABSTRACT: The structure—property relationships of new
polymorphs of the chiral herbicide imazamox were investigated
by X-ray diffraction, hot stage microscopy (HSM), and
differential scanning calorimetry (DSC). Four different
polymorphs of imazamox(R) were found. The relationship
between different crystal forms, relative thermal stability, and
possible conversions pathways was explored. Racemic
imazamox, for which no polymorphic modifications could be
observed, was also characterized in the solid state.

B INTRODUCTION

Interest in the solid-state properties of drugs has blossomed in
the last decades." This interest is well deserved because an
insufficient understanding of solid-state properties has led to
serious setbacks over the years. Problems encountered range
from the sudden unexpected inability to reliably produce a form
that has been used in pivotal clinical studies to variations in the
drug product properties due to seemingly random changes of
the solid form during processes or storage. A thorough
understanding of solid-state properties may create opportu-
nities, benefitting both producers and the customers; for
example, the production could be made more efficient and
cheaper, and, more importantly, the properties of the drug or
compounds could be improved.” In some cases, it may be
possible to obtain patent protection for novel modifications
with improved technical properties. In a crystallization process,
the molecules arrange in an energetically favorable way, but it is
not easy to understand the physical—chemical conditions that
favor the formation of one form with respect to the others. The
hydrogen bond interactions for neutral molecules and the
reduction of void space compete for the best structural
arrangement, but also external parameters (temperature,
pressure, humidity rate, additives, etc.) have to be taken into
account. The presence of one or more polymorphs may further
complicate the crystallization process of compounds and
represents a challenge for the industry. The current scientific
literature reflects the importance of polymorphism in
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pharmaceutical substances. In agrochemicals, the basic
interests are essentially the same, that is, investigating new
forms, their properties, and their thermodinamical relation-
ships; however, studies of polymorph screening of agrochemical
compounds are still not so common as in the case of
pharmaceutical compounds.®

Imazamox® (Scheme 1) is an effective herbicide for the
control of both terrestrial and aquatic vegetation. Imazamox is
the common name for (+)-2-[4,5-dihydro-4-methyl-4-(1-
methylethyl)-S-oxo-1H-midazol-2-yl]-S-(methoxymethyl)-3-
pyridinecarboxylic acid and is a member of the imidazolinone

Scheme 1. Imazamox
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Table 1. Details of X-ray Data Measurements and Refinements

imazamox(RS)

Form I Form III Form IV imazamox(R)
formula CisHioN;0, CisHioN;0, CisHigN;0, CisHioN;0,
M, 305.33 305.33 305.33 305.33
temp/K 103 293 293 103
A/A 1.54178 0.71073 0.71073 1.54178
crystal system orthorhombic monoclinic orthorhombic orthorhombic
space group P2,2,2, P2, P2,2,2, P2,2,2,

a/A 7.2139(9) 7.262(2) 6.1344(4) 7275(1)
b/A 14.934(2) 7.837(1) 12.3989(4) 16.048(3)
/A 27.803(3) 27.115(2) 19.8456(7) 25.129(4)
p/deg 96.43(2)

V/A3 2995.4(6) 1533.5(5) 1509.5(1) 2934.0(8)
z 8 4 4 8

D./Mg m™ 1.354 1322 1.344 1.383
p/mm™! 0.827 0.097 0.099 0.844
F(000) 1296.0 648.0 648.0 1296.0
20 range/deg 6-116 3—44 3-54 6-114
reflns collected 3240 3784 2710 3731
indep reflns 2242 3398 2286 3313

Ry 0.061 0.022 0.030 0.044
refined params 406 414 190 406

R, (obs) 0.058 0.047 0.043 0.039
wR, (all) 0.136 0.105 0.055 0.091

class of herbicides, which also includes imazapic, imazapyr,
imazethapyr, imazamethabenz, and imazaquin.* All imidazoli-
none herbicides share a common mechanism of herbicidal
action that involves the inhibition of acetolactate synthase
(ALS). ALS is an enzyme found in plants and is required for the
synthesis of essential branched chain amino acids as valine,
leucine, and isoleucine, all of which are important for plant
growth.5

In general, the herbicidal activity of the R-isomer is better
than that of the racemic imidazolinone compounds. Chiral
imidazolinone possessing the R configuration demonstrate
about a 2-fold increase in herbicidal activity over the
corresponding racemic mixture.*

In this work, we carried out a polymorph screening of
imazamox(R) and imazamox(RS) using different solvents and
additives in the crystallization medium to understand the
physical—chemical conditions that can influence the formation
of different polymorphs. All solid-state materials obtained were
investigated by single crystal and powder X-ray diffraction,
differential scanning calorimetry, variable temperature X-ray
diffraction, and hot stage microscopy. A series of slurry
experiments at room temperature and 50 °C and exposure to
different humidity conditions were also conducted to ascertain
the relative stability and possible conversion pathways of the
crystal forms.

B EXPERIMENTAL SECTION

Imazamox was provided by BASF S.p.A,; all other reagents were
purchased from Sigma-Aldrich and used without further purification.

Crystallization from Solution. Imazamox(R) or imazamox(RS)
(50 mg, 0.16 mmol) was dissolved in 4 mL of different solvents
(acetonitrile, acetone, nitromethane, ethanol, 1-propanol, 1-butanol,
diethyl ether, toluene, diisopropylether, p-xylene, hexane, dichloro-
methane, water, methanol, chloroform, THF, ethyl acetate, dioxane);
the solutions were left to evaporate at room temperature, yielding
single crystals or microcrystalline powders of different polymorphs of
imazamox (see Table 2). Solutions prepared in the same way were

heated to 50 °C under stirring and left at S0 °C until complete
evaporation, yielding single crystals or microcrystalline powders of
different imazamox polymorphs (see Table 2). A third experiment
concerned crystallization at room temperature with the addition of
different inorganic salts (LiCl, 7 mg, 0.16 mmol, KC|, 11 mg, 0.15
mmol, CaCl,, 9 mg, 0.08 mmol) to the imazamox solutions, with the
goal of obtaining ionic co-crystals (see Table 3).°

Slurry Experiments. For the slurry experiments, imazamox(R) or
imazamox(RS) (200 mg, 0.65 mmol) was suspended in different
solvents (water, methanol, chloroform, ethyl acetate, THF, dioxane) in
closed vessels and stirred either at room temperature or at 50 °C for
three weeks. Polycrystalline powders were obtained in all cases.

X-ray Single Crystal Diffraction. X-ray data for form III and IV
of imazamox(R) were collected at room temperature at the University
of Bologna on an Oxford Diffraction X’Calibur diffractometer [Mo Ka
(1 = 071073 A) radiation and graphite monochromator] equipped
with a CCD detector (see Table 1 for data collection and refinement
details). SHELX97” was used for structure solution and refinement
based on F2. Non-hydrogen atoms were refined anisotropically. X-ray
data for form I of imazamox(R) and imazamox(RS) were collected at
BASF on a Bruker AXS, equipped with a CCD detector and a graphite
monochromator, with Cu Ka radiation. Absorption correction was
performed with the SADABS software.'® Results of data collection and
refinement are listed in Table 1. For all compounds, SHELX97” was
used for structure solution and refinement based on F*. Non-hydrogen
atoms were refined anisotropically. Hydrogen atoms were added in
calculated positions. Mercury 2.3° and CyLView® were used for the
graphical representation of the results.

X-ray Powder Diffraction. X-ray powder diffractograms in the 26
range 5—50° (step size 0.01°, time/step SO s, 40 kV X 40 mA) were
collected on a Panalytical X'Pert PRO automated diffractometer
equipped with an X'Celerator detector. Data were collected in Bragg—
Brentano geometry, using Cu K radiation without a monochromator.
X-ray powder diffraction patterns simulated (Form I, III, IV) and
observed (Form II) for the four polymorphic modifications of
imazamox(R) are shown in Supporting Information, Figure S1.

Variable Temperature X-ray Diffraction. X-ray powder
diffractograms of imazamox(R) and imazamox(RS) in the 26 range
3—40° were collected on a Panalytical X'Pert PRO automated
diffractometer equipped with an X’Celerator detector and an Anton
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Table 2. Solvent Screening at RT and 50 °C for Imazamox(R)

solvent RT 50 °C
water I+ 11 1
nitromethane I 111
acetonitrile I 1+ 110
methanol I+ I
acetone 1 1
diisopropyl ether I I
chloroform I+ I 1
THF I+ 11 I
ethyl acetate I+ III

solvent RT 50 °C

ethanol
1-propanol
1-butanol
diethyl ether

toluene

I+ 11

dichloromethane

dioxane + III

p-xylene
hexane

o e e e

Paar TTK 450 system for measurements at controlled temperature.
The data were collected in open air in Bragg—Brentano geometry
using Cu Ko radiation without a monochromator.

Differential Scanning Calorimetry (DSC). DSC measurements
were performed with a Perkin-Elmer Diamond. Samples (3—S5 mg)
were placed in a sealed aluminum pans. Heating was carried out at §
°C min~! for all samples.

Thermogravimetric Analysis (TGA). TGA measurements were
performed with a Perkin-Elmer TGA?7 in the temperature range 40—
350 °C under an N, gas flow, at a heating rate of 5 °C min™".

Hot Stage Microscopy (HSM). Hot stage microscopy measure-
ments were carried out using a Linkam TMS94 device connected to a
Linkam LTS350 platinum plate. Images were collected with the
imaging software Cell, from a Visicam 5.0 stereoscope.

B RESULTS AND DISCUSSION

Polymorph screening of imazamox chiral and racemic forms
was carried out. For imazamox(R) four different polymorphs

Table 3. Solvent Screening at RT in the Presence of Alkaline
and Alkaline Earth Salts

reagents solvent RT
imazamox(R)/KCl water I
imazamox(R)/KCl ethanol 1
imazamox(R)/KCl 1-butanol
imazamox(R)/LiCl water v
imazamox(R)/CaCl, water” I
imazamox(R)/CaCl, water® Y

“Forms III and IV were separately obtained in two distinct but
analogous experiments.

Figure 1. HSM images at RT of (a) Form I and (b) Form IV (both
taken at 100X).

were found, named in order of characterization from Form I to
Form IV, whereas for imazamox(RS) only one form was
isolated. Relationships between crystalline forms were studied
through a combination of solid state techniques, such as single
crystal X-ray diffraction, X-ray powder diffraction at room and
variable temperature, thermal analysis (DSC, TGA), and hot-
stage microscopy (HSM).

Scheme 2. Slurry Experiments at RT and HT Starting from
Form I

Form |

RT HT (50°C)
MeOH, CHCl,, H,0,
ethyl acetate, H,O:EtOH 1:1,
THF, dioxane CHCly

Form IV

Table 4. Melting Points and Heat of Fusion of Imazamox(R)
Polymorphs

mp (°C) AH; (J g, DSC data)
Form 1 130(1) (DSC, peak) 41(1)
Form 11 114(1) (DSC, peak) 30(1)
Form III 126(1) (HSM)
Form IV 117(1) (DSC, peak) 102(1)

Scheme 3. Different Thermal Behavior of the Amorphous
Phase, Obtained via Melting of Form I, Depending on the
Technique Utilized (DSC and HSM vs. VIXRPD)

Form |

lS“C min

melting of Form |
at 130°C

5°C mint

I amorphous phase at RT

DSC, HSM VTXRPD
recryst.
to Form IV
at 90°C

recryst.
to Form Il
at 80°C

Imazamox(R). Solvent Screening. Form I corresponds to
the sample as produced by BASF; solvent screenings at room
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115°C, melting of Form Il

90°C, Formll

m

130°C, melting of Form |

RT

RT Form |

o

—
5 10 15 20 25 30 35 40
26/deg

Figure 2. Variable temperature X-ray powder diffraction measure-
ments on Form I. Heating and cooling processes are all conducted at 5
°C min~".

Scheme 4. Thermal Behavior of Form II and Form IV as
Observed via DSC and HSM

5°C min't
melting
at 114°C

5°C min?!
MELT
l melting

at117°C
amorphous
at RT

Form IV, RT

15"C min!

Recrystallization
to Form | at 120°C

temperature (RT) and high temperature (HT, S0 °C) were
carried out (see Table 2). At room temperature, single crystals
were always obtained, whereas solvent evaporation at 50 °C
invariably yielded microcrystalline powders. Recrystallization at
RT from acetonitrile, acetone, nitromethane, ethanol, 1-
propanol, 1-butanol, diethyl ether, toluene, diisopropylether,
p-xylene, hexane, or dichloromethane always yielded crystals of
Form I (Table 2). Recrystallization at room temperature from
water, methanol, chloroform, THF, ethyl acetate, or dioxane
yielded mixtures of Form I and Form III. Form III was obtained
also by fast evaporation at 50 °C from acetonitrile, 1-butanol, or
nitromethane solutions (see Table 2). Form IV was obtained

via crystallization from an aqueous solution of LiCl or CaCl,
(see Table 3), which was added to investigate the possibility of
ionic co-crystals’ (ICCs) formation. Imazamox solubility is
enhanced in these last solutions, and the increased ionic
strength might have an effect on the nucleation and growth
processes. In these crystallization conditions, a systematic
improvement in crystals size and morphology was also
observed (Figure 1).

Slurry Experiments. Slurry experiments were performed on
Form I at room temperature (RT) and high temperature (HT,
50 °C). Slurry in methanol, chloroform, ethyl acetate, THF, or
dioxane at RT and HT yielded Form IV as a microcrystalline
powder, while slurry in water yielded Form I at RT and Form
IV at HT (see Scheme 2). The temperature for HT
experiments was chosen to simulate the stability tests
commonly performed in the industry on agrochemical
products.

The different results obtained on changing temperature
conditions prompted us to investigate the thermal behavior and
possible conversion properties of all forms, via VT-XRPD,
TGA, DSC, and HSM measurements. Melting points are listed
below in Table 4 (see Supporting Information Figures S2 and
S3 for TGA and DSC traces, respectively).

Thermal behavior of Form I was investigated via both DSC
and VTXRPD. The two methods produce different results, as
summarized in Scheme 3. VIXRPD measurements (Figure 2)
show that, after melting at ca. 130 °C, an amorphous phase is
obtained on cooling; on a second heating cycle, recrystallization
of this amorphous starts at ca. 80 °C to a new polymorphic
form that we named Form II; recrystallization is complete at 90
°C (see Figure 2). The sample of Form II obtained via
VTXRPD was subsequently used for thermal behavior analysis
(DSC and HSM).

DSC and HSM measurements on Form I replicate the
behavior observed under the X-ray up to amorphous formation,
but on a second heating cycle recrystallization is observed to a
different polymorphic form, that is, to Form IV (see Scheme 3).

The different behavior in response to the technique utilized
is not uncommon, as we have recently seen in ionic co-crystals
of piracetam®® and witnesses the necessity of combining optical,
calorimetric, and diffraction techniques for a more compre-
hensive characterization of the thermal history of the sample
under study.

Thermal behavior of Form II and Form IV is very similar:
their melting points are extremely close (see Table 4), and
cooling processes after the melting show, in both cases,
recrystallization to Form I (DSC peak, see Scheme 4). It might
be worth noting that Form II and Form IV, which melt at
relatively low temperature, both recrystallize on cooling, while

RT

126°C

130°C 133°C

Figure 3. HSM on a single crystal of Form III, showing the melting process starting at ca. 126 °C (heating rate S °C min™").

D
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%0 melting of Form IV (T pea
117°C) and recryst.
process to Forms I and 111
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S

melting of forms III (T peak
128°C) and I (Tpear 132°C)

|

Temperature (°C)

20
18 Form IV=> Form I transition
| (Tpeax 115°C), melting of

residual Form IV and recryst.
to Forms I and III

Heat FlowEndo Up (mW)
3

125 130 135

@

melting of traces of Form III
and of Form I (Tpea 131°C)

100 105 110

Tempersture (°C)

130

135 140 (b)

Figure 4. DSC traces for crystalline Form IV. Heating cycles conducted at (a) 5 °C min™" and (b) 1 °C min™".

273 T#e
tp IVl 130°C
ca. 115°C

Figure S. Qualitative E—T plot (not on scale) for imazamox(R),
showing the relationship between the different polymorphic
modifications.

Form I, which melts at higher temperature, only forms
amorphous phases upon cooling.

Imazamox(R) form III could be obtained only once in its
pure form and as a limited amount of single crystals; for this

Figure 6. Intramolecular N-(H)O interaction present in all
imazamox(R) molecules (Form I is used here as an example).

Form IIT

Form I

Figure 7. The dimers constituting the asymmetric units in Forms I and
III. As the molecules in the two forms differ for the orientation of the
isopropyl group, Form I and Form III can be considered conforma-
tional polymorphs.
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Figure 8. Different relative orientation of adjacent columns along the
stacking direction in Form I (top) and Form III (middle). The
intermolecular hydrogen bond along the pile, between the oxygen of
the ether group on one molecule and the NH group on an adjacent
molecule, is also shown (bottom) for Form I [N(H)---O 2.955(1) and
2.996(1) A in Form I and Form III, respectively].

Figure 9. In Form IV, the dimer conformation is lost, and each
molecule of imazamox is linked to other two molecules via hydrogen
bonds, thus forming an infinite zigzag hydrogen bonded chain
extending parallel to the b-axis direction. The chain is corrugated also
if viewed laterally: the bottom part of the figure shows an adjacent
chain in the crystal, running along the same direction but tilted by 90
deg.

reason, its thermal behavior was investigated only by HSM
(Figure 3). No phase transition is observed for Form III before
melting, which starts at ca. 126 °C and is complete at 133 °C
(heating rate S °C min™").

Slurry experiments indicate that stability at room temper-
ature is also dependent on the solvent employed, as Form I is
maintained if water is used as a solvent; all other solvents yield
form IV. At the same time, if we compare melting points and
heat of fusion (see Table 4), it is easy to appreciate that Form I
is characterized by a higher melting point and a lower heat of
fusion.

RT
after grinding

RT

w

170°C

A

M__f

I ) P | VY .

T ¥ T 1 T x T X x
5 10 15 20 25 30 35 40
20/deg

Figure 10. VTXRPD measurements on imazamox(RS).

According to the Burger—Ramberger Rules, in particular to
the heat-of-fusion rule, an enantiotropic relationship exists
between Form I and Form IV: Form IV is the thermodynami-
cally stable form at room temperature, while Form I is the
thermodynamically stable form at high temperature. But how
high is high? We were able to detect the transformation from
Form IV to Form I only in a DSC measurement performed at a
slow heating rate, that is, 1 °C/min (see Figure 4).

When Form IV is heated at 5 °C/min, melting is observed at
117 °C, followed by recrystallization to Forms I (major
component) and II. At a slower heating rate, the melting
cannot be completely avoided, but the most part of Form IV
converts into Form I at ca. 115 °C, that is, immediately before its
melting point, as it can be seen from the definitely lower AH of
fusion. The molten portion recrystallizes, as observed in Figure
4a, into a mixture of Forms I and III (this last is present in
lesser amount).

If we now combine all data collected via slurry and thermal
characterization, we can try to draw a qualitative E—T diagram,
which shows the relative stability of the four forms at different
temperatures (see Figure S). Figure Sb shows an expanded
version of the most relevant part of the diagram; the diagram of
course is not on scale, as melting points and the IV — I phase
transformation all occur in a narrow temperature range.

Structural Description. Crystal structures of Forms I, III,
and IV were determined via single crystal X-ray diffraction. In
the case of Form II, no single crystals could be grown, and its
diffraction powder pattern, obtained in variable temperature
XRPD measurements, was unfortunately never good enough to
allow structural solution from powder.

The asymmetric unit in both Forms I and III of
imazamox(R) is based on a pair of independent molecules
arranged face-to face, while in Form IV only one molecule of
imazamox is present. All three forms are characterized by the
presence of an intramolecular hydrogen bond involving the
carboxylic group and the nitrogen atom of the imidazoline ring
[N-(H)Ocoop 2-520(1), 2.501(2), and 2.510(2) A for Forms
I, 111, and IV, respectively] (see Figure 6).

Forms I and III show a similar packing arrangement and will
be described together. The dimers constituting the asymmetric
unit of both Forms I and III are shown in Figure 7: it can be
seen that the two molecules within the dimers are arranged in
space so that the two planar systems face each other, with an
interplanar distance between the two six-membered rings of ca.
3.7 A (Form I) and 3.9 A (Form III). The main difference
between the two forms is in the orientation of the isopropyl
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Figure 11. The infinite hydrogen bonded chain present in imazamox(RS), extending parallel to the crystallographic a-axis. Intermolecular hydrogen
bonds are established between the N—H group on one imidazolone and the O¢q atom of the carboxylic group on an adjacent molecule [N(H)---

Oco 2.851(2) Al

group. Forms I and Forms III can thus be considered
conformational polymorphs.

The dimers of Figure 7 are both arranged in infinite stacks
along the g-axis direction, but the relative orientation of
adjacent columns along the stacking direction is different for
the two polymorphs, as it can be seen from Figure 8. The
similarities between the packing arrangements of Forms I and
III are reflected in the similarity of their thermal behavior and
melting point.

In crystalline Form IV, the dimeric pairing of molecules is
not present, and the stacking motif is lost. In addition to the
intramolecular hydrogen bond, each imazamox molecule is
connected to two adjacent molecules via N(H)-+-O,ger (N---O
distance 2.849(2) A), thus forming an infinite zigzag hydrogen
bonded chain extending parallel to the b-axis direction (see
Figure 9). The chain is corrugated also if viewed laterally: the
bottom part of the figure shows an adjacent chain in the crystal,
running along the same direction but tilted by 90 deg.

Imazamox(RS). A solvent screening was also performed on
imazamox(RS) both at room temperature (RT) and at high
temperature (HT, 50 °C). Crystallization at RT from water, 1-
propanol, diisopropylether, acetone, acetonitrile, THF, 1-
butanol, and ethanol invariably yielded the starting material,
that is, imazamox(RS). Slurry experiments on imazamox(RS)
were also carried out at room temperature (RT) and at high
temperature (HT, SO °C). From these experiments, only
microcrystalline powders of the starting form were obtained.

The thermal behavior of imazamox(RS) was investigated
starting from VTXRPD measurements. A polycrystalline
sample of imazamox(RS), as provided by BASF, was shown
to melt around 170 °C (see Figure 10); on cooling,
recrystallization was observed (the process could be accelerated
via grinding) to the starting form.

TGA and DSC measurements were also carried out; no
phase transition was observed before melting, which occurs at

167 °C (peak temperature; see Supporting Information, Figure
S4).

The results of an HSM analysis on a single crystal is in
agreement with DSC and VIXRPD observations, as the crystal
melts completely at 165°.

In its crystals, racemic imazamox is characterized by an
asymmetric unit containing two molecules of imazamox. The
intramolecular hydrogen bond observed in chiral imazamox is
obviously present also here, while the pattern of intermolecular
hydrogen bonds is established here between the N—H group of
imidazolone and the O¢g atom of the carboxylic group on an
adjacent molecule. Infinite chains of imazamox(R) molecules
are thus formed, which extend parallel to the crystallographic a-
axis (see Figure 11).

B CONCLUSION

Polymorph screening on chiral and racemic imazamox was
performed. Four polymorphs of chiral imazamox were
thermally characterized, and their structures were determined,
except for Form II, which was obtained via variable temperature
X-ray powder diffraction. Thermal relationships between all
crystalline forms were studied, and the thermodynamically
stable forms at room and high temperatures were identified.
The addition of salts to crystallization media has shown
potentialities in the nucleation step, allowing new polymorphic
forms and improved crystal morphologies and sizes to be
obtained. Potential polymorphs of agrochemical compounds,
influenced by different experimental conditions, may prompt
further investigation in the process of identifying stable forms
during industrial manufacture. Solid-state study in the agro-
chemical field is still a forefront topic opened to new
perspectives.
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© Supporting Information

TGA and DSC traces for imazamox(R) and imazamox(RS);
crystallographic information files (CCDC 977677—977680) for
all structures described herein. This material is available free of
charge via the Internet at http://pubs.acs.org.
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