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ABSTRACT: By the combined use of powder and single crystal X-ray diffraction, solid-state NMR, and molecular modelling, the
crystal structures of two systems containing the unusually large tenapanor drug molecule have been determined: the free form, ANHY
and a dihydrochloride salt form, 2HCI. Dynamic nuclear polarization (DNP) assisted solid-state NMR (SSNMR) crystallography
investigations were found essential for the final assignment, and were used to validate the crystal structure of ANHY. From the
structural informatics analysis of ANHY and 2HCI, conformational ring differences in one part of the molecule were observed which
influences the relative orientation of a methyl group on a ring nitrogen and thereby impacts the crystallizability of the dihydrochloride
salt. From quantum chemistry calculations, the dynamics between different ring conformations in tenapanor is predicted to be fast.
Addition of HCI to tenapanor results in general in a mixture of protonated ring conformers and hence a statistical mix of diastereoi-
somers which builds up the amorphous form, a-2HCI. This was qualitatively verified by **C CP/MAS NMR investigations of the
amorphous form. Thus, to form any significant amount of the crystalline material 2HCI, which originates from the minor (i.e., ener-
getically less stable) ring conformations, one needs to involve nitrogen deprotonation to allow exchange between minor and major
conformations of ANHY in solution. Thus, by controlling the solution pH value to well below the pK, of ANHY, the equilibrium
between ANHY and 2HCI can be controlled and by this mechanism the crystallization of 2HCI can be avoided and the amorphous
form of the dichloride salt can therefore be stabilized.

3,6,21,24-tetraoxa-9,11,16,18-tetraazahexacosane-1,26-
diyl)bis{3-[(4S)-6,8-dichloro-2-methyl-1,2,3,4-tetrahydroiso-

Introduction
Drugs are often marketed with the active compound being in a

crystalline form.* However, due to issues related to slow disso-
lution rates, or solubility-limited drug absorption, one may need
to introduce a different solid form with altered properties.?
Amorphous forms are highly desired, as they generally offer
improved solubility. The number of drugs on the market taking
advantage of these desirable amorphous form properties is in-
creasing, and is likely to further increase since poor water solu-
bility has been raised as one of the major challenges when de-
veloping new pharmaceuticals.> Amorphous forms of a material
may potentially be accessed by processing methods such as
spray drying;* however, amorphous forms are generally higher
in energy compared to corresponding crystalline forms, and
therefore significant effort is typically required to ascertain how
the amorphous form may be initially stabilized to avoid crystal-
lization.

Herein, we describe a study on crystalline and amorphous forms
containing tenapanor (systematic name: N,N'-(10,17-dioxo-

quinolin-4-yl]benzenesulfonamide}, Figure 1), which is cur-
rently in advanced-stage drug development by the innovator
company, Ardelyx Inc. Tenapanor is being developed for the
treatment of irritable bowel syndrome with constipation (IBS-
C), and for the treatment of hyperphosphatemia for patients
with end-stage renal disease (ESRD) on hemodialysis.5 Further,
tenapanor effectively and specifically inhibits the sodium-trans-
porter membrane protein NHE3 in the gastrointestinal tract,
thereby reducing sodium absorption in the body.® Today, ESRD
patients are treated with phosphate binders, but safety and tol-
erability have been significant concerns. IBS-C is a gastrointes-
tinal (GI) disorder in which abdominal pain or discomfort is as-
sociated with constipation, which significantly affects the
health and quality of life of people living with these conditions.
Therefore, there is a substantial demand for new drug products
in both areas.
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Figure 1. Molecular structure of tenapanor. Note the pseudo-
mirror plane of symmetry (indicated with a dashed line) which
relates the left and right-hand ‘sides’ of the molecule.

Precise structural information of small molecular organics can
often be obtained by performing single-crystal X-ray diffraction
(scXRD) experiments. However, this requires the preparation
of a suitable crystal. If a suitable single crystal cannot be iso-
lated, but rather only a microcrystalline powder sample can be
obtained, powder diffraction techniques can be applied, but the
resulting structural solutions are of relatively lower resolution
compared to scXRD. However, it is not uncommon in modern
drug development to fail to isolate even a microcrystalline pow-
der. Compounds containing large and/or very flexible mole-
cules may limit the possibilities for structure determination us-
ing powder diffraction data, as a large number of conforma-
tional degrees of freedom make the structure solution process
more challenging.” When samples do not possess translational
or other sufficient forms of order, diffraction techniques are less
informative and local techniques such as nuclear magnetic res-
onance (NMR) may be applied to establish some structural in-
formation.®

For crystalline materials, recent advances in solid-state model-
ling via density functional theory (DFT) have led to increases
in accuracy and efficiency. DFT methods can be used to pro-
duce virtual polymorph landscapes, and together with experi-
mental techniques, provides information that can be used to
evaluate the possibility that a given compound might form more
stable polymorphs than the ones already observed.® Quantum
chemistry tools can also be used to yield detailed structural in-
formation about a drug substance, and in particular how a solid-
state form is stabilized.1%!!

The present study was carried out on systems containing tena-
panor (Figure 1). One system is a crystalline anhydrous form
(ANHY), whose structure was determined using scXRD data.
Other forms are composed of the dihydrochloride salt of tena-
panor, which was typically produced as an amorphous powder
(a-2HCI). However, after extensive screening, conditions were
found such that a microcrystalline powder could be obtained
(2HCI). This crystalline form was subjected to powder XRD
(PXRD) and subsequent data analysis to arrive at a refined
structural solution. Complementary solid-state NMR (SSNMR)
experiments were performed (*H, **C, and **N), and chemical
shift (0) information was measured. Crystal structure predic-
tions (CSP) were carried out to investigate the polymorph land-
scapes for ANHY and 2HCI. The diffraction structures were
also subjected to magnetic shielding (i.e. chemical shift) tensor
calculations. Using the experimental and computed chemical
shifts (and other relevant information), we attempt to assign the
observed SSNMR signals to chemical sites in the tenapanor
molecule(s), and perform a root-mean-squared deviation
(RMSD) calculation to compare the experimental and calcu-
lated chemical shift results in the case of ANHY. By combining
results from XRD, NMR, molecular modelling and CSP, and by

connecting the structural information from experimental deter-
minations with predictions on conformational preferences and
dynamics, a stabilization mechanism which controls the for-
mation of a-2HCI is presented.

Experimental
A. Solid-State Nuclear Magnetic Resonance

Most SSNMR experiments were performed at or near room
temperature (T = 285 —298 K) using Bruker AVANCE 111 spec-
trometers operating at applied magnetic field strengths (Bo) of
11.75 or 16.4 T. Experiments were also performed at T = 270 K
to see if small temperature changes produced significant
changes in the NMR observables. Experiments at 16.4 T used a
3.2 mm HCN triple-resonance probe to allow for reasonably
rapid magic-angle spinning (MAS) rates and to enhance chem-
ical shift dispersion, while at Bo = 11.75 T, a 4.0 mm HX dou-
ble-resonance probe was used to increase experimental sensi-
tivity (relative to a 3.2 mm probe or a triple-resonance probe).
For ‘fast-MAS’ 'H NMR experiments, where the MAS fre-
guency, vmas, Was ca. 60 kHz, a 1.3 mm HX double-resonance
probe was used. For fast-MAS experiments, frictional rotor
heating of about +26 K was measured using the temperature-
dependent T; and chemical shift values of KBr ("°Br)*? and cor-
rected prior to formal experiments by passing chilled N, gas
(99%) through the probe. The *H pulse length calibrations and
chemical shift referencing were established with powdered ad-
amantane (diso(*H) = 1.87 ppm) under ca. 10 — 15 kHz MAS and
T =295 — 298 K. Adamantane was also used for **C pulse cali-
brations, establishing *H/**C cross-polarization (CP)/MAS con-
ditions, and referencing carbon chemical shifts (with the high-
frequency peak of adamantane occurring at 38.48 ppm). Uni-
formly *C and ®N labeled glycine under ca. 6 kHz MAS and
ambient temperature was typically used to set the >N chemical
shift referencing (such that the observed shift of glycine is —
347.54 ppm),*® and was used to optimize *H/*>N CP/MAS con-
ditions. On one occasion at By = 11.75 T, °N labeled alanine
was used to set the shift reference (Jio(*°N, alanine) =~ —338.3
ppm). For the comparison of methyl group environments in
ANHY, 2HCI, and a-2HCI (vide infra), spectra were recorded
at room temperature on a Bruker AVANCE 111 widebore spec-
trometer (Bo = 9.40 T) using a 4.0 mm HX double-resonance
probe. The recycle delay was set to 10 s, vmas = 15 kHz, and CP
was carried out using a linear amplitude ramp during 2 ms. Gly-
cine was used as a secondary chemical shift reference (diso(**C,
carbonyl) = 176.03 ppm).

For ANHY only, dynamic nuclear polarization (DNP)-
enhanced SSNMR methods were applied in some situations.'*
17 Due to the very strong **C NMR signal associated with the
typical DNP biradical solvent (i.e., ds-glycerol), *C-depleted
(99.95 % in *2C) and fully 2H-labelled glycerol was purchased
from Cambridge Isotope Laboratories, Inc. The biradical polar-
izing agent AMUPol (Scheme S1),'® was chosen due to its com-
patibility in aqueous mixtures and superior DNP perfor-
mance.'®?' DNP-enhanced SSNMR experiments were per-
formed between T = 95 — 104 K, with the slight temperature
variation due to sample heating which results from either in-
creased MAS frequencies or increased gyrotron microwave out-
put power. However, once a set of experimental DNP condi-
tions was established, variation in the measured temperature
over the course of the experiment was typically <3 K. DNP-
enhanced SSNMR experiments were performed at Bo = 9.4 T
(AVANCE Il HD console), used a 3.2 mm triple-resonance



HXY probe, sapphire rotors with PTFE inserts (to prevent sol-
vent escape), and zirconia caps.

B. Quantum Chemical Calculations (Periodic)

Calculations under periodic boundary conditions were per-
formed using version 5.5 of the Cambridge Serial Total Energy
Package (CASTEP).2 Input files were generated using Materi-
als Studio (Dassault Systémes) starting from experimental crys-
tal structures. For all tasks (i.e. geometry optimizations, or the
calculation of magnetic resonance parameters using NMR-
CASTEP?24%), the generalized gradient approximation (GGA)
DFT exchange-correlation (XC) functional of Perdew, Burke,
and Ernzerhof (PBE)®% was used. Core electrons were mod-
eled with ultrasoft pseudopotentials that were generated on-the-
fly. Valence electrons were described using a plane wave basis,
with a typical kinetic energy cutoff of 700 eV, as this value has
been widely tested and shown to be appropriate for organics.?”2
Reciprocal space sampling of the Brillouin zone used a fixed k-
point spacing of 0.05 A~". Unit cells were fixed to the experi-
mentally determined cell parameters, and the dispersion correc-
tion of Tkatchenko and Scheffler (TS) was always applied.?®
Self-consistent field (SCF) energy minimizations were per-
formed until a threshold of 1 x 107° eV/atom was reached, and
H-atom geometry optimizations continued until the total energy
converged to 5 x 107 eV/atom with a maximum ionic force of
1 x 1072 eV/A. When possible/relevant, lattice symmetry was
used to increase calculation efficiency.

C. Crystal Structure Prediction (CSP)

To generate a polymorph landscape for 2HCI, the molecular
conformation determined using powder XRD data (vide infra)
was subjected to CSP methods using the Solid State Prediction
Tool (SSPT) force-field developed in-house,®*°3! and by em-
ploying the GRACE packing machinery under Z’' = 1 condi-
tions.® The polymorph space was searched via a Monte-Carlo
(MC) parallel tempering method followed by a lattice energy
minimization for each polymorph. The generation of new trial
crystal structures was continued until the convergence criterion
(set to 0.7) was met. As such, we expect to have achieved a 70%
probability of finding all possible solutions given the space
group constraints and Z'. In all CSP runs, a large number of trial
crystal structures were generated in the seven most common
chiral space groups (i.e. P21, P1, P2:2:2,, C2, P2,2:2, P43, and
C222;). We applied a rigid conformational polymorph search,
i.e., the molecular conformer was not allowed to adopt changes
once in the crystal structure lattice. In addition to the experi-
mental conformer, we also tested CSP for a series of diastereo-
isomeric conformers (vide infra) of 2HCI differing in either the
dichlorotetrahydroisoquinoline ring conformations or in the ste-
reochemistry at the nitrogen atoms. These ring conformers were
pre-optimized using the OPLS2005 force-field,*® as imple-
mented in MacroModel (Schrédinger Inc.), while ensuring that
the core of the molecule remained fixed. Single point DFT cal-
culations using CASTEP, employing the PBE functional and
Grimme’s D2 dispersion correction® with an energy cutoff at
600 eV, were performed on the top 60 candidates for different
combinations of nitrogen stereochemistry and ring confor-
mation (with the methyl group in either the axial or equatorial
position). The 20 most stable crystal structures generated, cov-
ering a larger sphere of the tenapanor polymorph landscape,
were then subjected to periodic DFT optimizations and the top

8 of these to further GIPAW magnetic shielding calculations.
The NMR results were analyzed using MagresView.®

D. Quantum Chemical Calculations (Molecular)

Molecular model systems were optimized using MO06/6-
31+G(d,p)* as implemented in Jaguar 8.4.5 M06 was chosen
due to its well established performance for systems involving
hydrogen bonds and dispersion interactions, as well as the ac-
curate calculation of activation barriers.® Stationary points
were characterized as minima or transition states by the sign of
the eigenvalue of the Hessian matrix obtained from a frequency
calculation. System Cartesian coordinates and energies can be
found in the Supporting Information.

E. Powder X-ray Diffraction

The crystal structure of 2HCI was determined from fixed count
time synchrotron PXRD data collected on Beamline 111 at Di-
amond Light Source Ltd. [A = 1.03482 A, zero point -
0.009401(2)°]. Data were collected in the range 26 = 2 — 25.1°.
The sample was held at a temperature of 100 K in a spinning 1
mm borosilicate glass capillary. The diffraction pattern indexed
to a monoclinic unit cell [M(20) = 33.4, F(20) = 198.4;
DICVOLO04] and P2; was deemed to be the most probable space
group compatible with the presence of a single enantiomer in a
unit cell of volume 2939.6 A3. Pawley refinement of the cell
(conventional setting) using TOPAS (2 — 25.1° 26; ca. 2.4 A)
yielded an Rup = 2.83 and zero error = -0.0128(9). To solve the
structure using the simulated annealing (SA) approach im-
plemented in DASH,*® an input molecular model with ac-
curate covalent bond lengths and angles, known chirality
and ring conformations was derived from the ANHY
scXRD structure. With 33 optimizable torsion angles,
2HCl is the most complex Z' = 1 structure that our research
groups have investigated to date. Based on the similarity of
the ANHY and 2HCI unit cells, we used angular con-
straints to bias the search towards structure solutions with
torsion angles similar to those observed in the ANHY
scXRD structure. To further improve the chances of ob-
taining a structure solution, we employed a very large num-
ber of SA runs (ca. 2 400, requiring a total of ca. 50 days
of CPU time). Results from exploratory SA runs were used
to identify the most likely aliphatic ring conformations.
The best SA solution gave an Ru, = 5.22, less than a factor
of two greater than Pawley Ry, = 2.83, suggesting that a
good solution had been obtained. A Rietveld refinement of
this structure, treating the cation as a series of rigid bodies con-
nected by rotatable torsion angles and allowing the cation posi-
tion, orientation and conformation, together with chloride ion
positions, to refine, reduced the Rup to 4.67. A CASTEP opti-
mization of the refined structure, with fixed cell dimensions,
gave an energy-optimized structure with a RMSD3s value of
0.204 A relative to the refined structure, confirming the essen-
tial correctness of the latter.®° The crystal structure has been de-
posited in the Cambridge Structural Database (CSD), reference:
1576662.

F. Single-crystal X-ray Diffraction

A single colorless blade-shaped crystal of ANHY was obtained
by slow crystallization from MeOH. A suitable crystal of 0.13
x 0.03 x 0.02 mm was selected and mounted on a MITIGEN



holder with silicon oil on a Rigaku AFC:, FRE-VHF diffrac-
tometer equipped with an Oxford Cryostream low-temperature
apparatus. The crystal was kept at T = 100(2) K during data col-
lection. Data were measured using profile data from w-scans of
1.0° per frame for 10.0 s using MoK, radiation (rotating anode,
45.0 kV, 55.0 mA). The total number of runs and images was
based on the strategy calculated from the program Crys-
talClear.** The achieved resolution was 6 = 25.242. Cell param-
eters were retrieved and refined using the CrysAlisPro* soft-
ware and corrected for Lorentz polarization. Completeness was
97.5% out to 25.242 in 6. The absorption coefficient (mm™) of
this material is 0.365, with minimum and maximum transmis-
sions of 0.914 and 1.000, respectively. The structure was solved
by direct methods using SHELXS,* and refined by least
squares using a version of SHELXL2012.* The crystal struc-
ture determined under the above conditions is provided as part
of the Supporting Information and has been deposited in the
CSD, reference: 1576661.

G. Solution Nuclear Magnetic Resonance

!H and C NMR spectra were acquired at 400 MHz and 100
MHz, respectively, for 30 mg/mL solutions of 2HCI dissolved
in DMSO-d; (see Table S1 and Figure S1 in the Supporting In-
formation). Spectra were referenced to the signal of residual
solvent (diss(*H) = 2.49 ppm, diss(*3C) = 39.5 ppm).

Results and Discussion
A. Diffraction and Discussion of ANHY Structure

The crystal structure of ANHY was determined at T = 100(2) K
using single-crystal XRD (Figure 2a). There is one symmetry-
independent molecule in the unit cell (Z' = 1), and the structure
does not possess any apparent voids. The overall shape of the
molecular conformation is helix-like with the two terminal ends
aligned in parallel. The two central urea moieties form a global
hydrogen bond network, both with an NH-group in the sulfon-
amide, and in a bifurcated manner with another urea group (Fig-
ure 2b). There are two urea groups appearing in the tenapanor
molecule which feature some differences in the strength of their
hydrogen bonds, as observed from the hydrogen bond distances.
The overall hydrogen bond network in the crystal structure
grows in two dimensions forming sheets. Further, it is noted that
the phenyl ring next to the sulfonamide group orients itself such
that two CH-r interactions with two urea groups are created
(Figure 2Db). In addition, there exists a stabilizing halogen bond
interaction between two chlorines (see Supporting Information,
Figure S2). These atoms are separated by 3.27 A, which is
shorter than the sum of the vdW-radii of two independent chlo-
rines (3.5 A).%

Figure 2. a) Crystal structure of ANHY, determined from
scXRD data. Unit cell dimensions: a = 15.739 A, b = 8.7991 A,
c=20589 A a=y=90° 4=110.600°, 2= 1, Z= 2. H atoms
have been omitted for clarity. b) Crystal structure extract high-
lighting the hydrogen bonding network involving the urea
groups.

The methylated dichlorotetrahydroisoquinoline rings found at
both ends of the tenapanor molecule in ANHY possess interest-
ing features. The methyl group attached to each nitrogen is po-
sitioned equatorially; however, the nitrogen lone-pairs are ori-
ented differently: in one of the six-membered rings, the nitrogen
lone-pair dipole vector should be found roughly parallel to the
C3-H bond, while in the other ring it should be oriented approx-
imately anti-parallel (Figure 3 and Figure S3, see also Figure S1
for the labelling scheme used). This suggests an inversion has
occurred at one of the nitrogen atoms, together with a ring-flip
in the six-membered ring. DFT calculations on a model system
revealed an activation barrier for this process at the M06/6-
31+G(d,p) level of theory of 7-8 kcal mol™. The rate constant
associated with this process is thus approximately 1 x 107 s,
and will be rapid via a conformer with the methyl substituent in
the axial position (Figures 3 and 4).



Figure 3. Schematic view of the activation process for nitrogen
inversion between isomers with the methyl group attached to
the nitrogen in the equatorial (left) and axial positions (right),
respectively. Energies (in kcal mol™) calculated at the M06/6-
31+G(d,p) level of theory are indicated.

The overall thermodynamic cycle relating the above ring con-
formers in ANHY suggests a fast dynamic equilibrium exists
amongst them. Later, discussions will be provided on how this
impacts the structure and crystallization of 2HCI.

N-inversion

Eql: 60% +7.2 kcal/mol

0 kcal/mol —

Ax1: 4%
+1.6 kcal/mol

Ring-flip Ring-flip

N-inversion
Ax2: <1% *+7.6 keal/mol Eq2: 36%
+3.8 kcal/mol +0.3 kcal/mol

Figure 4. M06/6-31+G(d,p) calculated energies and popula-
tions for the conversion between different axial (Ax) and equa-
torial (Eq) conformers.

B. Solid-State Nuclear Magnetic Resonance on ANHY

In an effort to verify*®#’ the crystal structure of ANHY, various
SSNMR experiments and quantum chemical calculations were
performed. The approach used here lies within the realm of
“NMR crystallography” methods which have shown great
promise.*¥52 Typical 'H MAS spectra (Bo = 11.75 and 16.4 T),
as well as a T1(*H) build-up curve, can be found in Figures S4
and S5, respectively. Fast *H MAS NMR experiments enabled
accurate and precise measurements of several 'H chemical

shifts (Figure 5). The *H NMR experiments were also per-
formed as a function of MAS frequency (4.85 - 60.32 kHz), and
under static (i.e. non-spinning) conditions (Figure S6).

B
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\
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Vs / kHz i A 7.67(5)
60.32 B ca 718
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33.80 ‘ D 4.06(3)
19.65 \ V )
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" D 5 G 1.97(3)
8.10 c H  1.15(3)
4.85 I 0.01(3)*
e e
15 10 5 0 Jd/ppm

Figure 5. *H MAS SSNMR spectra of ANHY, acquired at B =
11.75 T and with a variable MAS frequency. Spectra were ac-
quired using a recycle delay of 15 s, and 16 transients were av-
eraged. Site ‘I’ is not observed in any other *H NMR spectrum
for this material, and hence possibly corresponds to an impurity
phase.

Variation in the *H MAS SSNMR spectra as a function of vumas
provides evidence that the H-H dipolar coupling network is
weak. It is thus reasonable to assume that segments of the tena-
panor molecule in ANHY undergo local dynamic motions. Lo-
cal motions result in increased *H T>* values, which in turn are
consistent with the somewhat sharp spectral features that are
observed for some sites at relatively modest vmas. Even under
static conditions, the “dynamic” region of the molecule is
clearly present in the *H SSNMR spectrum (Figure S6, bottom),
while H signals associated with the more rigid regions of the
molecule (including and near the aromatic rings) are not ob-
served.

1D ¥C CP/MAS NMR experiments at Bo = 11.75 and 16.4 T
using multiple MAS frequencies resolved 35 unique **C chem-
ical shifts for ANHY (Figures S7 — S9; Table S2). Spectral ed-
iting experiments®® were also performed (Figure S10), and ten-
tative group assignments made (Table S3). Nitrogen-15
CP/MAS NMR experiments resolved 6 nitrogen sites (Figure
S11), which is fewer than the 8 expected when considering the
crystal structure. Integration of the SN NMR signals establishes
that the signal intensity is distributed roughly as 1:1:2:2:0.5:0.5.
Upon considering the expected **N chemical shift values asso-
ciated with each chemical site (confirmed with GIPAW DFT
calculations, vide infra), it is clear that the most shielded *°N
signals correspond to N atoms in the rings. Less efficient H >
15N CP/MAS dynamics would be expected for these environ-
ments as: (i) they are not protonated and (ii) their nearest 'H
polarization sources are Me groups, where polarization buildup
is relatively inefficient.

Using the above 1D SSNMR experiments, a full assignment
could not be achieved. Two-dimensional (2D) heteronuclear
correlation (HETCOR) experiments (*H-*C and *H-SN) were
thus performed, and enabled a more complete assignment. The
resulting spectra are provided in the Sl (Figures S12-S15 for 'H-



13C, Figure S16 for 'H-15N). Connectivity data, group assign-
ments, and Jis(*H) for protons attached to N are supplied in
Tables S4 — S5. In a similar fashion to what was done in a recent
study on a relatively large organic molecule with potential phar-
maceutical applications,*® 2D *C-3C correlation experiments
were performed on ANHY to further complete the assignment.
This included a magic-angle turning (MAT) experiment®**® to
measure  *C  chemical shift tensors, and 3C-1*C
INADEQUATE NMR experiments®%8 to clarify the carbon-
carbon connectivity. Due to the very low sensitivity of the
INADEQUATE experiment, DNP was used.

To briefly rationalize the MAT experiments, we note that while
most are familiar with dis,, @ more complete representation of
nuclear magnetic shielding is given using a second-rank ten-
sor.%® The shielding interaction depends on the orientation be-
tween By and the microcrystalline domains in the powder sam-
ple. Experimentally, a ‘powder pattern’ is recorded for each
chemical site, with each exhibiting three characteristic break
points under static (i.e., non-spinning) conditions (see Figure
S17). Measurement of the full shift tensor thus increases the in-
formation for each chemical site, leading to a more robust as-
signment. Further MAT discussion is in the SI, with the MAT
NMR spectrum of ANHY in Figure S18, and the measured **C
shift tensor parameters in Table S6.

A typical DNP-enhanced *H MAS NMR spectrum for a sample
containing ANHY can be found in Figure S19b. This is com-
pared to a ‘traditional” *H MAS NMR spectrum (Figure S19a)
under the same experimental conditions (except with the gyro-
tron in standby mode). Similar measurements were performed
for °C (Figure S20). The measured *C DNP enhancement fac-
tor was ca. 20 after optimization of biradical/solvent conditions.

Two DNP-enhanced *C-*C INADEQUATE NMR spectra
were acquired for ANHY, and each displays numerous correla-
tions. The two experiments differed in their indirect dimension
evolution times (i.e., t; lengths). This allows for greater confi-
dence when assigning the observed *C signals to sites in the
tenapanor molecule of ANHY.. Several 3C-13C INADEQUATE
spectra are provided (Figures 6, S21, and S22), and assigned
where possible. As DFT results aided in the assignment process,
the DFT frame was used to denote the site labels. A full speci-
fication of the labels is provided in Figure S23.
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Figure 6. High-frequency region of the DNP-enhanced *C-*C
INADEQUATE SSNMR spectra acquired for ANHY at By =

9.4 T, T=96K, vmas = 11.0 kHz, and a *H/*3C contact time of
1.5 ms. The spectra were acquired in ca. 34.8 h (red) and 28.2 h
(blue) (recycle delay = 10.3 s; 128/64 transients averaged per t;
point (red/blue) and 95/154 t; increments (red/blue)). Relatively
unambiguous correlations are specified using dashed lines, and
an assignment provided. For the full labelling scheme, see Fig-
ure S23, which is the DFT frame.

C. GIPAW DFT and Verification of ANHY

Starting from the crystal structure of ANHY determined via
XRD measurements, geometry optimizations of the H positions
were carried out using GIPAW DFT. After H-optimization, the
resulting structure was used as input for a magnetic shielding
calculation. The outputs of the computations are provided as
supplementary files. As there are 50 carbon sites in
TENAPANOR, the shift dispersion in the experimental *C
SSNMR spectrum for ANHY was insufficient to resolve all 3C
sites. However, based upon the peak intensities, a rough judg-
ment of the number of 3C sites at each resonance position in
the experimental *C SSNMR spectra was made. Subsequently,
a preliminary (unassigned) *C shift vs. shielding plot for
ANHY was generated (Figure S24). It is assumed that the 3C
signals of the C-CI moieties are not observed, due to residual
dipolar coupling (RDC)%%8! between the *C and **7CI nuclei.
Rather, these signals lie underneath the band of signals in the
range from about 126 to 134 ppm. Further details pertaining to
the RDCs are provided in the Supporting Information (see Fig-
ure S25). A detailed account of the assignment process for
ANHY is provided in the Supporting Information (see also Fig-
ure S26).

A reasonably complete assignment (37 of 50 3C sites) for
ANHY was achieved (Table S7), and RMSD values between
the DFT-calculated parameter values and those measured ex-
perimentally were calculated. While other assignment possibil-
ities for ANHY are possible, it would be unlikely that a correct
alternative assignment would greatly modify the RMSD. The
final (i.e., assigned) shift vs. shielding correlation plots for **C
and *H are in Figure 7.
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Figure 7. (left) Calculated isotropic **C magnetic shielding val-
ues for 37 assigned carbon (of 50) sites in ANHY versus corre-
sponding experimental isotropic **C chemical shifts. Line of
best fit and Pearson product R? value: is, / ppm = —0.97580iso /
ppm + 168.2; R? = 0.9973. (right) Calculated isotropic *H mag-
netic shielding values for assigned hydrogen sites in ANHY
versus experimental isotropic *H chemical shifts. Line of best
fit and Pearson product R? value: dis, / ppm = —1.06860is, / ppm
+32.24; R? = 0.9694.



Using the fit equations in Figure 7, the assigned 'H and *C
RMSD values are calculated to be 0.41 ppm and 2.39 ppm, re-
spectively. A total of 45 'H shifts (30 unique) attached to 27
carbons were used for the *H RMSD calculation. Although nei-
ther RMSD value is particularly low, both reside within ranges
considered acceptable for a valid structure.®? Hence, the XRD
structure for ANHY is found to be consistent with the SSNMR
and DFT data.

D. Formation Mechanism and Structure of 2HCI

From powder XRD, the crystal structure for 2HCI was deter-
mined to be in an identical space group and to have a similar
unit cell size as compared to ANHY. Additional powder XRD
data were used to solve the structure of 2HCI, and refinement
methods arrived at a satisfactory result (Figure 8 and Figures
S27 — S30). With 33 optimisable torsion angles, together
with 12 positional and rotational degrees of freedom for the
three bodies (diprotonated tenapanor with 2 Cl~ions), it was
a major challenge to solve the structure of 2HCI as de-
scribed in the Experimental Section. To further verify the
structure solution, we performed a CASTEP optimization of the
crystal structure while constraining the unit cell parameters as
described in the Experimental Section. As will be outlined in
more detail, the tenapanor conformation and crystal packing in-
teractions are similar when comparing ANHY and 2HCI. Thus,
many NMR chemical shifts would be expected to be very simi-
lar, or even identical within measurement precision, for sets of
‘analogous’ atoms. As part of the characterization process for
2HCI, solution NMR experiments were performed, which al-
lowed the assignment of the *H and **C chemical shifts to sites
in the solvated molecule. While there is no reason to expect an
exact 1:1 correspondence between the solution data and the
solid-state NMR data (vide infra), it remains useful to consider.
The labelling scheme for the molecule in solution is provided
in Figure S1, while the corresponding assigned *H and *°C
chemical shifts are in Table S1.

Figure 8. Crystal structure for 2HCI, determined using syn-
chrotron powder XRD data. Unit cell dimensions: a = 16.4101
A b=86105A,¢c=21.7691 A, « =y = 90°, = 107.1266°, Z'
=1, Z=2. H atoms have been omitted for clarity.

By comparing the crystal structures of ANHY and 2HCI, it was
realized that most of the main features described above for

ANHY are also present in 2HCI. Most importantly, the hydro-
gen bonding network is similar. The asymmetry in the bifur-
cated hydrogen bond mode between the urea groups is some-
what more pronounced in 2HCI compared to ANHY. This
asymmetry affects the orientation of the above-mentioned phe-
nyl ring, which in 2HCI is shifted away from interacting with
the urea moiety. This is also true for the halogen bonding inter-
action, which is absent in 2HCI. The chloride anion forms a salt
bridge/hydrogen bond to the protonated nitrogen, but otherwise
is hosted in a (surprisingly) non-polar pocket. Overlays of the
asymmetric units of the two crystal structures, thus allowing for
a direct comparison of the two molecular conformers, establish
that they are structurally consonant (heavy atom RMSD = 0.40
A). As expected, the most significant difference is in the con-
formation of the methylated dichlorotetrahydroisoquinoline
ring (Figure 9) where protonation has occurred. To ensure that
the presented structure of 2HCI solved from the powder data is
correct, three additional molecular models differing only in the
conformation of the six-membered rings were tested in the
structure solution. These attempts resulted in significantly
higher 2 values, which further increases confidence in the va-
lidity of the presented structure.

Figure 9. Overlay of the asymmetric units of ANHY and 2HCI.
Arrows indicate the methyl position in one of the dichlorotetra-
hydroisoquinoline rings in each of the two forms. To enhance
clarity, all H atoms except those associated with the N atom that
is protonated when going from ANHY to 2HCI are omitted.

The difference in ring conformations between ANHY and
2HCl is linked to the ring dynamics in the anhydrous form high-
lighted earlier. In ANHY, the methyl substituent on the nitrogen
is positioned equatorially, while in the crystalline 2HCI form, it
is axial. Thus, when forming the 2HCI salt form, protonation
may involve any of several conformers which are in dynamic
equilibrium. The protonation will generate two stereocenters at
the two nitrogen atoms by attack on the lone-pair from different
faces of the dichlorotetrahydroisoquinoline rings. Depending
on the nitrogen configuration, R,R-, S,S-, and R,S combinations
of the two stereocenters in tenapanor are formed. The ring flip
process must also be considered, which gives rise to several
conformational possibilities for each stereocenter combination
(Figure 10). Protonation of the most stable free form (its major
conformation) would result in the S,S-configuration at the nitro-
gen; however, the observed crystalline form of 2HCI possesses
the R,R-configuration, which infers generation from the minor
conformation. Since there are additional stereocenters at carbon



atoms in tenapanor, protonation at nitrogen gives rise to diaster-
eoisomers which are not interconvertible by ring flips nor by
nitrogen inversion. Similar reasoning on the formation of stere-
oisomeric pairs upon protonation has been provided, for exam-
ple, in studies on substituted pyridines.®®
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Figure 10. Generation of (R,R) and (S,S) diastereoisomers dur-
ing the formation of HCI salts of several equilibrating free
forms of ANHY. ‘Rest’ denotes portions of the tenapanor mol-
ecule that are not shown.

Using gas-phase DFT calculations on a model system of
2HCI, the S-diastereoisomer with the methyl group in an
equatorial position is predicted to be the most stable mo-
lecular conformer of the dichlorotetrahydroisoquinoline ring
subsequent to protonation at the nitrogen atom. Specifi-
cally, this conformer is found to be 1.2 kcal mol™* more sta-
ble than the corresponding R-diastereoisomer (i.e. with an
axial Me).

As with ANHY, various 1D and 2D SSNMR experiments were
performed on a sample of 2HCI to verify the structure deter-
mined from powder diffraction data. Unfortunately, the spectral
resolution of 2HCI was low relative to ANHY, and several sam-
ples of 2HCI proved to be too unstable to allow experiments
under DNP conditions. As a result, a sufficiently complete as-
signment could not be achieved for 2HCI and meaningful
RMSD calculations could not be performed. The acquired
NMR data nevertheless appear consistent with the structure de-
termined using XRD. The vast majority of the SSNMR data and
discussion can be found in the Supporting Information (Figures
S31 — S44 and Tables S8 — S11); however, a few interesting
aspects are now discussed.

From the *H MAS SSNMR data (Figure S31) there is clear sig-
nal intensity at ca. 13 ppm (absent in ANHY), which is con-
sistent with formation of R,N*-H groups when going from
ANHY to 2HCI. Signal intensity in this spectral region is also
consistent with the solution NMR data (Table S1). This diag-

nostic chemical shift is likewise consistent with the value cal-
culated using GIPAW DFT from the 2HCI crystal structure.
Various **C CP/MAS NMR spectra for ANHY and 2HCI are
compared in Figures S37 — S38, with a diagnostic difference
being in the region of 55 — 60 ppm, which corresponds to CH,
group carbons in the urea-like ring system. These signals are
distributed over a relatively wide region and are of low intensity
in ANHY, while they are in a narrower region and have greater
intensity in 2HCI. This is consistent with the notion that ANHY
is undergoing slow conformational changes, while the confor-
mation in 2HCI is fixed, at least on the NMR timescale. Further,
when comparing the spectra in Figure S38c and S38d, it is likely
that CH3 groups in ANHY are near ca. 47 ppm. In contrast,
when considering Figures S38a and S38b, the most probable
resonance positions for the Me groups in 2HCI are in the 37 —
40 ppm region. This establishes a significant 13C shift difference
in these chemical sites of ANHY and 2HCI of ca. 8 ppm, which
is consistent with the structural change (i.e., ring-flip and inver-
sion process) noted earlier. The most convincing SSNMR data
for the protonation site locations comes from the *N CP/MAS
spectra. For 2HCI, 6 resonances are resolved (Figure 11a), but
the signal intensities are distributed ina 1:1:2:1:1:2 fashion. Af-
ter protonation, the *H->N CP/MAS dynamics would be ex-
pected to be relatively more similar across the nitrogen sites in
2HCI, in agreement with observations. There is also a large N
chemical shift difference when comparing the >N NMR signals
associated with the ring nitrogen nuclei in 2HCI and ANHY
(Figure 11).

A -286.70
B -289.33
C -292.93
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E -300.54
F -337.62
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Figure 11. N CP/MAS NMR spectra acquired at Bo = 16.4 T,
using vmas = 6.8 kHz for 2HCI (a) and vmas = 6.0 kHz for
ANHY (b). The spectrum in (a) resulted from 16384 scans,
while (b) resulted from 14424 scans. Observed dis,(*°*N) values
are provided to the right of each spectrum.

E. Crystal Structure Prediction (CSP)

To further evaluate the polymorphic landscape of 2HCI, differ-
ent molecular diastereoisomeric conformers with combinations
of nitrogen stereochemistry and ring conformation (with the
methyl group in the axial or the equatorial position) were cre-
ated. The polymorph landscape associated with each of the dif-
ferent diastereoisomers of 2HCI (operating under the assump-
tion of rigid conformers once within the crystalline lattice) were
analyzed by first testing whether the in-house developed SSPT
force-field would be able to reproduce the structure determined
by XRD. Gratifyingly, the cell parameters and atomic positions
observed experimentally were reproduced by the computational
method (Figure S45, RMSD3, = 0.523 A; volume difference <



6%). This therefore gives confidence that the SSPT force-field
would give reliable polymorph landscapes for other dia-
stereoisomers. Similarly, the CSP methodology was tested for
ANHY, yielding an RMSD3, = 0.136 A and a volume difference
< 1% when comparing the most stable predicted structure to the
SscXRD structure (Figure S46).

In total, 300 diastereoisomeric 2HCI crystal structures were
generated and optimized using the SSPT force-field. The 60
most stable, as evaluated by comparing force-field energies,
were selected for dispersion-corrected DFT (DFT-D) energy
calculations and thus a stability re-ranking. The 20 most stable
crystal structures of these were then selected for further DFT-D
optimization using GIPAW DFT and from these the eight most
stable structures were selected for final NMR calculations. By
this approach we have the possibility to study the impact of the
nitrogen stereochemistry and ring conformations on the NMR
chemical shifts.

F. An Amorphous Form of 2HCI

For the different diastereoisomers described above, we wanted
in particular to see if calculated properties could provide any
structural details on amorphous 2HCI (a-2HCI) forms. From
the calculated **C chemical shifts of the methyl group attached
to the nitrogen in the dichlorotetrahydroisoquinoline ring, we
expect a clearly distinguishable difference between structures
where the methyl was in the axial or equatorial position. Spe-
cifically, for the CSP-generated diastereoisomeric crystal struc-
tures described above, with the methyl group in the axial posi-
tion the isotropic °C shift varied between 33.1 — 39.1 ppm,
while if the methyl was in the equatorial position, this shift var-
ied between 39.6 — 43.1 ppm. Thus, 2HCI, with methyl groups
in the axial position, should display lower Me group chemical
shift values relative to ANHY. For a-2HCI, while a mixture of
both conformers should be anticipated, mainly equatorial me-
thyl groups are expected. As such, a distribution towards higher
chemical shift values should be observed. Experimentally, the
methyl shift is observed at 37.1-37.2 ppm in crystalline 2HCI.
Gratifyingly, in a-2HCI, an increased relative shift is observed
with the highest intensity in the region 42.5-43.5 ppm (Figure
12). This provides evidence that the amorphous form is com-
posed of a mixture of conformations but this shift change indi-
cates that a-2HCI consists mainly of ring conformations with
equatorial methyl groups which originates from protonation of
the major conformer, as observed in ANHY.

Eq. Me

Ax. Me

(c)
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Figure 12. Extracts from 3C CP/MAS NMR spectra at By = 9.4
T, highlighting the chemical shifts associated with methyl
group carbons (grey shading) for ANHY (a), 2HCI (b), and a-
2HCI (c).

G. Amorphous Form Stability

Compared to ANHY, a-2HCI, which does not possess long-
range order, displayed superior bioavailability in the first clini-
cal studies as a consequence of its higher kinetic aqueous solu-
bility (Figure 13). As the diastereoisomers of the HCI salt are
not interconvertible, and as crystalline 2HCI is formed from a
minor conformer of the dichlorotetrahydroisoquinoline ring, a
possible route to prevent a-2HCI from crystallizing into 2HCI
appears to be available. Suggested reaction conditions to enable
this control are here described. By ensuring that the pH is well
below 2 (pKa of ANHY= 3.70), all the equilibrating dichloro-
tetrahydroisoquinoline ring conformers will be protonated, and
thus a mixture of diastereoisomers of the salt of the protonated
ANHY should be formed in solution. If the pH is increased, the
equilibrium between the free form and the salt will be shifted,
and a portion of the free base will be formed (Figures 10 and
13). This will lead to conditions such that the dichlorotetrahy-
droisoquinoline ring conformers are again in dynamic equilib-
rium. The conformer which results in the R,R-diastereoisomer,
which is observed in crystalline 2HCI, upon protonation will
then be formed to some extent (Figure 10). The amorphous salt
form is observed at low pH. By controlling the solution pH, the
driving force to crystallize the R,R-diasterecisomer can thus be
altered, which is therefore also a way of controlling the amor-
phosity of the HCI salt of tenapanor.
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Figure 13. Aqueous solubility dependency of various tenapanor
-containing systems as a function of the pH.

Conclusions

Using a variety of complementary techniques, including pow-
der and single-crystal X-ray diffraction, solution- and solid-
state NMR, crystal structure predictions, and quantum chemical
(QM) calculations, we have determined the crystal structures
for two systems containing the unusually large tenapanor drug
molecule. NMR crystallography techniques were used to assign
and validate the crystal structure of one form of the free base
(ANHY). Use of dynamic nuclear polarization (DNP) methods



were indispensable, as they afforded order-of-magnitude gains
in sensitivity. Thus, data from very challenging and insensitive
experiments (e.g., *C-*C INADEQUATE) could be used to
greatly enhance the assignment process, which is a critical step
during NMR crystallography structure validation. Incompati-
bilities of the 2HCI system with various DNP radical solvents
precluded the use of DNP for this system, but after comparing
experimental and GIPAW DFT-computed chemical shifts, it
was found that the NMR data were largely consistent with the
2HCI diffraction structure. From the structural analysis of the
resolved structures of both ANHY and 2HCI we observe con-
formational differences in the dichlorotetrahydroisoquinoline
rings which has consequences for the relative orientation of the
methyl group on the ring nitrogen. In the crystal structure of
ANHY the methyl group is oriented in an equatorial position
while in the crystal structure of 2HCI it is oriented in an axial
position. From QM-calculations we predict fast equilibrium dy-
namics to take place between these different ring conformations
in solution. Protonation of tenapanor using HCI generates a di-
chloride salt of which the crystalline material 2HCI originates
from the minor of these conformations. To be able to drive all
of tenapanor into this diasterecisomeric crystal form, one must
therefore involve the equilibrium between axial (minor) and
equatorial (major) conformations of ANHY in solution, thus by
nitrogen deprotonation. By keeping the pH well below the pKa
of ANHY the equilibrium between ANHY and 2HCI can thus
be controlled. By this mechanism the crystallization of 2HCI
can be avoided and the amorphous form a-2HCI of the dichlo-
ride salt is thus stabilized.
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