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Abstract

Olanzapine (OLN), an anti-psychotic drug, is one of the most widely studied pharmaceutical
materials. Although OLN and most of their multicomponent solids are highly crystalline, some of
their molecular salts are difficult to crystallize and optimization takes long time. After several
batches of failed crystallization, we applied mechanochemistry and microcrystal electron
diffraction (MicroED) for structure elucidation. This combined approach was successful not only
in structure determination of the drug molecule but also in characterizing traces of impurity present
in a bulk solid. This study demonstrates that the combined approach is fast and efficient for
structure elucidation of pharmaceutical materials when generation of suitable single crystals is

challenging.
Introduction

Structure elucidation of pharmaceutical material provides key insights in understanding molecular
interactions and tuning physicochemical properties. Moreover, presence of molecular impurities

such as polymorphs, decomposed products, starting materials or any forms of contaminant can
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also alter the physicochemical property as well as the relative stability of the drug material.*
Therefore, structural characterization of active pharmaceutical ingredients (APIs) as well as
molecular impurities is of prime importance in pharmaceutical industry. It has been observed that
most of the APIs or pharmaceutical multicomponent solids (salts, cocrystals, solvates, hydrates
etc.) do not form suitable single crystals for structure elucidation by X-ray crystallography and

optimization for structure determination takes long time.*®

OLN is a well-known anti-psychotic drug, for which several polymorphs,’® solvates,®
cocrystals!®! and molecular salts>!® have been reported in the literature. It is one of the most
widely studied psychoactive drug'*!® and several publications have appeared from our research
group as well.*"12131817 1n one of our previous works, we discussed the hydration stability of a
series of OLN salts with aliphatic dicarboxylic acids.* During the investigation, although a few
crystal structures were determined, we could not optimize the condition to generate suitable single
crystals of olanzapinium oxalate, olanzapinium glutarate and olanzapinium succinate (Scheme 1).
As an alternative, powder diffraction coupled with periodic DFT was used to determine the crystal

structure of olanzapinium oxalate; however, we failed to do so for the other salts.

Advancement of electron diffraction techniques led to the development of microcrystal electron
diffraction (MicroED), or continuous rotation electron crystallography, for structure solution of
small molecules®®?® as well as macromolecules like proteins and peptides.?® MicroED can solve
crystal structures from fine powders, even when it is a mixture of multiple compounds. Here, we
applied MicroED and mechanochemistry to structure elucidation of pharmaceutical materials that

failed to generate suitable single crystals by solution crystallization.
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Scheme 1 Molecular structure of olanzapine (OLN) and salt formers oxalic acid (OA), succinic acid (SA)
and glutaric acid (GA) considered for this study.

All the 1:1 molecular salts of OLN in powder form were prepared for MicroED using liquid
assisted grinding (LAG) in the presence of acetonitrile as added liquid. The powdered molecular
salts were gently dusted on a copper EM grid (Quantifoil R1.2/1.3 Cu 200 mech) and loaded onto
a Talos Arctica microscope (Thermo Fisher Scientific) (Supporting information Figure S1). Data
collection was performed on Talos Arctica operated at 200 kV using SerialEM?® with a strategy
described in the literature.?*2"28 Briefly, crystals cryo-cooled to 79 K were rotated at 1 °/s for 60°,
while the diffraction patterns were recorded on a Ceta detector at 1 frame/s. The electron flux is
about 0.05 e/AZ%s. Diffraction patterns were processed with DIALS?®3 and xia2.multiplex.®?
Merged intensities were phased by SHELXT?® and kinematically refined with SHELXL>* in Olex2
GUL*»

The first system, olanzapinium glutarate monohydrate (OLN**GA *H,O) was
characterized using SCXRD. During preparation of our previous report* (year 2018), after several
batches of failed crystallization, we managed to generate olanzapinium glutarate acetonitrile salt
that did not match the experimental PXRD patterns reported in that study. Although we proposed
that mechanosynthesis resulted in olanzapinium glutarate monohydrate, based on thermal
measurements, we could not determine its crystal structure. Accidently during co-crystallization
of OLN with pyrazinamide for another work!” (year 2020), a single crystal of the OLN**GA~<H,0
was obtained along with the desired cocrystal. The crystal structure was solved in P1 space group
containing one molecule each of OLN*, GA™ and water molecule in the asymmetric unit. One of
the carboxylic acid protons of GA was transferred to the piperazine ring nitrogen of OLN resulting
in the formation of a molecular salt. A water molecule connects the OLN™ and GA™ dimer with N—
H-*-Owater and O—H--O hydrogen bonds as shown in Figure 1a. 3D packing showed formation of
OLN™-GA" infinite chains connected via N-H:*Owater/N*—H---*O~ and O-H---O hydrogen bonds.
Neighboring OLN molecules form an OLN dimer motif with C—H---x interactions (Figure 1b-c).
The calculated powder pattern matches well with the experimental one confirming our earlier

prediction.*



(a) (b)

Figure 1 (a) OLN" molecule connecting neighboring GA™ and water molecule using N*~H---O™ and N—
H--Owater hydrogen bond respectively; (b) Water molecule that acts as a bridge connecting GA™ dimers and
OLN" using N—H-*Ouwater and Owaer—H-+-O hydrogen bond; (c¢) 3D packing arrangement showing symmetry

independent molecules with different color code.

The second system, crystal structure of olanzapinium oxalate (OLN?**«OA?") was solved in
the monoclinic chiral space group P2: using MicroED by merging 70 high-resolution crystals out
of 247 measured, 204 indexed crystals. The crystal contained one molecule each of olanzapine and
oxalic acid in the asymmetric unit. Two protons from the oxalic acid molecule were transferred to

the piperazine and the diazapine ring nitrogens of OLN that resulted in a di-salt. The MicroED



structure showed cell parameters as well as crystal packing consistent with that of the reported®*
powder structure solution (Figure 2 and supporting information Table T1).

PXRD structure solution

Figure 2 Hydrogen bond interactions and molecular packing pattern of OLN?*"+OA? salt solved using
PXRD structure solution (reported) vs. MicroED (this study).

The third system, olanzapinium succinate molecular salt was analyzed with MicroED
(Supporting information Figure S1). Indexing of 244 measured crystals gave at least three distinct
unit cell parameters. 87 crystals were indexed in the most common crystal form. We merged 34
high-resolution crystals, which yielded the salt structure in the P2;/c space group containing one
molecule each of OLN™, SA™ and acetonitrile (ACN) in the asymmetric unit. Similar to all reported
molecular salts, a proton is transferred from one of the carboxylic acid groups of SA to the
piperazine ring nitrogen of OLN. The carboxylate oxygen has bifurcated interactions with two
OLN molecules through the piperazine ring nitrogen and the diazapine ring N—H group using N*—
H--Osa and N-H---O sa hydrogen bonds, respectively. The second carboxylic acid group of SA
forms a discrete hydrogen bond to the third OLN molecule via the diazapine ring nitrogen i.e. O—

H---N, forming a 3D crystal packing arrangement as shown in Figure 3a. The void space is



occupied by an acetonitrile molecule forming a host-guest structure (Figure 3b). Crystallographic
parameters of all the OLN salts considered in the study are summarized in the supporting

information Table T1.

(a) (b)

Figure 3 (a) Various hydrogen bond interactions present between SA and OLN molecules in OLN"sSA~
*ACN crystal structure; (b) Host-guest type of 3D packing arrangement with void space occupied by ACN

solvent (red).

The calculated powder patterns of all the materials match well with their respective
experimental powder patterns (Figure 4), confirming homogeneity (as less than 5% impurity is
impossible to characterize using PXRD) of the powder sample as well as accurate structure

solution of the investigated crystal systems.

During the MicroED structure determination of OLN**SA +ACN, we obtained two more
structures; one contained an OLN fragment (28 merged out of 50 indexed), while the other was a
2:1:1 co-crystal of SUCA, 1-methylpiperadine and water (41 merged out of 68 indexed; see
supporting information Figure S2-3 for structures). We surmise that these impurities were present
in the sample before irradiation. First, the diffraction patterns indicated the unit cell parameters of
impurity crystals from early frames; if the radiation damage had generated these impurities, the
lattice would have started as that of OLN-SUCA and changed to that of impurity crystals towards
later frames. Next, breakage of a C—N bond in OLN and its substitution to a C=0 bond are unlikely,



especially at our low total electron flux of 3 e/A2. Although 1-methylpiperadine could result from
OLN decomposition, the crystal packing of OLN-SUCA does not have void spaces to allow the
remaining tricyclic ring to escape. Interestingly, however, *H- and 3C-NMR spectra of the
corresponding powder material did not show any impurity in the form of decomposed material
(see supporting information Figure S4). Thus, we speculate that the sample contained these
impurities at a trace amount during synthesis of the commercial drug® and below the detection
limits of NMR and powder diffraction (< 5%). Note that the numbers of indexed crystals
(87:50:68) do not reflect the composition in the bulk, because too large crystals and crystal
aggregates cannot be measured and indexed in MicroED. The presence of the impurities before
irradiation was confirmed by mass spectroscopy (MS). MS was measured after separating the
impurity from the raw material (OLN powder) by HPLC (see supporting information Figure S5
for HPLC, TLC and MS data).
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Figure 4 Comparison of experimental powder patterns with calculated powder patterns of OLN molecular
salts considered for this study.

In conclusion, we successfully determined structures of olanzapine molecular salts:
olanzapinium glutarate by SCXRD due to accidental formation of a suitable single crystal after 2
years from the first report!’, and olanzapinium oxalate and olanzapinium succinate directly from
powdered samples by combination of mechanochemistry and MicroED. Although 2 years may not

be a long period in academic settings to optimize crystallization, from an industrial point of view



it may fatally delay the launch of a potential drug candidate as a competitor may file a patent and
enter into the market. Cumbersome and time-consuming optimization processes for generating
single crystals suitable for structure determination by SCXRD were avoided by MicroED. It is also
noteworthy that we succeeded in detecting and revealing structures of impurities by taking the
basic advantage of MicroED, in which a large number of nanocrystals is individually located in
the imaging mode and measured in the diffraction mode. Diffraction patterns from crystals are
classified in silico, ameliorating the need to physically purify the mixture. Pharmaceutical industry
will surely benefit from such advantages of combined mechanochemistry and MicroED in
structure solution of APIs that are recalcitrant to yield large single crystals by traditional solution-
phase crystallization.

Supporting Information

Cryo-EM images of OLN molecular salts, molecular structures of the OLN impurities, *H and *3C-
NMR spectra of OLN salts, crystallographic data table, HPLC, TLC and MS data of OLN
impurities. CCDC No. 2254172-2254176. Raw diffraction images were deposited to XRDa
(https://doi.org/10.51093/xrd-00125, https://doi.org/10.51093/xrd-00126).
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Figure S1. Cryo-EM images of (a) OLN-OA and (b) OLN-SA powder prepared using manual grinding

mounted on a copper EM grid for MicroED. (Scale: Diameter of circles in the photos is ca. 1.2 um)
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2

Figure S2. Molecules present in the asymmetric unit of one of the impurities of OLN-SA sample (impurity

1) used for MicroED analysis.

Figure S3. Molecules present in the asymmetric unit of the other impurity (impurity 2) of OLN-SA sample

used for MicroED analysis.
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Figure S4. 'H- and *C-NMR spectra of the corresponding (a-b) OLN*+OA?% and (c-d) OLN**SA™ salt

structures respectively.
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Table T1. Crystallographic parameters of OLN salts

54.821
46.733

I

50 40

30

15.617

20 10

1.702

Olanzapini | Olanzapini | Olanzapiniu | Olanzapiniu | Olanzapine Olanzapine
um oxalate | um oxalate | m glutarate | m succinate | impurity 1 | impurity 2
(1:2) (1:2) monohydrate | acetonitrile (2:1:1)
(reported) (this study) | (1:1:1) (1:1:1)
Chemical (C17H22N4S) | (Ca7H22N4S) | (Ci7H21NaS)e | (CarH22NaS)e( | 2(CaHsO4) (C12H10N20S)
formula +(C204) +(C204) 0.5(C10H1408) | CsHs04)e *(CsH1aN2)
* H20 (C2Hs3N) *(H20)
Formulawt | 402.47 402.48 462.56 471.57 354.35 230.29
Cryst syst Monolinic Monoclinic | Triclinic Monoclinic Triclinic Orthorhombic




Space group | P21 P2: P1 P2i/c P1 Pbcn

T, K 298 79 296 79 79 79

a, A 10.3247(10) | 10.914 8.3239(4) 11.718 6.605 10.815

b, A 8.2245(5) 8.223 9.8354(5) 14.498 8.935 12.611

c, A 10.8567(7) 10.386 14.1883(7) 14.742 15.061 16.549

a, deg 90 90 78.613(2) 90 104.04 90

B, deg 92.685(6) 87.44 80.880(3) 106.84 97.60 90

Y, deg 90 90 87.127(3) 90 97.50 90

VA 2 2 2 2 1 4

v, A3 920.88(12) 931.2 1124.11(10) 2397.1 842.2 2257.1

Dcalc, g | 1.452 1.435 1.367 1.307 1.397 1.355

cm 3

W, mm- ! - - 0.19 - - -

refins - 198554 4661 93754 45547 94540

collected

unique - 5651 3836 4069 3004 2309

reflns

Ri[1>2(1] | - 0.1097 0.042 0.1565 0.148 0.138

wR2 (all) - 0.1371 0.127 0.1942 0.420 0.349

Rwp 0.056 - - - - -

(powder

data)

GOF 8.546 1.096 1.10 1.095 1.20 1.21

Data Rigaku Talos Bruker Talos Arctica | Talos  Arctica | Talos  Arctica

collection Ultima IV Arctica APEX-II CCD | microscope microscope microscope
microscope | diffractometer

CCDC no. 1585240 2254175 2254176 2254174 2254172 2254173




Table T2. Merging statistics of olanzapinium oxalate (1:1) solved by MicroED

d_max d_min #obs #uniq mult. %comp <I> <l/sl> r_mrg r_means r_pim ccl/2

5.62 1.88 7747 165 46.95 98.21 3.6 85.4 0.16 0.162 0.022 0.997*
1.88 15 9188 154 59.66 100 1.8 475 0.256 0.259 0.033  0.996*

15 1.31 10128 157 64.51 100 1.2 329 0.339 0.342 0.041 0.984*
131 1.19 9662 153 63.15 100 12 285 0.337 0.34 0.042 0.993*
1.19 111 9832 152 64.68 100 1 22.3 0.447 0.451 0.054 0.973*
111 1.04 9611 146 65.83 100 0.8 19.9 0.425 0.429 0.052 0.981*
1.04 0.99 10057 155 64.88 100 0.6 13.6 0.552 0.557 0.067 0.979*
0.99 0.95 10958 154 71.16 100 04 11.2 0.688 0.693 0.082  0.945*
0.95 0.91 8790 144 61.04 100 0.3 7.2 1.041 1.049 0.126 0.867*
0.91 0.88 11654 157 74.23 100 0.3 7.3 1.075 1.082 0.123  0.899*
0.88 0.85 9600 149 64.43 100 0.2 5.3 1.247 1.256 0.15 0.890*
0.85 0.83 9433 140 67.38 100 0.2 4.8 1.354 1.365 0.165 0.856*
0.83 0.81 10586 153 69.19 100 0.1 3.6 1.574 1.585 0.185 0.806*
0.81 0.79 10389 151 68.8 100 0.1 35 1.807 1.82 0.212 0.721*
0.79 0.77 10427 151 69.05 100 0.1 3 1.989 2.005 0.242 0.747*
0.77 0.75 9800 152 64.47 100 0.1 25 2.167 2.185 0.269 0.634*
0.75 0.74 10200 137 74.45 100 0.1 2.2 3.567 3.592 0.412 0.363*
0.74 0.73 10254 154 66.58 100 0.1 18 31 3.124 0.376  0.556*
0.73 0.71 11541 165 69.95 100 0.1 1.6 3.23 3.253 0.373 0.433*
0.71 0.7 9026 118 76.49 100 0.1 1.7 11.973 12.055 1368 0.435*
5.62 0.7 198883 3007 66.14 99.9 0.6 15.8 0.549 0.553 0.067 0.996*

Table T3. Merging statistics of olanzapinium succinate acetonitrile (1:1:1) solved by MicroED

d_max d_min #obs #uniq mult. %comp <I> <l/sl> r_mrg r_means r_pim ccl/2

5.82 2.14 4204 269 15.63 100 15 34 0.312 0.321 0.076  0.995*

2.14 171 5481 263 20.84 100 0.8 20.8 0.504 0.515 0.107  0.992*



171 15 5624 256 21.97 100 0.5 13.7 0.704 0.719 0.146  0.983*

15 1.36 5850 261 2241 100 0.3 9.2 0.803 0.821 0.172 0.961*
1.36 1.27 5774 257 22.47 100 0.4 9.3 0.76 0.778 0.164 0.974*
1.27 1.19 5738 253 22.68 100 0.3 7.8 0.838 0.857 0.179 0.971*
1.19 1.13 5845 250 23.38 100 0.3 7.8 0.956 0.976 0.195 0.978*
1.13 1.08 5890 258 22.83 100 0.2 5.6 0.939 0.96 0.197 0.975*
1.08 1.04 5897 252 234 100 0.2 5 1.026 1.047 0.211  0.945*
1.04 1.01 6203 264 235 100 0.2 3.8 1.006 1.027 0.202  0.924*
1.01 0.98 5563 234 23.77 100 0.1 2.9 1.14 1.166 0.238 0.889*
0.98 0.95 6082 260 23.39 100 0.1 2.3 1.308 1.335 0.263  0.902*
0.95 0.92 6033 253 23.85 100 0.1 2.1 1.6 1.634 0.325 0.854*
0.92 0.9 5679 243 23.37 100 0.1 1.8 1.212 1.237 0.248 0.816*

0.9 0.88 6399 269 23.79 100 0.1 1.6 171 1.745 0.343 0.831*
0.88 0.86 5723 238 24.05 100 0.1 14 1.565 1.596 0.314 0.573*
0.86 0.84 6063 255 23.78 100 0 11 1.415 1.444 0.286 0.666*
0.84 0.83 6059 257 23.58 100 0 1 1.676 1.711 0.345 0.753*
0.83 0.81 6100 255 23.92 100 0 1 1.734 1.772 0.365 0.549*
0.81 0.8 5130 245 20.94 100 0 0.8 2.416 2474 0.524 0.560*
5.82 0.8 115337 5092 22.65 100 0.3 6.8 0.943 0.963 0.196  0.993*

Table T4. Merging statistics of one of the impurities in olanzapinium succinate (1:1) solved by
MicroED

d_max d_min #obs #uniq mult. %comp <I> <l/sl> r_mrg r_means r_pim ccl/2
5.63 2.13 1664 144 11.56 83.24 11 225 0.117 0.123 0.033  0.990*
2.13 171 2074 143 145 85.63 5.6 15.7 0.164 0.169 0.04 0.987*
171 15 2209 152 14.53 89.41 3.2 10.8 0.229 0.236 0.054 0.983*
15 1.36 2415 156 15.48 88.14 2.3 9.5 0.291 0.3 0.068 0.980*
1.36 1.27 2215 144 15.38 85.71 2.2 8.5 0.277 0.286 0.067 0.989*
1.27 1.19 2597 155 16.75 88.57 2.2 8.6 0.24 0.246 0.051 0.995*

1.19 1.13 1866 143 13.05 87.73 1.4 5.4 0.3 0.311 0.073 0.975*



1.13 1.08 2484 159 15.62 89.33 1.4 55 0.343 0.353 0.079 0.984*

1.08 1.04 2594 155 16.74 87.57 11 5.2 0.407 0.418 0.09 0.964*
1.04 1.01 2319 151 15.36 88.3 0.9 44 0.426 0.438 0.096 0.964*
1.01 0.98 2275 145 15.69 87.35 0.6 3.3 0.469 0.486 0.111  0.458*
0.98 0.95 1949 139 14.02 85.8 0.5 2.4 0.558 0.577 0.137  0.904*
0.95 0.92 2779 168 16.54 90.81 0.5 2.8 0.667 0.685 0.146  0.810*
0.92 0.9 2282 149 15.32 86.13 0.3 15 1.056 1.089 0.247  0.693*

0.9 0.88 2497 154 16.21 88 0.3 15 0.926 0.951 0.202  0.790*
0.88 0.86 2258 144 15.68 88.34 0.1 1.2 1.093 1.127 0.252 0.220*
0.86 0.84 2342 156 15.01 87.64 0.2 1 1.291 1.329 0.291 0.663*
0.84 0.83 1998 137 14.58 87.82 0.2 1.2 1.084 1.133 0.29 -0.105
0.83 0.81 2597 161 16.13 88.46 0.2 11 1.727 1.792 0.412 -0.449
0.81 0.8 2137 150 14.25 86.71 0.2 11 1.703 1.753 0.389 0.776*
5.63 0.8 45551 3005 15.16 87.48 1.7 5.6 0.314 0.324 0.074 0.976*

Table T5. Merging statistics of the other impurity in olanzapinium succinate (1:1) solved by MicroED

d_max d_min #obs #uniq mult. %comp <I> <l/sl> r_mrg r_means r_pim ccl/2

5.89 2.14 3626 148 245 95.48 3.2 49.7 0.125 0.128 0.025 0.998*
2.14 171 4989 148 33.71 100 1.7 32.7 0.197 0.2 0.034 0.994*
171 15 5004 135 37.07 100 11 22.3 0.265 0.269 0.042  0.990*

15 1.36 5206 135 38.56 100 0.7 16.4 0.3 0.304 0.047  0.986*
1.36 1.27 4987 133 375 100 0.7 111 0.373 0.378 0.061 0.984*
1.27 1.19 5125 126 40.67 100 0.7 144 0.303 0.307 0.047 0.984*
1.19 1.13 5544 142 39.04 100 0.6 11.6 0.362 0.367 0.057 0.991*
1.13 1.08 4991 124 40.25 100 0.4 7.6 0.43 0.435 0.067 0.977*
1.08 1.04 5033 127 39.63 100 0.4 6.9 0.454 0.46 0.071 0.971*
1.04 1.01 5657 133 42.53 100 0.3 5.8 0.541 0.548 0.084 0.960*
1.01 0.98 4849 121 40.07 100 0.2 3.6 0.746 0.756 0.115 0.789*
0.98 0.95 5630 137 41.09 100 0.2 3 0.813 0.823 0.125 0.825*

0.95 0.92 5533 130 42.56 100 0.2 3.4 0.892 0.903 0.134 0.896*



0.92 0.9 4886 118 41.41 100 0.1 2.5 0.971 0.983 0.149 0.810*
0.9 0.88 5491 134 40.98 100 0.1 2.1 1.073 1.088 0.169 0.436*
0.88 0.86 5261 128 411 100 0.1 2.1 1.438 1.456 0.22 0.736*
0.86 0.84 5412 125 43.3 100 0.1 1.8 3.055 3.088 0.44 0.652*
0.84 0.83 5191 122 42.55 100 0.1 13 2.01 2.036 031 0.521*
0.83 0.81 5820 140 41.57 100 0.1 14 1.746 1.767 0.263 0.510*
0.81 0.8 4670 122 38.28 100 0.1 11 1.748 1.772 0.28 0.351*
5.89 0.8 102905 2628 39.16 99.73 0.6 10.6 0.384 0.389 0.061 0.995*
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Figure S5. (a) HPLC and (b) TLC of the raw powder sample, that shows presence of OLN (pk 1), OLN
fragment (pk2 also termed as OLN impurity 2) prior to MicroED data collection. TLC was developed from
a solvent mixture of chloroform:methanol = 5:1 including 0.5% of triethylamine; (c) MS of the separated
fragment using TLC showed presence of OLN (calculated for Ci7H2oN4S (M+H)*: 313.1487; found:
313.1720 (100%) and OLN fragment (calculated for C12H1oN20OS (M+H)*: 231.0592; found: 231.0134.



