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ABSTRACT

Multicomponent solids such as cocrystals have emerged as a way to control and engineer the
stability, solubility and manufacturability of solid active pharmaceutical ingredients (APIs).
Cocrystals are typically formed by solution- or solid-phase reactions of APIs with suitable
cocrystal coformers, which are often weak acids. One key structural question about a given
multicomponent solid is whether it should be classified as a salt, where the basic API is
protonated by the acid, or as a cocrystal, where the API and coformer remain neutral and engage
in hydrogen bonding interactions. It has previously been demonstrated that solid-state NMR
spectroscopy is a powerful probe of structure in cocrystals and salts of APIs, however, the poor
sensitivity of solid-state NMR spectroscopy usually restricts the types of experiments that can be
performed. Here relayed dynamic nuclear polarization (DNP) was applied to reduce solid-state
NMR experiments by one to two orders of magnitude for salts and cocrystals of a complex APL
The large sensitivity gains from DNP facilitates rapid acquisition of natural isotopic abundance
PC and "N solid-state NMR spectra. Critically, DNP enables double resonance 'H-"’N solid-
state. NMR experiments such as 2D 'H-"N HETCOR, 'H-"N CP-build up, "N{'H} J-
resolved/attached proton tests, 'H-'N DIPSHIFT and 'H-""N PRESTO. The latter two
experiments allow 'H-""N dipolar coupling constants and H-N bond lengths to be accurately
measured, providing an unambiguous assignment of nitrogen protonation state and definitive
classification of the multicomponent solids as cocrystals or salts. These types of measurements
should also be extremely useful in the context of polymorph discrimination, NMR
crystallography structure determination and for probing hydrogen bonding in a variety of organic

materials.
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Introduction

Multicomponent solids such as cocrystals have attracted significant interest as a way to
control and engineer the stability, solubility and manufacturability of solid active pharmaceutical
ingredients (APIs)."” Cocrystals are typically formed by solution phase reaction, melt
recrystallization or mechanochemical reaction of APIs with suitable coformers, which are often
weak acids."*>° One key problem in the field of pharmaceutical cocrystals is determining
whether or not an acid-base reaction between the coformer and API has occurred, resulting in a
salt. In a salt the API is protonated by the acid, whereas in a true cocrystal the API and coformer
remain neutral and engage in hydrogen bonding and van der Waals interactions within the crystal
lattice. We also note that there exists the possibility of a continuum in which the proton in
question is shared between the acid and the base along the vector of the hydrogen bond.®
Temperature may also affect the location of hydrogen bonded protons.”'°

Whenever possible, the solid-state structure and hydrogen atom positions in
multicomponent solids are usually determined by using single crystal X-ray diffraction, or in
some cases neutron diffraction. However, multicomponent solids that are synthesized by
mechanochemical methods (a common method of cocrystal screening)'’ usually result in fine
powders, making it difficult or impossible to obtain diffraction quality single crystals.
Furthermore, even when diffraction quality crystals can be obtained, locating hydrogen atoms is

a challenge for single crystal X-ray diffraction.'>"?

For these reasons alternative techniques such
as infrared (IR),*" X-ray photoelectron (XPS)">'® and solid-state nuclear magnetic resonance
(NMR) spectroscopies have been applied to differentiate cocrystals and salts.'” Of these

spectroscopic techniques, only solid-state NMR has the potential to selectively and quantitatively

determine location and bond lengths in salt/cocrystal systems.
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Solid-state NMR spectroscopy is a powerful probe of molecular structure for cocrystals,

salts and pure APIs.>'*?!

With regards to discriminating between salts and cocrystals, isotropic
>N chemical shifts are very sensitive to the local environment of the nitrogen atoms and
protonation usually induces a substantial shift to lower frequency as compared to the API free
base, particularly for heterocyclic bases.”*** >N solid-state NMR spectroscopy has been
extensively applied to determine the protonation states of the basic nitrogen atoms of APIs
within salts, cocrystals and other solid drug forms, such as amorphous solid dispersions.'>?%%>"
% Other NMR-active nuclei and more advanced solid-state NMR experiments have also been
employed to investigate cocrystals. For example, Brown and co-workers have applied fast
magic-angle spinning (MAS) 2D '"H-"*N dipolar-heteronuclear multiple-quantum coherence (D-
HMQC) experiments to probe the proximity of hydrogen and nitrogen atoms in cocrystals and
amorphous dispersions.”® Brown and co-workers also showed that solid-state 'H-">N scalar
attached proton tests (APT)/J-resolved experiments®' could be used to definitively determine if a
particular nitrogen was protonated and hence differentiate salts from cocrystals.”> Very recently
Desiraju and co-workers have applied proton detected, fast MAS, cross-polarization (CP)
variable contact time (CP-VC) experiments to measure 'H-"’N dipolar couplings and inter-
atomic distances in simple salts and cocrystals with natural isotopic abundance of '"N.* 'H and
BC chemical shifts, 2D 'H-"H homonuclear correlation and 2D "H-'C heteronuclear correlation
(HETCOR) experiments have also proven useful to locate hydrogen atom positions and probe

20,26,32-34 1
- Brunklaus and co-workers have used H and

interactions between APIs and coformers.
PC solid-state NMR experiments in combination with DFT calculations and powder X-ray

diffraction (P-XRD) to solve the crystal structures of multicomponent solids. ™ A variety of
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N solid-state NMR experiments have also been applied to understand nitrogen protonation

36-41 24,4243

states in organic solids and materials and biological systems.

Unfortunately, the sensitivity of solid-state NMR spectroscopy is intrinsically poor and
many of the aforementioned experiments require extremely long experiment times when samples
have "N at natural isotopic abundance [NA(’N) = 0.37%]. For example, 1D "N solid-state
NMR experiments on natural abundance samples typically require many hours or even days of
signal averaging obtain spectra with adequate signal-to-noise ratio (SNR).** Previous 'H-""N
scalar APT/J-resolved experiments on a cocrystal required more than 4 days of experiment
time.” Measurement of 'H-">N dipolar couplings with CP-VC experiments required 3 to 5 days
per sample, even though fast MAS and proton detection were employed to boost sensitivity.®
Schnell and Saalwachter applied proton detected 'H-'"N transferred echo double resonance
(TEDOR) experiments to measure N-H bond lengths in histidineeHCI*H,O, although, total
experiment times were not provided.*!

High field dynamic nuclear polarization (DNP) has recently emerged as a method to
enhance the sensitivity of solid-state NMR by several orders of magnitude.***’ In a modern DNP
experiment the high spin polarization of unpaired electrons are transferred to NMR active nuclei,
typically 'H.***" DNP can be used to hyperpolarize the 'H nuclei in the interior of powdered

microcrystalline solids, such as APIs, in an approach known as relayed DNP.**2

Typically,
powdered organic solids are prepared for a relayed DNP experiment by grinding them to reduce
particle size, then impregnating™ the powders with a suitable liquid containing a dissolved

radical polarizing agent.**

The liquid used for the impregnation step must also be a non-solvent
for the solid material and should also be compatible with DNP.>* During a relayed DNP

experiment, DNP-enhanced 'H polarization builds up at the surface of the impregnated particles
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and is then transported into the interior of the particles by 'H spin diffusion.*®*** Sensitivity
gains of up to two orders of magnitude have been obtained for organic solids, including APIs,

with the relayed DNP approach.48'52

This has enabled solid-state NMR experiments on
microcrystalline solids which were previously considered challenging or impossible. For
example, relayed DNP has also been applied to enhance the sensitivity of natural isotopic
abundance °C and "N solid-state NMR experiments on formulated APIs with low drug
loading®® and enabled acquisition of dipolar and scalar *C-">C homonuclear*%>>>® and *C-""N
heteronuclear 2D correlation NMR spectra.” Relayed DNP has also been used to accelerate
solid-state NMR experiments with unreceptive isotopes such as 2H,60 14N,61 15N,50’61’62 17O,63
350164 3.5 and 2y .56

Here we apply DNP-enhanced solid-state NMR spectroscopy to the multicomponent
solids formed by the co-crystallization of an API (compound A) with the counteracid coformers
phosphoric acid (1), fumaric acid (2) and tosylic acid (3) (Scheme 1). Comparison of
conventional and DNP-enhanced *C and °N solid-state NMR spectra of the multicomponent
solids A1-A3 illustrates that relayed DNP provides an order of magnitude gain in absolute
sensitivity, without any significant reduction in spectral resolution. The large sensitivity gains
from DNP facilitate a range of double resonance '"H-"*N solid-state NMR experiments including
2D 'H-">N HETCOR, 'H-'°N CP-build up, ""N{'H} J-resolved/scalar coupling APT, 'H-"’N
DIPSHIFT and 'H-'"N PRESTO. The solid-state "N{'H} J-resolved experiments indicates
whether or not each nitrogen atom is protonated and allow the 'H-""N J-coupling constant to be
estimated. The 'H-'’N DIPSHIFT/PRESTO experiments allow the 'H-'"N dipolar coupling

constants and N-H internuclear distances to be measured, allowing the solids to be

unambiguously classified as salts or cocrystals.
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Results and Discussion

Description of cocrystals and salts under study. We have applied DNP-enhanced solid-
state. NMR spectroscopy to study model cocrystals/salts of the pharmaceutical denoted as
compound A (Scheme 1). A was originally under development for treatment of autoimmune
diseases including psoriasis and rheumatoid arthritis. Due to a number of undesirable solid-state
properties of the free base A, including poor stability, solubility, and crystallinity, several
cocrystals and salts were screened in attempt to enhance the solubility and other physicochemical
characteristics. Multicomponent solids of A were obtained through solution- or slurry-based
crystallization with the coformers/counteracids phosphoric acid (1), fumaric acid (2), and tosylic
acid (3) (Scheme 1), and the resulting solids are denoted as A1, A2 and A3, respectively. The
crystal structures of A1, A2 and A3 were determined with single-crystal X-ray diffraction (SC-
XRD). The SC-XRD structures illustrate that A1 and A3 have a 1:1 stoichiometry of A and the
respective acid (Figure S1). The crystal structure of A2 shows that there is a 2:1 stoichiometry of
A and fumaric acid, consistent with the fact that fumaric acid is a di-carboxylic acid. The
multicomponent solids A1-A3 are an ideal model system to demonstrate the capabilities of DNP-
enhanced solid-state NMR for distinguishing cocrystals and salts and determining protonation
sites of APIs because SC-XRD structures are available and the acid coformers have a range of

acid dissociation constants (pK,).
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20 Scheme 1. Molecular structures of the API, compound A ((I1R,5S,6S)-3-(2,5-difluoro-4-
;; {[(3S,6R)-3-methyl-1,1-dioxido-6-phenyl-1,2-thiazinan-2-ylJmethyl} phenyl)-6-(4H-1,2,4-
23 triazol-4-yl)-3-azabicyclo[3.1.0]hexane) and the coformers, phosphoric acid (1), fumaric acid (2)
24 and tosylic acid (3), discussed in this study. The nitrogen atoms of A are labelled as N2, N24,
25 N31, N33 and N34.
26
27 The classification of A1-A3 as cocrystals or salts can be predicted by considering the pK,
28
gg of the API and coformers.®”*® The SC-XRD structures show that in all of the solids, the N33/N34
31
32 nitrogen atoms of A will be either protonated or engage in hydrogen bonding interactions with
33
34 the acidic hydrogen atoms. In order to simplify the discussion, we denote N33 as the nitrogen
35
g? atom which is in the closest proximity to the acid hydrogen atom, while N34 is non-protonated
38
39 or the more distant nitrogen atom from the acid hydrogen atom. The most basic pK, value of
40
41 compound A (conjugate acid) was found to be 2.8 for N33/N34 by fitting the experimental pH-
42
ji solubility curve to the rearranged Henderson-Hasselbalch equation. The pK, values for
22 phosphoric acid, fumaric acid and tosylic acid are ca. 2.0, 3.0, and —1.3, respectively, for the first
47
48 acid proton. When the difference in pK, of the API (the base) and the pK, of acid [ApK, =
49
g? pKa(base) — pKi,i(acid)] is greater than 2-3, then the hydrogen atom will usually be transferred
gg from the acid to the base and a salt will result.®”*® As expected from the ApK, value for A3
54
55 (ApK,=4.1), the SC-XRD structure indicates that N33 is protonated by inspection of the Fourier
56
57
58
59
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difference map (the N-H bond length is set to 0.88 A in the SC-XRD structure, vide infra).”’
Therefore, A3 is classified as a salt. Unfortunately, ApKj, is often inaccurate or ambiguous for
predicting cocrystal/salt formation for the solids when 0 < ApK, < 3.” For A1 (phosphoric acid)
ApK, = 0.8 and for A2 (fumaric acid) ApK, = —0.2. The SC-XRD structures of Al and A2
indicate that all hydrogen atoms remain associated with the acids and are not covalently bonded
to N33 or N34 (Figure S1), again through inspection of the Fourier difference map. In addition,
the crystal structures of A1 and A2 suggest that there is hydrogen bonding between the acidic
protons and N33 with N-H distance of ca. 1.82-1.84 A. However, the H atom positions
measured by SC-XRD are known to be inaccurate and are usually placed and locations refined
using a riding model, where the bond distance to the parent atom is based upon accepted X-H
bond distances at the given measurement temperature.”’ Below we describe how DNP-enhanced
solid-state NMR spectroscopy can be used to precisely measure N-H bond lengths and
quantitatively define hydrogen bonding interactions.

Preparation of samples for DNP-enhanced solid-state NMR spectroscopy. The method used to
introduce the exogenous biradical polarizing agents and prepare the samples for DNP
experiments has a large impact on both the resolution of the solid-state NMR spectra and the
magnitude of the DNP signal enhancement (g). Microcrystalline organic solids are typically
prepared for relayed DNP experiments by grinding the powdered solids to reduce the particle
size and maximize DNP enhancements, then impregnating the ground powder with a biradical
polarizing agent solution.*” The liquid used for the impregnation step must be a DNP compatible
solvent,54 however, it must also not dissolve the solid or cause it to transform to another
phase.*””’? It has previously been shown that for some solid forms of theophylline both grinding

and impregnation with a solvent can induce phase transitions to other polymorphic forms.”
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Therefore, the stability of A3 towards grinding and impregnation was tested by
comparing the °C and PN solid-state NMR spectra of A3 impregnated with different solvents,

both before and after grinding (see the Supporting Information for a complete description). The
tests on A3 (Figure S2) suggested that samples of A1-A3 should be prepared for DNP
experiments by using as-synthesized, unground materials. 1,3-dibromobutane (DBB) was used as
the impregnating liquid to prevent transitions to different solid forms. However, we note that 1,3-
DBB is not an optimal solvent for DNP experiments because it typically only provides solvent
proton DNP enhancements on the order of 50 to 75 with TEKPol as the polarizing agent. In later
experiments we instead used mixtures of 1,3-DBB and deuterated 1,4-dibromobutane-ds to
obtain solvent proton DNP enhancements above 100 (see the Experimental section for a brief
discussion). The nitroxide biradical TEKPol”® was used as the polarizing agent in all
experiments.

Comparison of conventional and DNP-enhanced solid-state NMR spectra. The conventional
room temperature (293 K) and DNP-enhanced (110 K) BC and "N solid-state NMR spectra of
Al, A2 and A3 are compared in Figure 1 and Figure 2, respectively. In all cases cross-

polarization magic-angle spinning (CPMAS)™*"

was used to obtain the solid-state NMR spectra.
Conventional room temperature °C and "N CPMAS sold-state NMR spectra of A1-A3 were
obtained with an 11.7 T (vo = 500 MHz) spectrometer and 4 mm diameter rotors. The DNP-
enhanced "°C and "N solid-state NMR spectra were obtained with 3.2 mm diameter rotors and
sample temperatures of ca. 110 K. °C CPMAS DNP enhancements (gc cp) factors ranging from
11 to 23 were measured for A1-A3 by comparing the 110 K CPMAS NMR spectra obtained with

and without microwave irradiation (Table S1). In all cases, the &c cp was estimated to be above

50 for the frozen 1,3-DBB solvent at the surface of the crystal particles. The proton longitudinal
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relaxation times (7;(‘H)) of A1-A3 were measured to be between 10.6 s and 22.5 s at 110 K
(Table S1). Long T '("H) (and small particle sizes) are required to obtain high DNP enhancements
with relayed DNP.***° However, the relatively moderate 7)('H) observed for A1-A3 also allows
optimal recycle delays of ca. 15 to 25 s to be used for NMR experiments.

The sensitivity (S) was also determined for each BC and "N solid-state NMR spectrum by
measuring the SNR of each spectrum, then dividing it by the square root of the total experiment

time (7) in minutes (S = SNR x 72

). Comparison of the sensitivity of the conventional and DNP-
enhanced °C and "°N solid-state NMR spectra for A1-A3 shows that the gain in absolute
sensitivity provided by DNP was between a factor 2-11, which corresponds to a 4- to 121-fold
reduction in the total experiment time (Figure 1 and Figure 2). The large gain in sensitivity
provided by DNP allows the °C and "N solid-state NMR spectra to be obtained in a few
minutes while the conventional NMR spectra require hours/days of experiment time to achieve a
similar SNR. Importantly, Figure 1 and Figure 2 also illustrate that conventional and DNP-
enhanced "*C/"N solid-state NMR spectra have very similar resolution. Most of the '>C and '°N
isotropic chemical shifts are identical, indicating that no phase transformation was caused by
impregnation with 1,3-DBB/TEKPol or by cooling to 110 K. Notably, the >C NMR signals with
the lowest isotropic chemical shifts that are attributed to the methyl group of A are either absent
or of significantly reduced intensity in the DNP-enhanced '*C NMR spectra. The reduced methyl

group °C NMR signal intensity is likely due to interference between the methyl group rotation

and the decoupling/CP spin lock pulses.”
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31 Figure 1. Comparison of DNP-enhanced (upper red traces, 110 K) and conventional (lower blue traces,
32 293 K) "C solid-state NMR spectra of cocrystals Al (A-B), A2 (C-D) and A3 (E-F). The °C CPMAS
33 DNP enhancements (gc cp) measured for the solvent and the solid phase are indicated. The total
34 experiment time (), signal-to-noise ratio (SNR) and sensitivity (S) are indicated for each spectrum. The
22 black dash line indicates the position of DNP solvent 1,3-DBB. All *C CPMAS NMR spectra were
37 acquired with total sideband suppression (TOSS).”"’®
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(F) A3 - Conventional

t=25.9 hours
SNR =38
L S =1 min'?2

-100 —-200 -300
SN Chemical Shift (ppm)

Figure 2. Comparison of DNP-enhanced (upper red traces, 110 K) and conventional (lower blue
traces, 293 K) SN CPMAS solid-state NMR spectra of A1, A2 and A3. The total experimental
times (¢), signal-to-noise ratio (SNR) and sensitivity (S) are indicated for each spectrum. Isotropic

>N chemical shifts predicted by plane-wave DFT calculations are shown as dashed green lines
overlaid on the DNP-enhanced °N CPMAS NMR spectra.

Distinguishing salts and cocrystals with "N solid-state NMR. The "N solid-state NMR spectra
can be used to confirm assignment of A1 and A2 as cocrystals and A3 as a salt. First, the
isotropic '*N chemical shifts were assigned based upon previously established chemical shift
trends.” For A1-A3 the "N NMR signals with chemical shifts between ca. —70 ppm to —94 ppm
are assigned to the pyrazole nitrogen atoms (N33/N34). The '’N NMR signals at —195 ppm, —270
ppm and —315 ppm are assigned to N31, N2 and N24, respectively. Experimental isotropic '°N
chemical shifts were also compared to those obtained from plane-wave DFT calculations for all

three samples (Figure 2 and Table S2, see below). In all cases there is excellent agreement
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between experimental and calculated '°N isotropic chemical shift values, confirming the "N
peak assignments.

Comparison of the "N CPMAS NMR spectra of A1-A3 show that the N33 resonance is shifted
to a much more negative chemical shift of —161 ppm in A3, as compared to the observed
chemical shifts of —93 ppm and —88.8/-90.6 ppm for N33 in Al and A2, respectively. N34
remains much less shielded at —95 ppm in A3. Protonation of a nitrogen atom usually induces a
more negative '°N chemical shift (the '°N nucleus becomes more shielded) in comparison to the

225 Therefore, the "N chemical shift of N33 within A3 strongly suggests that the

free base.
tosylic acid hydrogen atom has been transferred to N33, consistent with the SC-XRD structure of
A3 (vide supra). However, in general the observation of a change in the isotropic '’N chemical
shift does not imply with certainty that a particular nitrogen site has been protonated because
mechanisms other than protonation may also cause changes in the nitrogen chemical shifts. For
example, the '°N chemical shifts of the N33 atoms in A2 have a more positive chemical shift
than any of the N33 or N34 "N NMR signals in A1 or A3, despite the fact that both DIPSHIFT
and DFT calculations indicate that N33 is hydrogen bonded to the fumaric acid protons in A2
(vide infra). Furthermore, the use of N isotropic chemical shift comparisons to determine
protonation sites requires that the chemical shift of the free base can also be measured or
calculated. In this case pure A was amorphous and it was difficult to obtain '°N solid-state NMR
spectra. However, A1 and A2 could be used as reference samples to determine that the "N
chemical shift of N33 is more negatively shifted in A3. With the high sensitivity enhancements

provided by DNP it is possible to perform more advanced '°N solid-state NMR experiments such

as variable contact time 'H-"N CPMAS, 2D 'H-"N HETCOR, “N{'H} solid-state J-
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resolved/attached proton tests (APT), 'H-'>N DIPSHIFT and 'H-'N PRESTO experiments that
provide a definitive assessment of the N-H internuclear distances.

'"H-°N Variable Contact Time CPMAS Experiments. One of the simplest solid-state NMR
experiments to determine if a particular nitrogen atom is bonded to hydrogen is to acquire 'H-""N
CPMAS spectra with different CP contact times.”” Recently, Desiraju and co-workers have
applied fast MAS 'H-">’N CP-VC experiments to directly measure 'H-">N dipolar couplings (bxp)
and the corresponding internuclear distances (rvn).* In a 'H-"N CPMAS experiment the CP
signal build-up time constant (7xy) is inversely proportional to the magnitude of the 'H-""N
dipolar coupling constant (bni). The dipolar coupling constant is inversely proportional to the

cube of the N-H internuclear distance (bny rNH_3 ).

Figure S3 shows the "H-""N CPMAS spectra of A1-A3 acquired with short (less than 500 ps)
and long (5 ms) CP contact times. Typically only signals from protonated nitrogen atoms will be
observed with short contact times.*> The CP signal of N33 (=161 ppm) in A3 is clearly visible in
the short contact time spectrum (588 ps), while in all other samples there is little observable
signal at short contact times, confirming that N33 in A3 is indeed protonated. Note that with fast
MAS it is possible to directly determine the 'H-'"N dipolar coupling constant by observing
dipolar oscillations of the 'H-"N CPMAS NMR signal with variable CP contact times.®
However, the DNP NMR experiments here were performed with relatively slow MAS
frequencies, consequently, the dipolar oscillation of 'H-">N CP signal intensity will be damped
by 'H spin diffusion. DNP-enhanced 'H-"’N CPMAS NMR spectra of A1-A3 obtained with
variable CP contact time were fit to determine the CP build-up time constant (7ny, Figure S3)
and qualitatively probe the H-N dipolar couplings and bond lengths. For the protonated N33 in

A3, Tng = 0.6 = 0.1 ms, which corresponds to the smallest 7wy (fastest CP build-up rate). As
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expected all other nitrogen atoms in A1-A3 show significantly larger 7xy between 1.4-2.8 ms
(Figure S3), consistent with a lack of covalently attached protons for these sites and the
corresponding slow CP build-up rates.

2D 'H-"N CP-HETCOR Experiments. 2D "H-""N CP-HETCOR spectra obtained with short
contact times provide correlations between dipolar coupled "H and "N spins which allows their
proximity to be directly confirmed. The 2D CP-HETCOR spectra also provide access to high
resolution 'H solid-state NMR spectra because 'H homonuclear dipolar decoupling is applied
during the indirect dimension evolution period (#;). Here, e-DUMBO;,, homonuclear
decoupling80 was applied. The DNP-enhanced 2D 'H-"*N CP-HETCOR spectra of A1-A3 were
obtained in less than 4 hours total experiment time each (Figure 3). 2D 'H-">C CP-HETCOR
spectra of A1-A3 were also obtained with experiment times less than 1 hour each (Figure S4).
The 2D 'H-""N and 'H-">C CP-HETCOR spectra allow all of the 'H chemical shifts to be
measured with high resolution. 'H chemical shifts are potentially useful constraints for DFT-
driven NMR crystallography structure determination or refinement.®'*’

Figure 3A shows the 'H-""N CP HETCOR spectrum of A3 which was obtained in only 3.3 h
with a relatively short CP contact time (tcp) of 320 ps. The short contact time results in a
selective polarization transfer from the acid hydrogen with a chemical shift of ca. 16.8 ppm to
the protonated N33 nitrogen (dis, = —161 ppm). This correlation is consistent with a large bny,
which implies that the acid hydrogen atom is directly bonded to N33 in A3. A 'H-"N CP-
HETCOR spectrum of A3 was also obtained with tcp = 2 ms (Figure 3B). This HETCOR
spectrum also shows an intense correlation between the acid proton 'H NMR signal and the N33
>N NMR signal again. The 2 ms contact time CP-HETCOR spectrum also shows additional

correlations between the N33/N34 "N NMR signals and aromatic/alkene '"H NMR signals
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(Figure 3B). These correlations could occur due to long-range dipolar coupling between °N and
the aromatic protons of tosylic acid and/or to the alkene hydrogen atoms attached to C32/C33.
However, 'H spin diffusion during the CP contact pulse will lead to relayed correlations in the
2D HETCOR spectra obtained with long contact times, therefore, caution is warranted when
trying to assess proximities based upon observation of correlations in the HETCOR spectrum. If
required, relayed correlations could be suppressed by using Lee-Goldberg (LG) CP-HETCOR
experiments.®

The 2D 'H-'>N CP-HETCOR spectra of A1 and A2 were obtained with tcp =2 ms and tcp = 5
ms, respectively, because all nitrogen sites exhibit slow CP build-up rates (vide supra). The 2D
'H-'>N CP-HETCOR spectra of A1 and A2 show that the N33 signals give rise to weak or
negligible correlations to the acid protons of phosphoric and fumaric acid at 14 ppm (Figure 3
and Figure S5) and 17 ppm (Figure 3C), respectively. These weak correlations are consistent
with relatively large N-H internuclear distances and correspondingly small byy. Indeed, the
solid-state NMR measurements of byy and rny suggest that the H-N33 internuclear distance

within A1 and A2 are on the order of 1.4 A to 1.6 A (vide infia).
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Figure 3. Natural-abundance, DNP-enhanced 2D 'H-'>N CP-HETCOR NMR spectra of A3
acquired with (A) tcp = 320 us and (B) tcp = 2.0 ms in order to probe short and long range N-H
distances. 2D HETCOR spectra of (C) A2 and (D) A1 were acquired with tcp = 2.0 ms and 5.0
ms, respectively. Correlations between the acid proton(s) and nitrogen N33 are indicated with
blue contours and dashed lines. All spectra were acquired with eDUMBO, ., 'H homonuclear
decoupling scheme applied during the 7, evolution period with a 'H RF field of ca. 100 kHz. The
MAS frequency was 9375 Hz in all cases. Each 2D spectrum was obtained in a total experiment
times of 1.8 to 3.5 hours.
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DNy H} J-Resolved Experiments. Brown and co-workers previously applied "N{'H} J-
resolved/attached proton test experiments to probe nitrogen protonation in cocrystals/salts of
APIs, however, ca. 6 days of spectrometer time were required.”> Here, with the signal
enhancement provided by DNP it was possible to perform "N{'H} J-resolved experiments on
A3 in less than 4 h.

In the ""N{'H} J-resolved solid-state NMR experiments a "’N spin echo NMR spectrum
is obtained with "H homonuclear decoupling applied during the echo delay period to allow
evolution of scaled heteronuclear J-couplings (Figure $6).>"* Application of a 'H 7 pulse at the
center of the spin echo causes evolution of "N {'H} J-couplings and the attenuation/oscillation of
>N NMR signals which are chemically bonded (scalar coupled) to 'H. Here two sets of °N
NMR spectra were obtained for each J-evolution time.” A "N{'H} J-dephased spectrum was
obtained with application of simultaneous 'H and "°N = pulses at the center of the spin echo,
while the control spectrum was obtained with application of only the '’N & pulse.”® This allows a
normalized J-resolved data set to be created where the decay of the "N NMR signal due to 'H-

>N J-couplings should not be affected by °N transverse relaxation.”
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Figure 4. (A) DNP-enhanced "N{'H} J-resolved NMR experiment on A3. The control and J-
dephased points are interleaved, resulting in alternating points of high and low intensity for N33.
(B) Plot of the experimental, normalized 15N{lH} J-dephasing curve for the protonated nitrogen,
N33 (red circles). The normalized J-resolved signal was obtained by dividing the measured
intensity of each J-dephased point by the intensity of the corresponding control point. The solid
lines were calculated with the function Normalized Signal Intensity = cos(m)’nut;). The black
curve was calculated with 'J Na = 32 Hz and 1JNH = 56 Hz and gave the lowest RMSD fit of the
experimental data points. For comparison, J-dephasing curves are also shown for several other
values of 'J "NH-

ACS Paragon Plus Environment

21



oNOYTULT D WN =

Crystal Growth & Design

Figure 4A shows the results of the "N {'H} J-resolved experiment on A3. The peak at
—161 ppm assigned to the protonated nitrogen N33 is the only site to show a significant
reduction in normalized signal intensity with increasing J-evolution time (tj, defined in Figure
S6). Significant J-dephasing was not observed for any of the nitrogen NMR signals in A1 and
A2 (Figure S7). All of the ISN{IH} J-resolved experiment results are consistent with the variable
contact time CPMAS and CP-HETCOR experiments which suggested that both A1 and A2 are
cocrystals and that A3 is a salt.

For A3 the normalized J-resolved curve was fit to a simple cosine function to estimate

the magnitude of the one bond BN-TH T -coupling (lJ NH):

Normalized Signal Intensity = cos(m’ ! NH) (1)

where 1; is the J-evolution time and J'ny is the N{'H} J-coupling constant scaled by the
homonuclear decoupling scaling factor (J' = s x J). A fit of the normalized J-resolved curve
yields Ly ‘N = 32 Hz, which after accounting for the e-DUMBO, ., scaling factor (s) of 0.56
gives 'J\u =56 Hz (Figure 4B). For comparison, a 'Jnn of 92 Hz is typical of the amide groups
in the backbone of proteins91 and plane-wave DFT calculations predicted a 1JNH value of 83 Hz
for A3.

It has previously been shown that J-resolved solid-state NMR experiments can be used to
measure 'H-">C J-couplings and obtain J-multiplets for plastic solids such as adamantane® and
trimethoxybenzene® or for mobile and dilute molecules grafted on surfaces.”””* To the best of
our knowledge, alanine®™”” and histidinesHCI*H,O"* are the only examples of rigid crystalline
solid where J-resolved experiments have been applied for the measurement of 'H-">C or 'H-""N
J-couplings. Emsley and co-workers showed that the *C solid-state NMR spectrum of the

methine carbon in alanine gives rise to a doublet under application of e-DUMBO, .,

ACS Paragon Plus Environment

22

Page 22 of 44



Page 23 of 44

oNOYTULT D WN =

Crystal Growth & Design

homonuclear decoupling with both moderate (22 kHz) and fast MAS (65 kHz) frequencies.go’95

However, in alanine the methine hydrogen atom likely has weak homonuclear dipolar couplings
with other protons because the only other proximate protons are in a mobile NH;  group.
Therefore, alanine likely has favorable properties that allow for observation of J-multiplets under
homonuclear decoupling. Pruski and co-workers observed clean doublets in the "°N solid-state
NMR spectrum of histidinesHCI*H,O obtained under PMLG decoupling with a 40 kHz MAS
frequency.’? Other previous J-resolved solid-state NMR experiments on crystalline solids only

showed NMR spectra obtained with a few J-evolution times;>""'

complete J-resolved curves or
J-multiplets were not shown.

DNP-enhanced C{'H} J-resolved solid-state NMR experiments were performed on
histidinesHCI*H,O to test if solid-state J-resolved NMR experiments can accurately measure
'Jeu (Figure S8). The normalized *C{'H} J-resolved curves showed substantial deviations away
from the ideal cosine functions and there is generally poor agreement with 1JCH measured with
solution NMR. Room temperature *C{'H} J-resolved solid-state NMR experiments performed
on histidinesHCI*H,O with fast MAS frequencies 50 kHz also showed distorted J-resolved
curves (data not shown). The deviations of the normalized J-resolved curves could occur due to
incomplete suppression of 'H spin diffusion by the homonuclear decoupling, RF inhomogeneity,
imperfect magic angle setting and evolution of residual heteronuclear dipolar couplings.
Therefore, we caution that the 1JNH of 56 Hz measured for A3 should be treated as an estimate,
rather than an accurate measurement of 1JNH. Nevertheless, the J-resolved experiment

unambiguously confirms that the N33 atom in A3 is covalently bonded to a proton and therefore,

A3 should be classified as a salt.
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N-H Dipolar Coupling Measurements and Bond Length Determination. In order to
definitively determine protonation states the N-'H dipolar coupling constants (bny) and
corresponding N-H internuclear distances (rny) in A1-A3 were directly measured with constant
time dipolar doubled DIPSHIFT’® and PRESTO-II"" experiments (see Figure S6 for pulse
sequence diagrams). DNP-enhanced '*C-'H/"°N-'H DIPSHIFT and PRESTO-II experiments
were initially tested on histidinesHCI*H,O (Figure S9). For histidinesHCI*H,0O the C-H and N-H
internuclear distances (rcy and rny, respectively) measured with both PRESTO-II and DIPSHIFT
showed good agreement with those determined using plane-wave DFT calculations and those
observed in the single-crystal neutron diffraction structure (Table S3).®

Hong and co-workers have previously applied '"N-'H DIPSHIFT experiments to
determine the protonation states of '“N-labeled histidine re-crystallized from solutions with
different pH.** In the dipole-doubled DIPSHIFT experiment two "°N m pulses are applied at
different fractions of two rotor periods in order to interfere with MAS and reintroduce
heteronuclear dipolar couplings.”® Frequency-switched LG (FSLG)”'®" 'H homonuclear
decoupling is applied to eliminate 'H spin diffusion during the first rotor period, while the °N &
pulses interfere with the averaging of heteronuclear dipolar couplings by MAS. The ""N-'H
DIPSHIFT experiments were performed at a relatively slow MAS frequency (v, = 3846 Hz) to
allow small bxy couplings to be measured.

The results of °N-'"H DIPSHIFT experiments on samples A1-A3 for the N33 nitrogen
atoms that are either covalently bonded or hydrogen bonded to the acid protons are shown in
Figure 5A and Figure S10. The bn3sp and rns3p determined from the N-'H DIPSHIFT
experiments are reported in Table 1. As expected, A3 was determined to have the largest bnss.p

of 11.8 kHz, corresponding to a N33-H internuclear distance of 1.01 A. This is consistent with
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the SC-XRD structure, plane-wave DFT calculations and all of the other NMR experiments
which indicated that the N33 nitrogen atom is protonated in A3, and this phase should be
considered a true salt. For A2 and A1 ry33.y of 1.43 A and 1.55 A, respectively, were determined
from the DIPSHIFT curves. The mesaured internuclear distances are consistent with hydrogen
bonding interactions between N33 and the acid protons and confirm assignment of A2 and A1 as
cocrystals.

The PRESTO-II pulse sequence was also applied to measure bns3.y and rn33g in A3 (Figure
5B). The PRESTO experiment was originally described by Levitt and co-workers.”” In a
PRESTO experiment, symmetry based recoupling pulse sequences are applied to the "H nuclei to
simultaneously decouple 'H homonuclear dipolar couplings and recouple heteronuclear dipolar
couplings to enable "H—X coherence transfer. Variation of the recoupling time in a PRESTO
experiment causes an oscillation of the NMR signal. The PRESTO signal oscillation can be
simulated to determine the heteronuclear dipolar coupling constant.”’ Recently, Perras and co-
workers have recently applied DNP-enhanced PRESTO NMR experiments to measure ''O-'H
dipolar coupling constants and corresponding O-H internuclear distances in inorganic solids.'®*
For A3, comparison of the experimental "N-'"H PRESTO dipolar oscillation to numerical
SIMPSON simulations yields bn3s.p = 13.3 kHz. This dipolar coupling constant corresponds to
rn33-n = 0.97 A and is in reasonable agreement with ry3s = 1.01 A determined with DIPSHIFT
(Figure 5A and Figure S10). Below, we compare the rn33.p measured using 'H-'>N double
resonance NMR experiments to those determined with optimization of the H-atom positions by

plane-wave DFT calculations.

ACS Paragon Plus Environment

25



oNOYTULT D WN =

Crystal Growth & Design

(A) m A1: 3.3 kHz-1.55 A (B)

1.2 - A
212 A A2: 42 kHz - 1.43 A, 1004
2 ® A3:1.01 A-11.8 kHz > 101 1.04 A
2 = 1.05 A
< 038- g 0-81 1.06§
© - 1.07
50.6- £ 061 1.10%
» s 1.12
T 0.4 5 0.4 1
N »
=02+ 0.2
£
s 0 T T T 1T T T M T 0 T T
4 50 100 150 200 250 100 200 300

Dipolar Evolution Time (us) T, (1)

(C) Cocrystal A1

Iy = 1.55 ANVR/1.60 APFT

N33-H

r =1.43 ANMR/1 55 ADFT

N33-H

Ipa, =1.43 ANVR/1 53 ADFT

N33-H

(E) Salt A3 r. . =1.01-1.06 AWR /1,07 ADFT

N33-H

Figure 5. (A) "N-'H DIPSHIFT dipolar dephasing curves for the N33 nitrogen atoms that are nearest to
protons in A1-A3 (solid points). Numerical SIMPSON simulations of DIPSHIFT curves are shown as
solid lines and the dipolar coupling constants (byy) and corresponding N-H distances (ryy) are indicated.
(B) Oscillation of the 'H-"’N PRESTO solid-state NMR signal of N33 in A3 (red dots) as a function of
the excitation recoupling time (Te.). Numerical SIMPSON simulations of the PRESTO dipolar
oscillations are shown as colored lines for different byy and rns3.u. Molecular structure of (C) cocrystal
Al, (D) cocrystal A2 and (E) salt A3 with proton positions from geometry optimization with plane-wave
DFT calculations. Select rn3s.y are indicated.

Comparison of N-H bond lengths determined with NMR experiments and plane-wave

DFT calculations. Plane-wave DFT calculations have been widely applied to optimize the
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hydrogen atom positions of X-ray diffraction structures.'*'*'%

The unit cell parameters and
heavy atom positions determined from the SC-XRD structures of compounds Al — A3 were
fixed and plane-wave DFT was then applied to optimize the proton positions. The DFT
optimized rn33.4 were 1.07 A for A3, 1.55 A/ 1.53 A for A2 and 1.60 A for A1 and these values
are in reasonable agreement with ry33.5 determined from the >N-'H DIPSHIFT solid-state NMR
experiments (Table 1). The largest difference between the calculations and experiments is for A2
which gave a 0.12 A difference in the rn33.y determined by DIPSHIFT experiments and the
calculations, with the DIPSHIFT experiments suggesting that the bond length is shorter. We note
that Steiner and co-workers have shown that sample temperature can cause large variations of up
to 0.1 A in hydrogen bond lengths over the temperature range of 20 — 200 K.’ Therefore, the
temperature used for the NMR experiments could possibly cause substantial variations in the

experimentally determined internuclear distances which may explain some of the discrepancies.

Table 1. N33-H Dipolar Coupling Constants (bny) and N33-H Internuclear Distances (7n33-n)
Obtained from Solid-state NMR Experiments and Plane-wave DFT Calculations.

Experiment - DIPSHIFT Calculated - Plane-wave DFT

Sample by (kHz) 'N33-H (A) bnu (kHz) 'N33-H (A)
Al 3.3+0.21 1.55+0.1 2.97 1.60

A2 42+0.29 1.43+£0.1 3.27/3.40° 1.55/1.53¢
A3 11.8+0.35 1.01 +£0.03 9.94 1.07

“Note that A2 has two inequivalent molecules of A within the unit cell (Z’ = 2), however, the "N NMR signals of
the two inequivalent N33 sites are not well resolved. Therefore, it is only possible to measure a single distance

experimentally.
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Conclusions

Here we have shown that relayed DNP enables advanced BC and "N solid-state NMR
experiments on multicomponent solids consisting of a complex API and organic or inorganic
acid coformers. For the solids studied here, relayed DNP provided an absolute gain in sensitivity
of factors of ca. 2 to 11 in comparison to conventional solid-state NMR spectroscopy, without
any substantial reduction in resolution of the NMR spectra. The gain in sensitivity provided by
DNP, corresponding to 4- to 121-fold reduction in experiment times, enables advanced 'H-""N
double resonance solid-state NMR experiments that allow H-N internuclear distances to be
measured, allowing the solids to be unambiguously classified as salts or cocrystals. The DNP-
enhanced solid-state NMR measurements are complementary to SC-XRD and allow the N-H
internuclear distances to be experimentally determined. Reasonable agreement was also observed
between the experimentally determined N-H internuclear distances and those predicted with
plane-wave DFT calculations.

The DNP-enhanced 'H-"N double resonance solid-state NMR experiments applied here
should also prove useful in the context of polymorph discrimination and NMR crystallography
structure determination. We anticipate that with the large sensitivity gains provided by DNP it
should also be possible to perform these types of experiments on pharmaceutical formulations

with low API loadings.™
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EXPERIMENTAL

Synthesis of Multicomponent Solids AI-A3. Compound A was synthesized by Genentech for
use in pharmaceutical development. A1 (phosphoric acid cocrystal) was prepared via slurry
conversion by first suspending 500 mg of A free base in 4 mL of ethyl acetate (EtOAc) at 25 °C,
then adding 4 mL of 0.25 M phosphoric acid in EtOAc. The resulting suspension was heated to
50 °C and stirred for 72 h, then cooled to 5 °C and aged for 6 h before vacuum filtration to
isolate the solids. The solids were dried under vacuum at 50 °C to yield Al. A2 (hemifumaric
acid cocrystal) was prepared from solution by dissolving 500 mg A free base in 5 mL acetone at
50 °C, then adding 1 molar equivalent of fumaric acid while stirring. Once crystals began to
precipitate the suspension was aged an additional 30 min at 50 °C before cooling to 25 °C over 3
h. Solids were isolated via vacuum filtration, washed with acetone, and dried at 50 °C under
vacuum to give A2. A3 was prepared from solution by dissolving 5 g of A free base in 50 mL of
methyl ethyl ketone (MEK) at 25 °C, then adding 1 molar equivalent of p-toluenesulfonic acid
monohydrate dissolved in 20 mL MEK. The solution was stirred at 25 °C for 72 h, then allowed
to evaporate, yielding the white crystalline solid A3 (tosylate salt).

Single Crystal X-Ray Diffraction. Details on single crystal X-ray diffraction are provided in
the Supporting Information.

Remote DNP sample preparation. 1,3-dibromobutane (1,3-DBB) was used as the
impregnating liquid®* for A1-A3 because it did not cause phase transitions (see Supporting
Information for additional discussion). 1,3-DBB normally provides DNP enhancements on the
order of 50 to 75 with the TEKPol polarizing agent. 1,3-DBB likely provides four-fold lower
DNP enhancements than 1,1,2,2-tetrachloroethane (TCE) because it has a higher concentration

of proton spins (ca. 67 M 'H concentration in DBB vs. 19 M 'H concentration in TCE).
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Therefore, a mixture of protonated and deuterated 1,3-DBB could possibly provide higher DNP
enhancements by reducing the proton concentration. Unfortunately, deuterated 1,3-DBB was not
commercially available, however, fully deuterated 1,4-dibromobutane (1,4-DBB-dg) was
commercially available. In later DNP experiments on cocrystals it was found that using either
50:50 or 25:75 (v:v) mixtures of 1,3-DBB:1,4-DBB-dg proton DNP enhancements above 130
could be obtained for the solvent signal. A 50:50 mixture of 1,3-DBB:1,4-DBB-ds is
recommended as a solvent for DNP experiments in cases where TCE cannot be used. A 16 mM
TEKPol TCE solution was used as the impregnating liquid for histidine-HCI-H,O.

Histidine hydrochloride monohydrate (histidineeHCI*H,0) and samples A1-A3 were prepared
for DNP experiments by weighing out 30-40 mg of the solids and 6-8 mg of KBr on to a watch
glass. Only A1l and histidinesHCI*H,O were prepared with a grinding step prior to sample
impregnation with the polarizing agent solution. The KBr was added so that ’Br NMR could be
used to measure sample temperatures and check the magic angle setting when desired. The
powders were then mixed together using a spatula. The powdered mixture was then impregnated
with 15-20 pL of the DNP polarizing agent solution (enough to make the sample appear slightly
wet). TEKPol was used as the polarizing agent with concentrations of 15 to 20 mM in the radical
solution.” Once the samples were impregnated they were packed into a sapphire 3.2 mm DNP
rotor, with a Teflon screw insert and a zirconia drive cap.

Solid-state NMR Experiments. DNP-enhanced solid-state NMR experiments were performed
on a Bruker 9.4 T 400 MHz/263 GHz DNP solid-state NMR spectrometer'** equipped with a
Bruker Avance III console. A Bruker 3.2 mm triple resonance DNP probe, configured in HCN
triple resonance mode was used for acquisition of all DNP spectra. The sample temperature for

DNP experiments was approximately 110 K. The microwave power for optimal DNP
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enhancements was optimized directly on each sample. 'H pulse lengths and RF fields were
directly calibrated on the samples of interest. 'H and “C chemical shifts were referenced with
respect to neat tetramethylsilane via an external secondary standard of adamantane. >N chemical
shifts were referenced with respect to nitromethane by using the [IUPAC frequency ratio.'®’

All cross-polarization magic angle spinning (CPMAS) e:><perime:n‘[s74’106

were performed with a
variable amplitude 'H contact pulse which was linearly ramped from 90% to 100% RF field to
broaden the Hartmann-Hahn match condition.'”” SPINAL-64 'H heteronuclear decoupling'®® was
applied during signal acquisition with a "H rf field of ca. 100 kHz. The pulse program used to
acquire the 2D "H-""C and '"H-""’N CP-HETCOR spectra is shown in Figure S6.'” eDUMBO),.,,
homonuclear 'H decoupling was applied during the indirect dimension evolution period (t;) with
a "H RF fields between 100-116 kHz.** The MAS frequency for all HETCOR experiments was
9375 Hz. The 'H-"C and '"H-""N HETCOR spectra were typically acquired with 2 to 8 scans per
increment, recycle delays of 5 to 23 s, 128 individual t; increments, for a total t; evolution time
of 4.1 ms (for more details see Table S4). The 'H spectral widths were scaled by a factor of 1.8
to correct the scaling of the 'H chemical shift caused by the eDUMBO;.;; homonuclear 'H
decoupling.

The pulse sequence for the "N{'H} J-resolved solid-state NMR experiments is shown
in Figure S6.>' For each value of 1y a ""N{'H} J-dephased spectrum was obtained by application
of simultaneous "H and "N & pulses, while a control spectrum was obtained with application of
only the "°N 7 pulse required to form the "°N spin echo.”® This results in a normalized J-resolved
data set where the decay of the "N NMR signal due to "H-""N J-couplings should not be affected
by "N transverse relaxation. In the J-resolved experiments the initial transverse N

magnetization was generated using CP with a contact time of 5 ms. eDUMBO|_;; decoupling
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with an RF field strength between 100-116 kHz and pulse duration of 32 ps was applied to
reduce 'H homonuclear spin diffusion during the J-coupling evolution period (t;). SPINAL-64
heteronuclear decoupling was applied with an RF field of 100 kHz was then applied during
acquisition. The MAS frequency for all J-resolved experiments was 9375 Hz. The J-resolved
experiments used recycle delays between 5 to 23 s with 8 to 24 scans acquired per increment and
36-60 total increments. The J-evolution time was increased in increments of 640 ps
(corresponding to 20 eDUMBO ., pulses and 6 rotor cycles).

The pulse sequence used for the PRESTO-II experimentis shown in Figure S6.” The
PRESTO-II experiments used the symmetry-based R18,” dipolar recoupling pulse sequence to
achieve 'H—'"’C/"N coherence transfer via heteronuclear dipolar couplings. The MAS
frequency for the PRESTO experiment was 9375 Hz, which corresponds to a 107 ps rotor
period. The 7 pulse width in the R18;’ recoupling sequence was 5.94 us (18 m-pulses per rotor
period), which corresponds to a 84.375 kHz RF field (18/2 X T,). In order to measure 'H-""N
dipolar coupling constants with PRESTO-II experiments on histidineeHClI*H,O and A3 the
reconversion period (T ) was fixed to a single rotor cycle, while the duration of the excitation
period increased in steps of 11.85 ps (corresponding to a pair of 'H recoupling n-pulses). 100
kHz RF field SPINAL-64 'H heteronuclear decoupling was applied in all cases. In order to
measure 'H-""C dipolar coupling constants with PRESTO-II experiments on histidinesHCIsH,O
Tree Was set equal to 71.11 ps (six 'H recoupling m-pulses pairs). This was followed by a delay of
35.56 ps at the start of which the heteronuclear decoupling was turned on and applied for the
duration of signal acquisition. The *C spin echo m-pulse was centered on the rotor cycle. The
N-'H PRESTO-II experiments on A3 were acquired with 48 scans for each value of 1 and a

40 s recycle delay was used (Table S1).
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The pulse sequence used for the constant time dipolar doubled DIPSHIFT experiment is shown
in Figure $7.°° The MAS frequency was 3846 Hz which corresponds to a 260 us rotor period.
FSLG homonuclear decoupling was applied with an 81.7 kHz RF field, which corresponds to
FSLG 2n-pulse widths which are 10 ps in duration. The '"N/"*C dipolar evolution time preceding
the '*N/"*C n-pulse (denoted as ) was then stepped in increments of 20 ps, which corresponds
to a complete FSLG cycle. 100 kHz SPINAL-64 heteronuclear decoupling was then applied
during the second rotor period and signal acquisition. The "H-"’N DIPSHIFT spectra were
recorded with recycle delays between 15-20 s, and between 48-272 scans were acquired for each
of the 13 individual #; increments (Table S1). The "H-">C DIPSHIFT spectra were obtained with
a 15 s recycle delay, 8 scans per increment and 13 individual ¢; increments with ¢ incremented in
steps of 20 ps.

Conventional solid-state NMR experiments were performed at Genentech Inc. using a Bruker
Avance III HD spectrometer equipped with a standard bore 11.7 T magnet and 4 mm double
resonance MAS probe. Samples were packed into 4 mm zirconia rotors, sealed with Kel-F drive
tips. The MAS frequency was 8 kHz and the sample temperature was controlled at 293 K.
Recycle delays were set to 1.5-7 s dependent on 7}, and CP contact times were 3 ms for °C and
5 ms for °N experiments, with a 70-100% 'H RF field ramp. SPINAL-64 'H decoupling was
applied at a 90 kHz field strength for all conventional experiments, and TOSS was applied to
suppress spinning sidebands.

Numerical simulations of the dipole-doubled DIPSHIFT and PRESTO-II 'H-"’N solid-state

NMR experiments were performed with the SIMPSON v4.1.1 program1 10-112

running on personal
computers. Plane-wave DFT calculations were used to determine the relative orientation of the

'H chemical shift (CS) tensor and the "H-">N dipole-vector. The Euler angles describing the
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relative orientation of the 'H CS tensor and 'H-"’N dipole-vector were included in SUNOSIB
simulations of the PRESTO-II dipolar oscillations for A3
Plane-wave DFT calculations. All calculations were performed using plane-wave

113

pseudopotential periodic DFT as implemented in CASTEP code. "~ All calculations used the

Perdew—Burke—Ernzerhof generalized gradient approximation (PBE-GGA) functional''* with

115

ultra-soft pseudopotentials generated on-the-fly. "~ The Grimme DFT-D2 dispersion correction

scheme used in all calculations.'"

The wavefunctions were expanded using a plane wave basis
set with a kinetic energy cut-off of 630 eV that produces converged results for both the geometry
optimization and the calculation of NMR parameters. NMR shielding values were calculated
using the GIPAW method''” as implemented in the CASTEP code. The integrals were calculated
over the Brillouin zone were performed using a Monkhorst—Pack grid with a k-point spacing of
0.07 A'. Heavy atom positions and unit cell parameters were taken from the single-crystal X-ray
diffraction structures and all H atom positions were optimized prior to calculation of NMR
properties. Calculated 5N magnetic isotropic magnetic shielding values (cjs,) were converted to
>N isotropic chemical shift values (8j,) by making a plot of experimental 8, as function of
calculated i, for A1-A3 and histidinesHCI*H,O (Figure S12). Linear regression analysis
yielded the calibration equation i, cale = —1.0084 X [Ciso, cate] — 160.0 that was used to convert
calculated magnetic shielding to calculated chemical shift values. This calibration equation is
very similar to the equation 0iso, calc = —1.017%[Giso, cale] — 156.0 previously determined by Beran
and co-workers for GIPAW-PBE calculations of nitrogen chemical shifts.''® Note that a
conversion factor of —341 ppm was used to convert the Beran equation from the NH4Cl °N

chemical shift scale to the IUPAC nitromethane '°N chemical shift scale.
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ELECTRONIC SUPPLEMENTARY INFORMATION

Additional solid-state NMR spectra, sample preparation, single crystal X-ray diffraction

oNOYTULT D WN =

9 structures of A1-A3, data analysis and details on spectral processing.
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Dynamic nuclear polarization (DNP) accelerates natural isotopic abundance '°N solid-state NMR

experiments on multicomponent solids. DNP-enhanced double resonance 'H-""N NMR
experiments allow 'H-""N dipolar coupling constants and H-N bond lengths to be accurately
measured, providing an unambiguous assignment of nitrogen protonation state and definitive

classification of the multicomponent solids as cocrystals or salts.
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