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Taming the dynamics in a pharmaceutical by
cocrystallization: investigating the impact of the
coformer by solid-state NMR+

Patrick M. J. Szell, 2 Jozef R. Lewandowski, @° Helen Blade, ©°
Leslie P. Hughes, @ *© Sten O. Nilsson Lill@¢ and Steven P. Brown @ *?

Pharmaceuticals in their crystalline state may display a range of dynamics that can affect their
physicochemical properties and chemical stability. With pharmaceutical cocrystals continuing to gain
attention, there is an opportunity to investigate how the dynamics are changing in these new solid forms.
Here, we investigate the dynamics in efavirenz, an anti-HIV drug, and a series of its cocrystals using a
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combination of DFT calculations and solid-state magic-angle spinning (MAS) NMR spectroscopy. We show
that the crystalline form of efavirenz has a highly dynamic cyclopropyl group, and displays additional
rocking motion. In contrast, the dynamics in the efavirenz cocrystals appear to be tamed, with the

cyclopropyl group in the (efavirenz)(L-proline) cocrystal being the most constrained, and these constraints

rsc.li/crystengcomm

Pharmaceutical cocrystallization is a recent strategy where
an active pharmaceutical ingredient (API) is crystallized with
one or more coformers.'™ This approach can provide
control of the physicochemical properties, having been
shown to be highly beneficial, for example, in improving
dissolution rates and mechanical properties.*” Interestingly,
cocrystals have also been shown to influence the chemical
stability of an APL®° potentially extending their shelf-lives.
In recent years, the field of pharmaceutical cocrystals has
flourished, with several commercial products now being
available or under development.*®

Despite the general conception that solids are rigid and
fixed in place, molecules in their crystalline state may display
a range of motions. In the context of this study, we refer to
these motions as dynamics. Dynamics have been shown to be
important for the function of proteins,"'™* materials,"* and
molecular machines,”'® and can be modified by
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originating from a more favourable crystal packing in the cocrystals.

intermolecular interactions and the crystal packing.'”'®

However, molecular motion may be undesirable in
pharmaceuticals as this has been shown to influence their
chemical and physical stabilities."® ' In addition, dynamics
can render an API difficult to crystallize, making the
development of a commercially relevant process challenging,
while also complicating the process of structural
characterization due to the added uncertainty inherent with
crystallographic disorder.>® As a result, the ability to control
dynamics may lead to better quality drug products with a
consistent performance and improved manufacturability.
Recent work has shown that dynamics in crystalline solids
can be influenced by manipulating the chemical
environment,>** the crystallographic environment,****>¢ or
by introducing a dynamics catalyst.>” More specifically, the
dynamics present in crystalline pharmaceuticals have
previously been investigated,** " showing an impact on the
dynamics for preparing new polymorphs,** the salt form,****
or even pharmaceuticals supported in a matrix.*>*® However,
to the best of our knowledge, there is no systematic
investigation on how the dynamics change in
pharmaceuticals as coformers are introduced into the
structure. With the rise of pharmaceutical cocrystals, insights
on how the dynamics are being modified in these new solid
forms can provide crucial structural understandings on the
next generation of medicines.

The anti-HIV pharmaceutical efavirenz (1) features a
dynamic  cyclopropyl group that adopts multiple
crystallographic positions,®” and a trifluoromethyl group
which is known to rotate (see Fig. 1). Having a dynamic
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rotation

Fig. 1

swaying
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(Top) Diagram of the molecular structures used in this study: (1) efavirenz, (a) cyclohexane-1,4-dione, (b) 4,4'-bipyridine, (c) 1,2-di(pyridin-

4-yl) ethane, (d) (E)-1,2-di(pyridin-4-yl)ethene and (e) L-proline. (Bottom) Molecular structure of 1 illustrating the rotation of the cyclopropyl group
associated with a change in the O-C-C-C torsion angle, o_c_c_c (red circled atoms), the swaying of the cyclopropyl group associated with a
change in the C-C-C angle, 6;,ay (green circled atoms), and the bending of the ethynyl-cyclopropyl axis, fpeng (blue circled atoms).

moiety and several of its cocrystals reported in the
Cambridge Structural Database (CSD),*’*° 1 provides an
ideal opportunity to investigate if the dynamics are
changing in the cocrystals. Here, we investigate the
dynamics of the cyclopropyl group in 1 and a series of its
reported cocrystals,>” ®° as shown in Fig. 1, using a
combination of DFT calculations and solid-state NMR.
Several polymorphs of 1 have previously been reported,
however only form I is investigated here as it is the most
stable of the polymorphs.®’

In this work, information on the dynamics of 1 is obtained
using "?C cross polarisation (CP) and '°F solid-state magic-
angle spinning (MAS) NMR spectroscopy under the theme of
NMR crystallography.*"*> Spin-lattice (7}) relaxation time
measurements are applied to extract the thermodynamic
parameters of the fast ps-ns motion of the cyclopropyl ring,
and is interpreted using the Bloembergen-Purcell-Pound
(BPP) relaxation theory.*>** These data are summarized in
terms of their correlation times (z), which characterise the
average rate of the dynamic events, and the activation energy
(E,), the average energy of a dynamic process occurring on
the NMR timescale. The activation energies were further
investigated using transition state (TS) calculations, potential
energy surface calculations, and an analysis of the interaction
energies in each crystal structure. Overall, the objective of
this work is to investigate the dynamics present in 1 and
whether cocrystallization may be a viable strategy to reduce
undesired dynamics in a pharmaceutical.

6860 | CrystEngComm, 2021, 23, 6859-6870

Results
i) X-ray diffraction

The crystal structure of 1, reported by Mahapatra et al.,’”
features three molecules in the asymmetric unit (2’ = 3), with
one of the cyclopropyl groups exhibiting crystallographic
disorder over two positions. The nature of the disordered
cyclopropyl group in 1 appears to be dynamic in origin, and
consists of a rotation of 136 + 35° along the ethynyl axis, with
the error considering the sizes of the atomic displacement
parameters (ADPs) as represented by thermal ellipsoids and
shown in Fig. 2. This corresponds to a rotation whereby the
torsion angle between the cyclopropyl group axis and the
efavirenz axis (0o_c-c-c, see Fig. 1) range from -42 + 26° to 94
+ 24° (see Table S377). Further, as illustrated in Fig. 1, the
experimental structure reveals a swaying of the entire
cyclopropylethynyl group and a bending of the C-C=C-C axis
from linearity, corresponding to a change in 8.y and Gpeng
of 17 + 15° and 29 + 30°, respectively (see Tables S38 and
$391). In addition, there is a rocking motion of the double
ring backbone, which is manifested in the crystal structure as
an elongation of the thermal ellipsoids for most non-
cyclopropyl atoms in 1, as shown in Fig. 2. These dynamics
are investigated further in the cocrystals.

The crystal structures of cocrystals 1a and 1d, reported by
Mahapatra et al.’” and de Melo et al.,*® respectively, do not
have crystallographic disorder but the ADPs of the
cyclopropyl group are distorted. The crystal structures of

This journal is © The Royal Society of Chemistry 2021
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Fig. 2 Thermal ellipsoid plot of pure 1.*° This figure was generated for
the X-ray diffraction structure CSD# 767883 from Mahapatra et al.>’

cocrystals 1b and 1¢, reported by Mahapatra et al.®” and de
Melo et al.,*® respectively, both have dynamic crystallographic
disorder and some distortions in the ADPs of the cyclopropyl
groups. Structure le is a cocrystal featuring the zwitterion
form of i-proline, and was reported by Marques et al.*
Structure 1e is not disordered and has been solved from
powder diffraction using isotropic displacement parameters
and constraints on bond lengths and angles. All other
structures apart from 1e have been solved by single crystal
X-ray diffraction, and their ORTEP plots*® can be found in
Fig. S37-S41 of the ESILj The thermal ellipsoids of all atoms
in the structure, which are a measure of the uncertainty on
the atomic positions arising from the magnitude and
direction of the thermal vibrations of atoms, are significantly
larger for 1 than in the cocrystals. The average volume of the

View Article Online
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thermal ellipsoids of the CH, carbon atoms of the
cyclopropyl groups were calculated at a 50% ellipsoid
probability and, as shown in Table 1, is largest in 1 and
decreases in the cocrystals, suggesting the occurrence of
reduced dynamics of the cyclopropyl group in the cocrystals.
While there are additional cocrystals with 1 reported in the
literature,*®*” we have restricted our investigations to the
structures available in the CSD.*® Selected experimental X-ray
parameters have been summarized in Table 2.

ii) DFT calculations

In this section, different types of DFT calculations are applied
to probe and rationalise the observed dynamics. First, DFT
calculations featuring the periodicity of the crystal lattice
were performed to investigate the origins of the energy
barriers of the cyclopropyl dynamics using CASTEP transition
state calculations. All structures were initially optimized
using CASTEP, giving rise to small differences in 6o-c-c-c,
Osway and Openq (see Tables S37-S39 of the ESIT). As structures
1a, 1d, and 1e did not have disordered cyclopropyl groups,
the transition state calculations were limited to structures 1,
1b, and 1c, and were performed by specifying the disordered
positions as the starting and end points to the calculations.
In the case of 1, the calculated motion of the cyclopropyl
group was a Afo-c-c-c = 121.2° rotation around the ethynyl
axis, a swaying of the cyclopropyl group (Afg.., = 4.8°), a
bending of the ethynyl group (Afpenq = 10.3°), and a rocking
motion of the double ring backbone, as shown in Fig. 3, with
a calculated energy barrier of 8.8 k] mol'. The calculated
motion in 1b and 1c¢ were rotations of Afy_c-c-¢ = 60.5° and
79.5° for the cyclopropyl group along the ethynyl axis,
respectively, a small bending of the ethynyl group (Afpengq of
12.5° for 1b, 10.4° for 1c), some swaying (Absyay = 2.9° for 1b,
7.9° for 1c), and a slight amount of rocking motion (see Fig.

Table 1 Selected X-ray crystallography parameters, DFT-calculated energy of all through-space interactions involving the selected cyclopropyl group,
and activation energy & correlation times derived from the T,(:*C) NMR relaxation experiments for the cyclopropyl groups in 1 and cocrystals 1la-1e

X-ray DFT 3C NMR relaxation
Sample Thermal ellipsoids volume® (A%) Interaction energy” (k] mol™) E,° (kJ mol™) Ta500/S Assignment?
1 2.72 -95.3 12 + 2 [8.8] (3.1+1.0)x 107" Site 1/¢
-142.3 10 + 2 (1.3 +0.5) x 107" Site 2¢
-99.4 11+2 (1.1 +0.3) x 107? Site 3¢
1a 1.80 -163.9 8+2 (2.6 + 0.9) x 10** Site 1
-120.4 Site 2
1b 1.09 -149.2 2+1[2.1] (5.6 +1.1)x 107" site 1/
-142.5 Site 2/
1c 0.58 -145.8 4+2[53] (1.0 + 0.4) x 107*? Site 1
-142.5 Site 2/
1d 0.40 -149.2 3+1 (6.4 +1.0) x 107 Site 1
-150.6 Site 2
1e 0.25° -218.3 1+1 (1+2)x10" Site 1

¢ Average volume of the thermal ellipsoids (calculated at a 50% ellipsoid probability) of the CH, carbon atoms on the cyclopropyl group.
b Breakdown given in Tables $13-524.t © DFT-calculated E, are given in brackets. “ Crystallographic assignments are given in Table $37 of the
ESL ° Isotropic thermal ellipsoids. / Site is crystallographically disordered. ¢ Obtained from three resolved features at 6(*>C): 8.8 ppm, 8.0 ppm,

and 7.4 ppm, respectively.

This journal is © The Royal Society of Chemistry 2021
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Table 2 Selected experimental X-ray crystallography parameters of the samples investigated in this work

Acquisition Diffraction CSD #
Sample temperature (K) R-Factor (%) Thermal ellipsoids volume® (A% technique (REFCODE) Ref.
1 250 6.56 2.72 Crystal 767883 (AJEYAQ02) Mahapatra et al.’’
la 293 9.43 1.80 Crystal 768815 (QUSREC) Mahapatra et al.’’
1b 298 4.73 1.09 Crystal 767759 (QUSQOL) Mahapatra et al.’’
1c 120 3.79 0.58 Crystal 909386 (XICRUY) de Melo et al.*®
1d 120 7.80 0.40 Crystal 909385 (XICSAF) de Melo et al.*®
1e 298 3.59 0.25” Powder 1847168 (HUDRAC)  Marques et al.*®

¢ Volume of the anisotropic displacement parameter (ADP) of the CH, group of the cyclopropyl group on the efavirenz molecule at a 50% probability.

The volume was calculated using the equation: volume = 5T[(U11'U22'U33) using Uy converted to units of A. b 1sotropic thermal ellipsoids.

Fig. 3

(a) Starting position (C16A C17A C18A), (b) transition state, and (c) ending position (C16B C17B C18B) of the disordered cyclopropyl group in

1 as determined from CASTEP transition state calculations. The red line denotes the torsion angle (fo_c_c_c), and the magenta line highlights the
bending angle (fpena). (d and e) Overlay of the starting position (green) and ending position (blue) from two viewing angles. Only the disordered

molecule in 1 is shown for clarity.

S33 and S34 of the ESIf). The calculated energy barriers for
1b and 1c were 2.1 k] mol™* and 5.3 kJ mol ™.

Potential energy surfaces (PES) were calculated with
DMol3 using DFT for the rotation of the cyclopropyl group of
the efavirenz molecule, corresponding to systematically
changing the 6o_c.cc torsion angle, and are in close
agreement with the TS results obtained from CASTEP. In all
cases, the calculations were performed using a periodic
model of their respective crystal structure. Intriguingly, as
shown in Fig. 4, the PES calculations reveal a broad energy
well with two minima in 1, 1b, and 1e¢, supporting the

6862 | CrystEngComm, 2021, 23, 6859-6870

dynamic crystallographic disorder observed in their X-ray
structures. The barriers are small in samples 1, 1b, and 1c,
and appear to be higher in 1. In the case of 1d, while there is
only one position of the cyclopropyl group in the X-ray
structure, the DFT-calculated energy well is also broad but in
this case there is a single energy minimum with an elevated
rotational energy barrier. The PES for both cyclopropyl sites
in 1b, 1¢, and 1d were similar. In contrast, the energy profiles
of 1a and 1e are narrower with higher barriers resulting in
crystal structures constrained in a single cyclopropyl
orientation. As there are two unique cyclopropyl groups in

This journal is © The Royal Society of Chemistry 2021
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Fig. 4 DFT-calculated potential energy surface for the rotation of a cyclopropyl group along the ethynyl axis in 1 (site 1), 1b (site 2), 1c (site 2), 1d
(site 2), 1la (site 1), and 1e (site 1). The molecular structures above highlight the 6o.c.c.c torsion angle and the cyclopropyl orientations. The
Y-axis reports the relative energy. The torsion angles from the X-ray structure (exp.), DFT-optimized structure (calc.), and DFT-calculated transition
state are indicated by the red, black, and blue arrows, respectively, and are tabulated in Table S37 of the ESI.}

the crystal structure of 1a (Z' = 2), the PES has been
computed for both groups. Cyclopropyl site 1 for 1a has a
calculated energy barrier of 33 k] mol™ (see Fig. 4), whereas
cyclopropyl site 2 for 1a has a calculated energy barrier of 14
k] mol™" (see Fig. S36 of the ESIf). In 1e, additional
constraints on the cyclopropyl ring results in a narrow energy
well with a barrier of 32 k] mol™ and 38 k] mol™ on the
sides of the minimum. Consequently, a single preferred
cyclopropyl position is observed in 1e, in agreement with the
X-ray crystal structure.

In order to provide greater context for the impact of the
crystallographic environment on the energy barrier, the
calculation was repeated on an isolated molecule of 1, with
the PES shown in Fig. S35 of the ESLf The calculated
rotational barrier for the cyclopropyl group in an isolated
molecule was 2.6 k] mol™', which is in excellent agreement
with the 2.8 kJ mol™ reported in a previous investigation.®”
In the investigation reported here, the higher energy barriers

This journal is © The Royal Society of Chemistry 2021

observed computationally in 1, 1la-le originate from
constraints arising from through-space interactions involving
neighbouring molecules in the crystal.

DFT calculations (with GAUSSIAN16) were used to
estimate the total energy of the through-space interactions
involving each cyclopropyl group, and is referred to here as
the total interaction energy.***’ Sample 1 has the least
constraining environment of all samples and the cocrystals
have a higher number of constraining interactions, as shown
in Fig. 5, summarized in Table 1, and fully tabulated in
Tables S13-S24 of the ESLj For instance, the disordered
cyclopropyl group in 1 (site 1) features five interactions from
neighbouring molecules, with the sum of the interaction
energies being —-95.3 k] mol™'. The sum of the interaction
energies in the cocrystals are progressively higher at —120.4
kJ mol™ in 1a (site 2), and -149.2 kJ mol™" in 1d (site 1). In
stark contrast, the cyclopropyl group in 1e interacts primarily
with four adjacent cyclopropyl groups from neighbouring

CrystEngComm, 2021, 23, 6859-6870 | 6863
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Fig. 5 Depiction of the crystallographic packing around the cyclopropyl group for the three distinct cyclopropyl groups in 1 (above) and one of the
two cyclopropyl groups in 1a (site 2), 1d (site 1), and 1e (site 1). The crystal packing of 1b, 1c, and 1d are similar. A simplified depiction of the packing is
shown, with the triangles representing the cyclopropyl group. The black arrows in 1 highlight the two positions of the disordered groups.

molecules, as shown in Fig. 5. The sum of all interactions
involving the cyclopropyl group in 1e (site 1), which also
includes two weaker interactions, has a total interaction
energy of -218.3 kJ mol'. Although 1e has a zwitterion
L-proline molecule in the structure, there are no interactions
involving the cyclopropyl group and the r-proline molecule.
Interestingly, the cyclopropyl groups in all cases interact with
other molecules of 1 rather than the coformer.

iii) Solid-state NMR

Solid-state NMR experiments observing both the '*C and '°F
nucleus were applied to confirm the structural models and to
observe changes in the '*C and '°F chemical shifts (5(**C),
0(*°F)). There have been previous reports of *C solid-state
NMR experiments to characterize 1, and the results presented
here are in good agreement.”*”" As shown in Fig. 6i, the ™

Y
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Fig. 6 (i) *C CPMAS solid-state NMR spectra of 1 and cocrystals 1la to le, with a magnified view of the cyclopropyl resonances. (i) Ty(**C)
relaxation times of the CH, carbon atoms of the cyclopropyl ring at several temperatures. (iii) *°F one-pulse solid-state MAS NMR spectra of the
CF3 group in 1 and cocrystals 1a to le. The dashed lines in (ii) denote the fits to eqn (S5),f and the Y-axis scale is different for the top (1e) and
bottom (1 and 1a to 1d) parts. The asterisks denote spinning sidebands, and the dagger denotes a trace amount of starting material (v (*H) = 500

MHz, vmas = 11750 Hz). Errors on T;(**C) are estimated to be 10%.
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solid-state NMR spectra show clear §(**C) changes between 1
and cocrystals 1a-1e for the resonances assigned to the CH,
and CH carbons of the cyclopropyl group. For instance, a
5(**C) difference of 4.4 ppm is observed between structures 1
and 1e for the CH carbon of the cyclopropyl group. The full
3C NMR spectra are reported in Fig. $19-S247 together with
assignments based on GIPAW DFT calculations and
discussed further in the ESL{ The '°F solid-state NMR spectra
provide a secondary indicator for the successful preparation
of the cocrystals, observing §(*°F) changes of up to 3.6 ppm,
for instance, between 1 and le. A small amount (~5%,
denoted by a dagger) of residual 1 has been identified from
the **C, '°F, and PXRD of 1a. Fortunately, the chemical shifts
in 1a were sufficiently resolved from the starting material not
to affect the T; measurements.

The Ty(**C) relaxation times provide direct insights into
the dynamics occurring on the ps-ns timescales and have
been measured at several temperatures from 3 °C to 45 °C.
Upon the occurrence of motion with a given amplitude near
the "*C Larmor frequency (wy, = 125.9 MHz in this case), the
T,(**C) relaxation times are shorter (<30 s), such as in 1 and
1a, and are shortest when the rate of the dynamics (") is at
the Larmor frequency (r = 1/vy). In this work, the longer
T4(**C) relaxation times (>30 s), such as for 1b, 1¢, 1d and
le, are associated with dynamics occurring at a rate faster
than the *C Larmor frequency (r < 1/w.). Being the inverse
of the rate, we assume the correlation time at a given
temperature (roc) follows the Arrhenius equation (see eqn
(S2)t) and can be calculated from the preexponential factor,
79, and the activation energy, E,. The E, is an Arrhenius
parameter that describes the average energy of a dynamic
process occurring in this timescale. Both E, and 7, are used
to calculate (see eqn (S3)t) the spectral density function,
J(wy,7), which is used to calculate T;(**C). As a result, fitting
the T;(**C) relaxation time at several temperatures allows for
both 7, and E, to be determined. For protonated carbons,
including the CH, and CH carbon atoms of the cyclopropyl
group, the *C-'H dipolar coupling relaxation mechanism

View Article Online

Paper

dominates the Ty(**C). Moreover, because samples contain
BC at natural abundance, averaging of the rates due to
proton driven spin diffusion typically observed in the solid
state for '*C labelled systems is not a concern.’>

In the case of 1, the Ty(**C) relaxation times of the CH,
atoms of the cyclopropyl group are the shortest of all samples
investigated here, ranging between 0.2 s to 2.0 s.
Furthermore, as shown in Fig. 7, the short T;(**C) relaxation
times extend to carbon atoms well beyond the cyclopropyl
group, with the ethynyl carbons and even all other
protonated carbon atoms on 1 having T;(**C) values of less
than 15 seconds, and are orders of magnitude shorter than
in the cocrystals. Additional Ty(**C) plots for the other
resonances of 1 are shown in Fig. S31 and S32 of the ESL}
The Ty(**C) relaxation times of the CH, cyclopropyl atoms in
1a are slightly longer than for 1, with values of up to 12.7
seconds. As shown in Fig. 6ii, the T;(**C) relaxation times of
the CH, carbons are much longer in cocrystals 1b, 1c¢, and
1d, with T4(**C) values of up to 60 seconds. In stark contrast,
the Ty(**C) relaxation times of 1e are on the order of 300
seconds, supporting the occurrence of significant changes to
the dynamics.

For each sample, the Ty(*’C) relaxation times of the CH,
carbon atoms of the cyclopropyl group have been fitted using
eqn (S5) from the ESIf assuming the presence of a single
dominant motional mode, with the resulting fits shown on
Fig. 6ii. The fitting parameters have been tabulated in Table 1,
summarizing the activation energy (E,) and the correlation time
at 25 °C (rp50c). These parameters were verified by fitting the
Ty(**C) relaxation times of the CH carbon atom of the
cyclopropyl group, with all parameters being in excellent
agreement. Using the NMR assignments obtained from the
GIPAW calculations, the thermodynamic parameters have been
assigned to their crystallographic site. The activation energy is
highest in 1 at 12 + 2 kJ mol™ and is in close agreement with
the CASTEP transition state calculations. The slightly lower
energy barrier (8.8 k] mol™) obtained from these calculations
were likely due to being performed on a reduced model of 1 as

4 4
- 'Ni{ii‘ri'\ i 2]—;—""”'*i
0 T T T T 0 T T T T
o 15 44’ CF3// \10 N
i D \ annes
< 5 d 0+————
=~ 45 Cl O 10
10 i‘i'i 5- ae? *
aAR S NGNS
5+—7——"v—— 0 T i ' '
0 10 20 30 40 50 H 0 10 20 30 40 50
Temp. (°C) Temp. (°C)

Fig. 7 Ty(**C) for selected carbon atoms in pure 1 as a function of the temperature. The dashed lines in the plots denote the fits for protonated
carbons using eqn (S5)f (see Fig. 6ii and S31 and $32+). The T,(*3C) of the cyclopropylethynyl group were measured from the resonances assigned
to the disordered molecule of 1. The fitting parameters can be found in Table S10 of the ESI}
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a result of computational limitations. The dynamics in 1 are
assigned to the total motion of the cyclopropyl group observed
from the X-ray crystal structure and DFT calculations, that is,
the rotation of the cyclopropyl group, the swaying of the
cyclopropylethynyl moiety, and the bending of the ethynyl axis
(see Fig. 1). The environment surrounding the disordered
cyclopropyl ring in 1 appears to be loosely packed in the crystal
structure (see Fig. 5), thus providing the required space for the
group to rotate and sway. As shown in Fig. 7 and S31 and S32
of the ESL; the Ty(**C) for the other protonated carbon atoms
in 1 appear to follow the same thermal activation parameters
as the cyclopropyl group, supporting the occurrence of a
rocking motion of the double ring backbone. The E,'s are
progressively lower in the cocrystals, with 1a having an E, of 8
+2 k] mol™" & 1e having an E, of 1 + 1 k] mol ™", and 1b and 1¢
are in excellent agreement with the computational results. The
low E, measured in le suggests that due to the heightened
rotational energy barrier originating from the crystal packing,
the cyclopropyl group does not rotate on the time scales to
which T; measurements are sensitive to, with the experiment
instead capturing local librations of the CH bonds in the
cyclopropyl group. Interestingly, the two CH, carbons of the
cyclopropyl group in 1e are resolved in the "*C NMR spectrum,
further supporting the absence of chemical exchange by
rotational motion at this timescale. With a decrease in E,
observed in the cocrystals, the 7,50c of the dynamics in the
cocrystals decreases, and T;(**C) increases significantly.

Discussion

The experimental X-ray crystal structure shows that the
cyclopropyl groups are highly dynamic in pure 1, which is
reflected by the occurrence of crystallographic disorder and
distorted ADPs. Based on the crystal structure of 1, the
dynamics of the disordered cyclopropyl group have been
assigned to a rotation along the ethynyl axis, a swaying of the
entire cyclopropylethynyl group, a bending of the C-C=C-C
axis, and a rocking motion of the double ring backbone. The
dynamics observed in the experimental crystal structure are
also supported by DFT, calculating an energy barrier of 8.8 kJ
mol™ and reproducing the rocking motion. The DFT-
calculated potential energy surface of 1, as shown in Fig. 4,
shows a relatively low energy barrier between the two
experimentally observed crystallographic positions of the
disordered cyclopropyl group, allowing for the rotation of the
cyclopropyl group to occur. The experimental Ty(**C)
relaxation data supports these observations, with a measured
E, of 12 + 2 k] mol™ being in close agreement with the
calculations. The short T;(**C) across the entire molecule of
1, as shown in Fig. 7, supports the occurrence of rocking
motion, and appears to correlate with the dynamics of the
cyclopropyl groups.

In contrast to 1, there is a remarkable change in the
dynamics occurring in the cocrystals. Given the reduction of
these dynamics, we denote this effect as a taming of the
dynamics. While there was no crystallographic disorder
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observed in the X-ray structures of 1a, 1d, and 1e, dynamic
crystallographic disorder with two separated cyclopropyl
positions was observed in the structures of 1b and 1c. The
DFT calculations ascribe the motion in 1b and 1c to a 61°
and 79° rotation of the cyclopropyl group along the ethynyl
axis, respectively, with a smaller amount of rocking motion.
Moreover, the average volumes of the ADPs of the
cyclopropyl's CH, atoms are significantly smaller in the
cocrystals than in 1, further supporting the occurrence of
tamed dynamics. In 1b and 1c, the PES calculations suggests
the occurrence of a broad double well energy minimum and
low rotational energy barriers, with the cyclopropyl groups
rotating between two positions within this minimum. In 1d,
while the energy minimum is also broad, there is only a
single energy minimum. A significantly higher energy barrier
is observed in 1e, reflecting the presence of additional
interactions constraining the cyclopropyl group.

The taming of the dynamics in 1 is in direct contrast to a
previous investigation showing the potential of catalysing or
promoting dynamics through the introduction of a
halogenated coformer,””>*** and can be rationalized by the
crystal packing. As shown in Fig. 5, the crystallographic
environment surrounding the disordered cyclopropyl group
in 1 appears to be loosely packed, allowing the dynamics to
occur with a total calculated interaction energy of —95.3 kJ
mol ™. Of all the samples investigated here, 1e has the most
tightly packed crystallographic environment, as shown in
Fig. 5, and has a total calculated interaction energy of —218.3
k] mol™. The interaction energies correlate well with the
experimental results, and are manifested in the PES of 1e as
a narrow energy well with high barriers on both sides of the
minimum, constraining the dynamics of the cyclopropyl
group. Interestingly, the melting point of 1e was 164.1 °C,
which is the highest of all compounds and is 25.2 °C above
that of pure 1, supporting the occurrence of some
stabilization in the cocrystal.

The ability to tame the dynamics in 1 through the
introduction of a coformer, arises from a twofold effect: by
reducing the rotational freedom to a single energy minimum
on the PES, such as in 1a, 1d, and 1e, and by increasing the
energy barrier surrounding this energy minimum, such as in
1e. In order to place these results in a wider context, a search
of the CSD database®’ for cyclopropyl groups was conducted
(see section VI of the ESIf). Of the 166 structures that
featured both a cyclopropyl group and disorder, in 37% of
the cases, the disorder involved the cyclopropyl group. With
pharmaceuticals featuring increasingly complex molecules,
the strategy of cocrystallization may be helpful in taming
troublesome dynamics that are known to complicate
crystallization, structural characterization, physicochemical
stability, and commercial manufacturing.

We recognise that the amorphous phase may offer
advantages over the crystalline phase in terms of solubility,
but from the perspective of pharmaceutical development, an
amorphous form may present significant challenges in terms
of physical and chemical stability. In addition, chemical

This journal is © The Royal Society of Chemistry 2021
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mobility has been found to reduce chemical stability in
amorphous pharmaceuticals,” and 1 in particular has been
shown to have multiple degradation pathways.>® As part of
our investigation, we did attempt to prepare the pure
amorphous form of 1, but it quickly converted to the
crystalline form within hours, precluding our investigation.
Polymer-stabilized amorphous solid dispersions is a potential
route to amorphous pharmaceuticals, and we note that this
approach has been investigated on 1.°°®" However, the cost
of developing and commercialising a polymer-stabilised solid
dispersion can be significant, and alternative strategies to
develop commercially attractive medicines are always sought,
such as cocrystallisation. Interestingly, new cocrystals
featuring 1 have been recently reported, and have been
shown to be stable for 6 months without chemical
degradation.®

In conclusion, we report an instance of taming dynamics
in a pharmaceutical using cocrystallization as a strategy.
While the pure starting material 1 has a highly dynamic
cyclopropyl group and displays an additional rocking motion
of the double ring backbone, X-ray crystallography, DFT
calculations, and solid-state NMR results support that the
cocrystals have remarkably less dynamics. The most
significant changes were observed in the r-proline cocrystal,
1e, where the cyclopropyl group is being constrained in its
position by intermolecular interactions arising from the
crystal packing. This study provides the first systematic
evidence of the ability to tame the dynamics occurring in

pharmaceuticals by cocrystallization, potentially leading
towards more consistent performances and improved
manufacturability.

Experimental and computational

Sample preparation

Efavirenz (1, >98%), 1,2-di(pyridin-4-yl)ethane (¢, >98%), and
L-proline (e, >99%) were purchased from Tokyo Chemical
Industry. Cyclohexane-1,4-dione (a, 98%), 4,4-bipyridine (b,
99%) and (E)-1,2-di(pyridin-4-yl)ethene (d, 97%)
purchased from Sigma Aldrich. HPLC grade acetonitrile was
purchased from VWR. All cocrystals were prepared by
solvent-assisted grinding for 30 minutes using a Retsch
MM400 ball mill in a 5 mL stainless steel milling jar, a single
10 mm stainless steel milling ball, and a milling frequency of
30 Hz. Each cocrystal was prepared at a 300 mg scale with 30
pL of acetonitrile in either a 1:1 stoichiometric ratio (1a, 1e)
or 2:1 stoichiometric ratio (1b, 1c, 1d) and recovering 90% of
the resulting powder.

were

13¢C solid-state NMR

All samples were packed into 4 mm zirconium oxide MAS
rotors, and experiments were performed on a Bruker Avance
Il spectrometer operating at a '"H Larmor frequency of 500
MHz using a 4 mm Bruker HFX probe. A magic angle
spinning rate of 11750 Hz was used throughout all
experiments. The 1D >C CPMAS spectra were acquired using
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a ramped contact pulse on 'H (from 50% to 100%
amplitude),®® a contact time of 2 ms, a "H n/2 pulse duration
of 2.5 ps, and co-adding 1024 transients. SPINAL64 proton
decoupling® was used with a "H nutation frequency of 100
kHz and a 4.4 ps pulse length. The '*C spectrum was
calibrated using glycine and referenced to 176.0 ppm relative
to TMS at 0 ppm.***® The 7,(**C) measurements were
performed using the same cross-polarization parameters
followed by an inversion recovery sequence, with a *C m/2
pulse duration of 4 us. A total of 8 delays were used for all
inversion recovery experiments, with delays adjusted to
appropriately sample the 7; curve. Temperatures were
calibrated externally using the *“’Pb resonance of lead
nitrate.’”®® Additional '’F — '*C CPMAS experiments were
used to measure the T;(**C) of the trifluoromethyl group.
These experiments were performed using a 4 ms contact time
with a ramped contact pulse,”® SPINAL-64 "°F decoupling at a
'9F nutation frequency of 62.5 kHz, and a '°F n/2 pulse
duration of 4 ps.

19F solid-state NMR

All samples were packed into 4 mm zirconium oxide MAS
rotors, and experiments were performed on a Bruker Avance
III spectrometer operating at a 'H Larmor frequency of 500
MHz using a 4 mm Bruker HFX probe. A magic angle
spinning rate of 11750 Hz was used throughout all
experiments. The 1D '°F spectra were acquired using a m/2
pulse with SPINAL64 'H decoupling at a 'H nutation
frequency of 100 kHz and a 4.8 ps pulse length, co-adding 32
transients. An inversion recovery sequence was used to
measure the Ty(*°F) relaxation times with 8 variable delays,
collecting 16 transients at each delay. These delays were
manually adjusted to appropriately sample the T;(*°F) curve
of each sample. The 'F chemical shifts were referenced
using PTFE to -122.0 ppm.®’

Powder X-ray diffraction

Powder X-ray diffraction experiments were performed on a Bruker
D4 Endeavor diffractometer, scanning 26 from 2° to 65° with
steps of 0.02° at a rate of 5° per minute (Cu Ko, = 1.5418 A).

Thermogravimetric analysis

Thermogravimetric analysis performed on a TA
Instrument Q2000, heating the sample in an Al pan from 25
°C to 300 °C at a constant heating rate of 10 °C min™".

was

NMR calculations

All DFT’*7? calculations were performed using the gauge-
including projector augmented-wave (GIPAW)’® method as
implemented in CASTEP’* as part of Materials Studio version
17.”% The structural model used in the calculations used the
structures published on the CSD: 767883 (1),*” 768815 (1a),*’
767759 (1b),%” 909386 (1c),*® 909385 (1d),*® 1847168 (1e).*’
The GGA PBE functional’® was employed for all calculations,
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beginning with a geometry optimization routine with
constrained unit cell parameters prior to calculating the
NMR chemical shifts. The geometry optimization was
performed with TS DFT-D correction,”” on the fly ultrasoft
pseudopotentials, and  Koelling-Harmon  relativistic
treatment. The cut-off energies and k-point separations can
be found in Table S1 of the ESL{ NMR calculations were
subsequently performed using the same parameters as the
geometry optimization, apart from the cut-off energy. The
calculated o, values were extracted using a script and
converted into e using a opf">C) of 170 ppm and the
equation deac = Oref — Ocalee The oiso('°F) were averaged
between the three fluorine atoms on the same CF; group.
The o.('°F) values are given in the figure captions.

Transition state calculations

The transition state search calculations were performed using
CASTEP, OFG ultrasoft pseudopotentials, TS DFT-D, and the
linear synchronous transit method.”®”® A k-point separation
of 0.05 A" and a cut-off energy of 700 eV was used in the
calculation, optimizing the transition state. The calculations
were performed on 1, 1b, and 1c by specifying the disordered
positions as the starting and end points, with the calculation
finding the transition state between both conformations. The
transition state calculation for the cyclopropyl rotation in
pure 1 was performed by removing distant molecules from
the unit cell in order to reduce computational costs.

Potential energy surface calculations

Potential energy surface (PES) calculations were performed
using DMol3 (ref. 80 and 81) as part of Materials Studio,
using the crystal structures as models and featuring
periodicity. The torsion angle between the cyclopropyl group
and the main efavirenz molecular fragment (0o_c_.c-c) was
modified at steps of 10°, optimizing the structure at each
step with a constraint on the torsion angles. The calculations
were performed using the DNP basis set, the GGA PBE
functional,”® TS DFT-D corrections,”” and a k-point
separation of 0.05 A™.

Crystal interactions analysis

Crystal Interaction (CrysIn), a tool developed in-house, was
used to evaluate the static interactions between molecules
present in a crystal based on DFT.”® The intermolecular
interaction energies in the first coordination cell of each
molecule in the asymmetric unit of the crystal were
calculated using B3LYP-D3/6-31G(d,p) as reported in
GAUSSIAN16.* This is a comparable method to that
employed in, for instance, the energy framework
calculations in Crystal Explorer®” or PIXEL.** This approach
enables the quantification of the intermolecular interactions
present in a crystal.>"%°
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