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Abstract

1N ultra-wideline (UW), *H{**N} indirectly-detected HETCOR (idHETCOR) and **N
dynamic nuclear polarization (DNP) solid-state NMR (SSNMR) exepriments, in combination
with plane-wave density functional theory (DFT) calculations of *N EFG tensors, were utilized
to characterize a series of nitrogen-containing active pharmaceutical ingredients (APIs),
including HCI salts of scopolamine, alprenolol, isoprenaline, acebutolol, dibucaine, nicardipine,
and ranitidine. A case study applying these methods for the differentiation of polymorphs of
bupivacaine HCI is also presented. All experiments were conducted upon samples with
naturally-abundant nitrogen isotopes. For most of the APIs, it was possible to acquire frequency-
stepped UW N SSNMR spectra of stationary samples, which display powder patterns
corresponding to pseudo-tetrahedral (i.e., RR'/R”"NH* and RR'NH") or other (i.e., RNH; and
RNO;) nitrogen environments. Directly-excited N NMR spectra were acquired using the
WURST-CPMG pulse sequence, which incorporates WURST (wideband, uniform rate, and
smooth truncation) pulses and a CPMG (Carr-Purcell Meiboom-Gill) refocusing protocol. In
certain cases, spectra were acquired using *H — N broadband cross-polarization, via the
BRAIN-CP (broadband adiabatic inversion - cross polarization) pulse sequence. These spectra
provide N electric field gradient (EFG) tensor parameters and orientations that are particularly
sensitive to variations in local structure and intermolecular hydrogen-bonding interactions. The
H{®>N} idHETCOR spectra, acquired under conditions of fast magic-angle spinning (MAS),
used CP transfers to provide *H-°N chemical shift correlations for all nitrogen environments,
except for two sites in acebutolol and nicardipine. One of these two sites (RR'NH." in
acebutolol) was succesfully detected using the DNP-enhanced **N{*H} CP/MAS measurement,

and one (RNO: in nicardipine) remained elusive due to the absence of nearby protons. This



exploratory study suggests that this combination of techniques has great potential for the

characterization of solid APIs and numerous other organic, biological and inorganic systems.

1. Introduction

Most active pharmaceutical ingredients (APIs) are manufactured, shipped, stored and
ingested as solids (ca. 80%).! Characterization of APIs is essential, providing important
information on their molecular-level structures and corresponding relationships to their
biological activity,? solubility,®* stability>® and bioavailability.> In addition, approximately
80% of all solid APIs exhibit polymorphism or pseudopolymorphism (i.e., formation of hydrates
and solvates). The identification and differentiation of polymorphic forms is of the utmost
importance to the pharmaceutical industry as each polymorph may possess a unique set of
physiochemical properties, which also has implications in patenting rights.®*

APIs and their associated polymorphs are most commonly characterized using techniques
such as single-crystal or powder X-ray diffraction (sScXRD, pXRD), as well as *H and *3C solid-
state NMR (SSNMR).1?%4 Several multinuclear SSNMR studies of APIs featuring other
nuclides such as 2H, 1B, °N, Y0, 1°F, 2Na, ?’Al, 3P, and "’Se have also been reported in recent
years.’>38 Furthermore, it has been recently demonstrated that 3ClI SSNMR can provide
important structural information about the chlorine sites in different polymorphic forms in APIs,
including the nature of the hydrogen bonding environments and impurity phases, in reduced
experimental times compared to conventional pXRD and 3C SSNMR experiments.?4323%-41 For
further reading on the use of SSNMR to characterize pharmaceutical compounds, we refer

readers to recent reviews by Vogt and Monti et al.#?%



Given the ubiquity of nitrogen in functional groups such as amines, amides and numerous
heterocycles, and the importance of intermolecular hydrogen-bonding interactions of nitrogen in
solid APIs, the naturally occurring NMR-active nitrogen nuclei, *N and *°N, could provide
exclusive insights into their structures. Both nuclides yield NMR responses that are
exceptionally sensitive to their local environments, and yet are among the most challenging
isotopes for spectroscopic investigation by NMR (vide infra). Numerous studies employing N
and ®N SSNMR, as well as quantum chemical computations, have recently been attempted for a
variety of different compounds, including organic and biological samples,**->* amino acids,>*%?
and pharmaceuticals.?”3-%° 14N nuclear quadrupole resonance (NQR) spectroscopy has also
recently been applied, with some success, to a variety of APIs for purposes of quantification and
polymorph differentiation.’”®">

The vast majority of SSNMR studies involving nitrogen have focussed upon the spin-1/2
BN nuclide, predominantly due to its relatively narrow spectral lines. However, owing to the
inherently low natural abundance and low gyromagnetic ratio () of °N, samples are typically
isotopically enriched, which can be both costly and difficult to achieve. By contrast, there are far
fewer N (spin = 1) SSNMR studies,’® due to an even lower value of », and more importantly,
its large nuclear quadrupole moment (Q = 20.44 mbarn). The quadrupolar nature of **N nuclei is
particularly challenging for SSNMR experimentation, as the first-order quadrupolar interaction
can cause extreme broadening of *N SSNMR powder patterns, yielding Pake-like patterns
which can span several MHz. This broadening occurs in cases where an aspherical ground-state
electronic environment causes a sizeable electric field gradient (EFG) at the ¥*N nucleus; in fact,
this is the case for most systems, with the exception of **N nuclei in environments of very high

spherical/Platonic symmetry, e.g., NH4* ions.*877



A variety of techniques have been explored for the acquisition of **N SSNMR spectra,
including the direct observation of 1N NMR signals from single crystals,’® **N magic-angle
spinning (MAS) NMR using specialized probes with precisely tuned rotor angles,>®’® overtone
1“N MAS NMR, 28 1N NMR enhanced by dynamic nuclear polarization (DNP)® and various
indirect detection techniques.&>#° However, many of these techniques have not been widely
adopted thus far owing to technical difficulties, costly hardware and/or issues relating to the
nature of the nitrogen sites in samples under investigation. O’Dell and Cavadini recently
provided thorough reviews of 1N SSNMR experiments involving direct and indirect detection,
respectively.’®%

Recently, O’Dell, Schurko and co-workers®®-%° demonstrated that comprehensive
SSNMR structural studies of nitrogen-containing systems can be carried out using direct
excitation of ¥*N nuclei by means of the frequency-stepped WURST-CPMG protocol, which
proved essential for the rapid acquisition of **N ultra-wideline (UW) SSNMR spectra.5891-94
This protocol is comprised of three major components: (i) utilizing WURST (wideband, uniform
rate, and smooth truncation) pulses® for uniform, direct excitation of broad powder patterns,®
(i) using CPMG (Carr-Purcell Meiboom-Gill) echo trains for enhancing the signal-to-noise ratio
(S/N),°" and (iii) stepping the transmitter in even increments across the breadth of the powder
pattern (the ‘frequency-stepped’ method) to acquire sub-spectra at each frequency and
subsequently generate the variable offset cumulative spectrum (VOCS).%%° Successful
utilization of the frequency-stepped WURST-CPMG sequence has been demonstrated for
various spin-1/2199101 and quadrupolar nuclei (integer and half-integer spins).82-94102-108

We recently demonstrated that the excitation of UW SSNMR spectra can be achieved

using cross-polarization (CP) instead of direct excitation. The BRAIN-CP (broadband adiabatic



inversion CP) pulse sequence is utilized to enable polarization transfer over a wide frequency
range (an order of magnitude larger than conventional CP experiments).’®® A major advantage
of this sequence is the ability to perform efficient CP at low radio frequency (rf) power levels,
making the sequence particularly attractive for NMR experiments involving low-y nuclei with
broad powder patterns, like 1*N. Several test cases of *“N{*H} BRAIN-CP-WCPMG NMR
experiments have been presented for APIs, amino acids, and transition metal compounds.5266:102

In recent years there have also been significant advancements in the techniques utilized
for the acquisition of >N SSNMR spectra. The availability of very fast MAS and the resulting
boost in *H resolution offered opportunities for the indirect detection of °N nuclei (as well as the
spectra of other dilute or low-y nuclides).>*!1%11 The technique, known as indirectly-detected
heteronuclear correlation (idHETCOR) spectroscopy, has been successfully utilized in synthetic
polymers and biopolymers,*'! organic-inorganic hybrid materials,!? isotopically enriched
proteins,'!® peptides,>*'* and functionalized mesoporous silicas.!®1® Ishii and Tycko initially
proposed a pulse sequence in which polarization transfers between *H and '°N are achieved via
adiabatic CP!’ using a tangentially shaped pulse in the N channel.}® A variation of this
sequence was also recently proposed by Mao and Pruski, in which heteronuclear correlations are
mediated through-bond.*® The indirect detection approach offers a sensitivity advantage
exceeding one order of magnitude in comparison to conventional *H->°N HETCOR
experiments,> thereby enabling routine acquisition of such spectra on naturally abundant
samples without the need for costly °N isotopic labelling.

Another technique that is available for NMR studies of insensitive nuclei is the
aforementioned DNP, 119120 which due to recent developments of gyrotron technology,*?* low-

temperature MAS probes'?? and suitable biradical polarizing agents,*?*1?4 has offered



enhancements of nuclear polarization exceeding two orders of magnitude in biological systems
and various classes of materials.1?>28 Current state-of-the-art DNP experiments in solids utilize
the so-called cross effect, which relies on polarization exchange between three coupled spins,
comprising two unpaired electrons, typically located in a single biradical molecule, and a
nucleus. Measurements involving the detection of low-y nuclei, such as °N, often involve an
indirect route via protons, where the electron to H transfer via DNP is followed by 'H to °N
transfer via CP. Several DNP CP/MAS studies of °N nuclei located on the surface and in the
bulk of materials were recently reported.129-131

Herein, we present a combined N and >N SSNMR study of a series of naturally-
abundant nitrogen-containing APIs and their associated polymorphic forms. It is demonstrated
that investigating APIs using nitrogen NMR allows for accurate fingerprinting, differentiation
and discovery of polymorphs via measurement of their unique chemical shift and quadrupolar
NMR parameters, and also assists in the identification of impurity phases. We apply the
WURST-CPMG and BRAIN-CP/WCPMG pulse sequences for the fast acquisition of UW N
SSNMR spectra at moderate (9.4 T) and high magnetic field strengths (21.1 T). We also show
that the *H{*>*N} idHETCOR technique is ideal for the measurement of the chemical shifts and
through-space connectivities between *H and °N in APIs. Finally, we employ DNP-enhanced
N{'H} CP/MAS measurements to detect the most elusive °N sites. Experimentally obtained
14N EFG tensor parameters and *°N chemical shifts are also compared to those derived from DFT
calculations, and correlations between these parameters, tensor orientations and molecular-level
structures are discussed. Commentary is provided on the potential application of these **N and

15N SSNMR techniques for screening of bulk APIs and their dosage forms.



2. Experimental and Computational Details

2.1 Sample Preparation. All samples were purchased from Sigma-Aldrich and used
without further purification. Schematic representations of the molecules, along with their
abbreviations, are given in Scheme 1. The polymorphic form of bupivacaine HCI, termed
bupivacaine Il HCI (Bupi I1), was synthesized by heating bupivacaine HCI (Bupi) at 170 °C for
3 hours.***3 To increase the **N transverse relaxation time constants (T2) for the Bupi samples
(I and I1), Bupi was partially deuterated by heating a saturated solution in 99.9% D>0 (Aldrich)
at 80 °C for 1 hour. The D>O was removed by slow evaporation and the samples were dried in a
dessicator. Partially deuterated Bupi Il was then synthesized following the same procedure as
mentioned above.

2.2 X-ray Diffraction. To confirm the phase purity of each sample, powder X-ray
diffraction (pXRD) experiments were carried out on a Bruker AXS HI-STAR system using a
General Area Detector Diffractions system and CuK, (A = 1.540598 A) radiation. The
experimentally obtained pXRD patterns were compared with theoretical pXRD patterns
simulated using the PowderCell software package*® based on previously reported crystal
structure data.>>132134-140 Fy|| details on the pXRD patterns are provided in the Supporting
Information.

2.3 1N SSNMR. Moderate-field static 2*N SSNMR experiments (i.e., performed on
stationary samples) were conducted at 9.4 T on a wide-bore Oxford magnet equipped with a
Varian Infinity Plus console, using a Larmor frequency of 28.88 MHz for 1*N. Experiments
were completed with a Varian/Chemagnetics double-resonance static HX probe fitted with a 5-
mm coil and a low-y tuning accessory. High-field static **N NMR experiments were completed

at the National Ultrahigh-Field NMR facility for Solids in Ottawa, on a Bruker 900 Avance Il



spectrometer equipped with a standard-bore 21.1 T magnet, operated at a Larmor frequency of
65.03 MHz for *N. Experiments were completed using a home-built 7-mm static HX probe.
The powdered samples were packed into shortened 5-mm and 7-mm glass NMR tubes. A
sample of NH4CI (s) was used to calibrate the rf power on the 24N channel. Due to the enormous
breadths of the 1*N powder patterns, chemical shifts are not reported, as they have very large
uncertainties.

As expected, the N NMR powder patterns were too broad to be uniformly excited with
a single high-power rectangular pulse of constant amplitude and phase; hence, they were
acquired and processed using several UW techniques. For experiments involving direct
excitation of the *N nuclei, the WURST-CPMG pulse sequence®-%? was applied, using an eight-
step phase cycle and WURST-80 pulses® of equal amplitude and length for excitation and
refocusing. *H — *N CP NMR experiments were conducted using the BRAIN-CP-WCPMG
pulse sequence.'® In all cases, high-power proton decoupling was applied, with the decoupling
RF fields between 30 and 82 kHz. Due to the limited excitation bandwidths associated with the
WURST pulses, all spectra were acquired using the previously mentioned VOCS method, %%
with frequency increments equal to an integer multiple of the spikelet spacings arising from the
CPMG portion of the pulse sequence.’*! The experimental times ranged from as long as 40
hours to as short as 8.4 hours, with a mean of approximately 16 hours. Further experimental
details are given in the Supporting Information (Tables S1 — S3).

Processing of all 1N SSNMR spectra was performed using the NUTS program from
Acorn Software. Individual FIDs were Fourier transformed to produce sub-spectra, which were
skyline-projected or co-added to produce the final spectrum. For all cases, except Bupi and

Bupi 11, only one half of the overall Pake-like pattern was acquired in both the direct excitation



and CP experiments. Under the assumption of a dominant first-order quadrupolar interaction,
the total Pake-like pattern is centrosymmetric, and can be produced by ‘reflection’ or ‘mirroring’
of the high-frequency portion of the pattern about the center of the spectrum.>® The positions of
the three discontinuities in each half of the Pake-like pattern (i.c., the ‘foot’, ‘shoulder,” and
‘horn’) depend directly on the values of Cq and ng. These values do not depend on the exact
positions or intensities of the individual spikelets, though the precision of their measurement is
limited by the spikelet spacing. Alternatively, the echo train can be co-added and Fourier
transformed to produce a continuous lineshape, as shown in Figure S4. Analytical simulations of
14N powder patterns were performed using the WSolids software package.!#?

2.4 15N SSNMR. The 2D *H{**N} idHETCOR experiments were performed at 14.1 T on
a Varian NMR System spectrometer, equipped with a 1.6-mm triple-resonance FastMAS™
probe and operated at 599.6 MHz for *H and 60.8 MHz for °N. All experiments were carried
out under fast MAS at a rate of vrot = 40 kHz using the idHETCOR pulse sequence shown in
Figure S5 and described in detail in earlier studies.> In short, the experiment commenced with
'H — N CP transfer, followed by a t1 period during which *®N magnetization evolved in the
presence of heteronuclear *H decoupling (SPINAL-64%%). Any residual *H magnetization
remaining after the evolution period was eliminated using rotor resonance recoupling by a pair of
long pulses with orthogonal phases,*'1** whose RF amplitudes satisfied the HORROR condition
vee(*H) = viot/2. The *H magnetization was detected following the final °N — *H CP transfer,
this time under heteronuclear *®N SPINAL-64 decoupling. All spectra were acquired at ambient
temperature and were processed using the GSim software package.’*® The N nitrogen chemical

shifts were referenced to nitromethane at —380.55 ppm (liquid ammonia at 0 ppm).*46
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The DNP-enhanced ®N{H} CP/MAS spectra of Aceb and Nica were obtained on a
Bruker BioSpin DNP NMR spectrometer equipped with a 3.2-mm low-temperature MAS probe
and a 263 GHz gyrotron, and operated at 400.3 MHz for *H and 40.6 MHz for *°N. The samples
were impregnated with a 16 mM 1,1,2,2-tetrachloroethane solution of TEKPol,*?* packed in a
sapphire MAS rotor and spun at a MAS rate of 10 kHz and temperature of ~100 K. Aceb and
Nica are insoluble in TCE, so there is no possibility of producing a new phase. For
comprehensive lists of acquisition parameters used in *H{**N}idHETCOR and DNP-enhanced
BN{*H} CP/MAS experiments we refer the reader to the Supporting Information (Tables S4 and
S5, respectively).

2.5. Nomenclature. There are numerous pulse sequences applied in this work; for clarity,
the following abbreviations are used herein: (1) **N UW spectra acquired with WURST-CPMG
are denoted as ‘direct-excitation’ or ‘DE’; (2) the **N UW spectra obtained via BRAIN-
CP/WURST-CPMG are denoted as ‘“*“N{*H} BCP’ or simply ‘BCP’; (3) the indirectly detected
heteronuclear correlation spectra are denoted as ‘*H{**N} idHETCOR’ or ‘idHETCOR’; and (4)
the spectra enhanced by dynamic nuclear polarization are referred to as ‘DNP *N{*H} CP/MAS’
or ‘DNP CP/MAS’.

2.6. First-Principles Calculations. Calculations of NMR interaction tensors were
completed using the CASTEP*’ DFT code in the Materials Studio 5.0 software suite. CASTEP
is a plane-wave pseudopotential method that utilizes the gauge-including projector augmented
wave (GIPAW) formalism.*® The generalised gradient approximation (GGA) and revised
Perdew, Burke and Ernzerhof (rPBE) functionals were used, with the core-valence interactions
being described by on-the-fly pseudopotentials. Integrals over the Brillouin zone were

performed using a Monkhorst-Pack grid with a k-point spacing of 0.08 A™X. Wavefunctions were
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expanded in plane waves, with kinetic energy less than a cut-off energy, typically 500 or 610 eV.
Calculations output both the absolute shielding tensor, ¢ and the electric field gradient (EFG)
tensor, V, in the crystal frame. Crystal structures were obtained from the Cambridge Structural
Database (CSD) and geometry optimization of the structure was performed (also within
CASTEP in the Materials Studio software) prior to calculation of the NMR parameters. During
geometry optimization of each structure only the proton positions were allowed to vary.
Calculations were performed using the Shared Hierarchical Academic Research Computing
Network (SHARCNET). Typical times for calculations ranged from 1 to 92 hours for geometry
optimization and 8 to 110 hours for NMR calculations using 8, 16, 32, or 64 cores and 1, 2, or 4

GB of memory per core.

3. Results and Discussion

Below, the N and ©®N SSNMR data are presented for each API, and discussed in terms
of spectral features and the quadrupolar or chemical shift parameters extracted from each
spectrum (these are given in Table 1). Following this, the experimentally measured and
theoretically calculated *N quadrupolar parameters are correlated to the local structural
environments of the nitrogen-containing moieties.

3.1 Nitrogen NMR of APIs. Before the NMR data for each API are discussed, we
identify several common features for all *N SSNMR spectra. Using DE and BCP, it was
possible to acquire *N SSNMR spectra of some of the nitrogen sites (see Figures 1-3 and 5-7) in
reasonable time frames with high S/N and high resolution at 9.4 T and 21.1 T. Broad N
SSNMR powder patterns are observed at both fields, dominated by the quadrupolar interaction to

first order, with negligible effects from the second-order quadrupolar interaction and chemical
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shift anisotropy (Figure S6). It has been demonstrated by O’Dell et al. that nitrogen sites with
pseudo-tetrahedral geometries possess much smaller values of Cq (0.8 — 1.5 MHZz) in comparison
to those with pyramidal or planar geometries (2.8 — 4.0 MHz).>%-%9 We note that only the
magnitude of Cq, but not its sign, can be determined directly from the 1N NMR spectra. Further
discussion of the sign of Cq (as determined by quantum chemical calculations) and its relation to
molecular geometry is presented in section 3.2.2.

Given the extreme breadth of powder patterns associated with pyramidal or planar
nitrogen sites, it is generally only feasible to probe pseudo-tetrahedral sites via DE **N SSNMR
for the systems discussed herein, even though in some cases the signal arising from certain
planar sites can be discerned in the baseline. We also note that considerable variation in CP
efficiency is observed across the range of samples discussed below. Research is underway in our
laboratory to access these much broader patterns via modified N UW SSNMR experiments,
including the effects of motion, relaxation mechanisms, and the various contributions to CP;
further discussion of these topics is beyond the scope of the current work.

3.1.1 Scopolamine HCI. Scopolamine HCI (Scop) is used in the treatment of
postoperative nausea and vomiting. Its crystal structure has a single nitrogen site with pseudo-
tetrahedral geometry created by three nitrogen-carbon single bonds and one nitrogen-hydrogen
single bond (Scheme 1a).13* The N DE spectrum (Figure 1a) was simulated with a single
nitrogen environment, characterized by Cq = 1.29 MHz and ng = 0.29 (see Table 1 for associated
uncertainty values). These quadrupolar parameters are accurately determined from the positions
of the previously mentioned discontinuities of the Pake-like pattern (the shoulder and horn);
despite the fact that the third discontinuity at the edge (the foot) is not clearly resolved (see

Figures S7 and S8 for additional information). In many cases, S/N in the outer foot region is
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low, because there are fewer crystallites giving rise to observable signal. There is also the
possibility that lower signal results from T>-dependent signal enhancement by CPMG refocusing,
which differentiates spectral regions with distinct effective T2’s, T2°f(**N) (N.B.: the T2*T(**N) is
distinct from T2(**N) in that the contributions from heteronuclear dipolar coupling are wholly or
partially removed by high-power *H decoupling for the former). In some cases, it was possible
to enhance these spectral regions utilizing broadband CP methods;*®%1% however, the *N{*H}
BCP experiment on Scop yielded very low S/N across the entire pattern; possible reasons for this
include a short Ty, for *N and/or *H, or slow build up of spin polarization for 1N.

The *H{®N} idHETCOR spectrum of Scop is shown in Figure 1b and displays a nitrogen
resonance at diso = —332 ppm (Table 1) corresponding to a single nitrogen site, which is again in
agreement with the crystal structure. This spectrum also reveals that the proton directly bound to
nitrogen resonates at 8.4(5) ppm (throughout this work the uncertainties in the last decimal place
of the proton chemical shifts are given in parentheses). Such correlations are extremely useful
for structural characterization as they provide vital structural information regarding protons that
are either directly bound or proximate in space to nitrogen.

3.1.2 Alprenolol HCI and Isoprenaline HCI. Alprenolol HCI (Alpr) is a non-
cardioselective beta blocker, reported to have intrinsic sympathomimetic activity and some
membrane-stabilizing properties. Isoprenaline HCI (Isop) is used in the treatment of slow heart
rates and is structurally similar to adrenaline. Alpr and Isop each possess a single pseudo-
tetrahedral RR'NH:" nitrogen environment (Scheme 1b and 1c).1313¢ The ¥N{*H} BCP
spectrum of Alpr shown in Figure 2a has a much higher S/N than the DE spectrum (not shown),
and was simulated with a single nitrogen environment: Co = 1.13 MHz and ng = 0.82. Again,

the well-defined positions of the central horns and the overall pattern breadth allow for the

14



accurate measurement of the quadrupolar parameters, despite the fact that other singularities are
difficult to distinguish (see Figure S9). Despite the structural similarity of Isop to Alpr, the
acquisition of its **N NMR spectrum was considerably more challenging. It was not possible to
observe any signal using DE methods; however, a **N{*H} BCP spectrum was acquired (Figure
2b). The S/N in this spectrum is very poor, largely due to the short T-*(**N). We also note that
a fair amount of background noise and interference is observed. Nonetheless, because of the
clearly visible discontinuities, it was possible to simulate the spectrum, yielding quadrupolar
parametrs of Cq = 1.01 MHz and ng = 0.91. Variable-temperature DE and BCP experiments
were also attempted in an effort to increase T,*(*4N) and thereby lengthen the CPMG echo
trains;%2 however, they were unsuccessful.

The *H{®N} idHETCOR spectra for Alpr and Isop, shown in Figures 2c and 2d,
respectively, both display single resonances in agreement with the reported crystal
structures. 3136 The spectrum of Alpr features a single peak at 8iso = —346 ppm, which is
strongly correlated with its directly bound protons (~4.9(5) ppm) and weakly correlated with the
nearby CHz groups (1.0(5) ppm). The idHETCOR spectrum of Isop displays a nitrogen
resonance at diso = —345 ppm, which is also correlated with directly bound hydrogens (6.3(5)
ppm) and the nearby CHs groups (0.5(5) ppm). The broad peak centered around 3-4 ppm,
observed for both Alpr and Isop, corresponds to the nearby CH> groups.

Despite the structural similarities between Alpr and Isop, it is interesting to note that
they show markedly different NMR responses in two respects: First, the pronounced differences
in T2°"(*N) make the acquisition of **N NMR spectra trivial for the former, and challenging for

the latter. Second, notwithstanding their similar nitrogen chemical shifts, the dipolar correlations
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observed in the *H{**N} idHETCOR spectra are distinct from one another, revealing different
spatial proximities between nitrogen and hydrogen.

3.1.3 Acebutolol HCI. Acebutolol HCI (Aceb) is a beta blocker typically used to treat
high blood pressure and irregular heartbeats. It has two distinct nitrogen environments, one
having pseudo-tetrahedral geometry (RR’NH.*) with two nitrogen-carbon single bonds and the
other having planar geometry (Scheme 1d).**” The UW N powder pattern of Aceb is shown in
Figure 3a and is indicative of the single pseudo-tetrahedral nitrogen environment. Simulation of
the 1*N powder pattern yields Cq = 1.04 MHz and no = 0.90. In this instance, all three
discontinuities are clearly resolved. As stated earlier, it is not possible to observe the full N
powder pattern corresponding to the planar nitrogen using the experimental conditions described
in the Supporting Information. However, some signal intensity corresponding to these sites is
visible on the outer edge of the powder pattern (marked with asterisks).

The *H{®N} idHETCOR spectrum of Aceb (Figure 3b) displays a single cross-peak, in
this case corresponding to nitrogen resonance at diso = —250 ppm and proton resonance at 8.7(5)
ppm, which is assigned to the RR’NH planar site. Efforts to observe the RR’NH,* environment
by increasing the spectral window and varying the contact time during CP were unsuccessful,
which is surprising given that resonances of similar RR’'NHz* environments in both Alpr and
Isop were clearly observed under similar conditions (vide supra). To verify the presence of both
15N resonances, we resorted to DNP °*N{*H} CP/MAS measurement, which yielded two
resonances at —250 ppm and —329 ppm (Figure 3c). DNP and idHETCOR experiments were
conducted at 100 K and 298 K, respectively; since there is a good match between nitrogen
chemical shifts that are observed in each spectrum, we are confident that the API has not

undergone a phase transformation to a distinct polymorphic form.
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3.1.4 Dibucaine HCI. Dibucaine HCI (Dibu) is a topical local anesthetic used to relieve
pain and itching from burns, bites and stings. It has three distinct nitrogen sites in the unit cell;
one having pseudo-tetrahedral geometry with three nitrogen-carbon single bonds (RR'R”"NH"),
the second with planar geometry (RR’NH) and the third in an aromatic moiety (Scheme 1e).13
Unfortunately, it was not possible to detect any of these sites using room- and variable-
temperature DE and BCP *N NMR experiments. We hypothesize that strong heteronuclear *H-
N dipolar interactions are reducing the T*"(**N), thereby preventing the acquisition of a
sufficient CPMG echo train; however, our attempts to reduce the dipolar interactions by high-
power *H decoupling or partial deuteration were unsuccessful. A superficial comparison of the
crystal structures of Dibu and other compounds for which **N SSNMR spectra are easily
acquired does not reveal any obvious structural differences which can be correlated to this
phenomenon.

All three nitrogen environments in Dibu are observed by the *H{*®*N} idHETCOR
method, with additional correlation information to multiple proton sites. Two distinct nitrogen
resonances are observed in the H{**N} idHETCOR spectrum of Dibu (Figure 4) at Siso = —264
ppm and diso = —326 ppm, which are correlated to their directly bound protons at 8.0(5) ppm and
10.7(5) ppm, and assigned to the planar and pseudo-tetrahedral nitrogen environments,
respectively. The planar site is also weakly correlated to the proton in the neighbouring aromatic
ring (8.6(5) ppm). Using the CP contact time of 3 ms (Table S4), it was not possible to observe
the nitrogen in the aromatic group, as is does not have a directly bound proton. However, by
increasing the CP contact time to 10 ms, we were able to observe this resonance at diso = —135
ppm (Figure S10), albeit at the expense of the S/N of the two other sites, which may be reduced

due to fast T1, (*H or *N) relaxation.

17



3.1.5 Nicardipine HCI. Nicardipine HCI (Nica) belongs to a class of calcium channel
blockers and is used to treat high blood pressure and angina. There are three distinct nitrogen
environments in Nica: one with pseudo-tetrahedral geometry (RR'R”"NH*), one with planar
geometry (RR'NH), and one in a nitro group (RNO) of planar geometry (Scheme 1).2*® The
14N BCP powder pattern of Nica is shown in Figure 5a and is indicative of a single nitrogen
environment, corresponding to the RR’'R”NH™ nitrogen site. Simulation of the **N powder
pattern yielded Cq = 1.43 MHz and ng = 0.14. Signal arising from the RNO2 group is not
observed in the ¥*N BCP spectrum (even though the calculated Cq is —1.10 MHz); this is likely
due to the absence of directly bound or proximate protons (the nearest proton is ca. 2.66 A away
from the nitrogen).

The idHETCOR spectrum in Figure 5b displays two distinct *°N resonances at —265 ppm
and —348 ppm, which are assigned to the planar (RR'NH) and pseudo-tetrahedral nitrogen
environments, respectively. The resonance at diso = —265 ppm displays a strong correlation at
9.2(5) ppm corresponding to the proton directly bound to the planar nitrogen (RR'NH), and a
much weaker correlation at 3.4(5) ppm attributed to protons in the CH3 group adjacent to the NH
group (Scheme 1f). The pseudo-tetrahedral nitrogen resonating at diso = —348 ppm exhibits
detectable interactions with several proton sites. The correlation at 3.4(5) ppm belongs to the
protons in the adjacent CHsz group, the broad low-intensity peak in the range between 5 and 7
ppm corresponds to the nearby CH> groups, and the peak at 7.9(5) ppm is due to the aromatic
hydrogen atoms. The weaker correlation observed at 11.4(5) ppm is assigned to the hydrogen
atoms directly bonded to the pseudo-tetrahedral nitrogen. Its low intensity is most likely due to
fast T1, relaxation processes, which may have attenuated this resonance during two CP transfers,

each lasting 3 ms.
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It is noted that the RNO> group in Nica is not observed in the idHETCOR spectrum, even
at a longer CP contact time of 10 ms. As in the case of Aceb, we carried out a DNP CP/MAS
measurement of this sample (Figure 5c¢), which also failed to produce any new resonances in
addition to those at —265 ppm and —348 ppm. The *H — N CP process is clearly not efficient
enough to yield any discernible signal from the RNO> moiety, at both 100 and 298 K. As in the
case of Aceb, matching nitrogen chemical shifts in the DNP and idHETCOR spectra indicate
that no polymorphic transformation has taken place.

3.1.6 Ranitidine HCI. Ranitidine HCI (Rani) is a histamine H-receptor antagonist that
inhibits stomach acid production and is commonly used in the treatment of peptic ulcer disease.
Rani has four distinct nitrogen environments in the unit cell: one with pseudo-tetrahedral
geometry (RR'R”NH), two with planar geometries (RR’NH) and one in a nitro group (RNO>)
(Scheme 10).24° The N BCP spectrum of Rani is shown in Figure 6a. Remarkably, powder
patterns corresponding to all four sites are present, and simulated with values of Cq = 1.15, 1.62,
3.25 and 3.25 MHz and ng = 0.49, 0.22, 0.50 and 0.58, respectively (see Figures S11 and S12 for
detailed information regarding this simulation). *N EFG tensors obtained from DFT
calculations greatly aided in the fitting process.

The 'H{®®N} idHETCOR spectrum of Rani (Figure 6b) also has four distinct resonances,
associated with RR'R"NH" (3iso = —340 ppm), RR'NH (3iso = —292 and —281 ppm), and RNO>
(Siso = —22 ppm) nitrogen environments.*® These assignments are corroborated by the observed
correlations with the directly bound hydrogen atoms at 11.4(5) ppm (RR'R”"NH") and 9.4(5) ppm
(both RR’NH sites). The resonance at diso = —281 ppm is assigned to the planar RR’NH nitrogen
environment near the end of the alkyl chain (labelled site 1 in Figure S13). The resonance at diso

=—292 ppm belongs to the second planar nitrogen (labelled site 2 in Figure S13) because it also
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exibits a weak correlation with the adjacent CH2 group (7.4(5) ppm). The resonance at diso = —22
ppm corresponds to the nitro group that does not possess any directly bound protons, and is
correlated to a proton in the adjacent ethylene group.

The characterization of Rani benefits significantly from the tandem 4N and *N NMR
techniques. Typically, only the pseudo-tetrahedral nitrogen sites are observed in N SSNMR
spectra at moderate magnetic fields (i.e., 9.4 T); however, in this case, the BCP experiment
makes it possible to see contributions from all of the crystallographically distinct **N nuclei. In
addition, in the *H{**N} idHETCOR spectra, all four of the nitrogen environments are observed,
providing important heteronuclear correlation information that aids in structural assignment.

3.1.7. Bupivacaine HCI and its Polymorphs. Bupivacaine HCI is a local anesthetic and
is one of many APIs that exhibit polymorphism. There are several known polymorphs of
bupivacaine HCI; in this study we are focusing upon the main form, bupivacaine HCI (Bupi),
which is the bulk form obtained from Sigma-Aldrich (and also found in dosage forms),*® and the
polymorph known as bupivacaine Il HCI (Bupi 11).**> Bupi and Bupi Il each have two nitrogen
environments: one with planar geometry, and the other with pseudo-tetrahedral geometry formed
by one N-H bond and three nitrogen-carbon single bonds (Scheme 1h).3%1%2 The planar sites are
expected to have large values of Co, as confirmed by DFT calculations (vide infra), and are not
observed.

1N UW NMR spectra of Bupi and Bupi Il were acquired at 9.4 T (Figures S14 and S15,
respectively) and 21.1 T (Figure 7). The spectral discontinuities at the horn, shoulder, and foot
positions are very well defined at 21.1 T, enabling differentiation between the two polymorphs.
Each of the *N powder patterns was simulated with a single nitrogen site corresponding to the

pseudo-tetrahedral environment, yielding Cq = 1.00 MHz, ngo =0.30 and Cq = 1.25 MHz, ng =
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0.19, for Bupi and Bupi 11, respectively. It is noted that there is underlying signal intensity
corresponding to the second nitrogen site in both **N SSNMR spectra as well as in the 9.4 T
spectra of Bupi (Figure S14). In these cases, the favourable relaxation characteristics (i.e., short
T1(**N ) and long T2*(**N)) of the planar nitrogen site seem to allow for its detection, even at
moderate magnetic fields; however, we did not obtain the entire 1N UW spectrum for this site —
this will be the subject of future investigations.

Each of the *H{**N} idHETCOR spectra of Bupi and Bupi Il (Figures 8a and 8b) feature
two distinct nitrogen resonances: diso = —342 ppm and diso = —269 ppm for Bupi and diso = —345
ppm and diso = —267 ppm for Bupi 11, which are assigned to the pseudo-tetrahedral and planar
sites, in each case. All of these resonances show strong correlations with their directly bound
hydrogen atoms: at 10.0(5) and 10.7(5) ppm for the pseudo-tetrahedral sites, and at 10.8(5) ppm
and 12.1(5) ppm for the planar sites in Bupi and Bupi 11, respectively. Several weaker
correlations are also observed in both polymorphs, between the nitrogen sites and their adjacent
aliphatic protons.

3.1.8. Summary of N and ®>N SSNMR data. For most samples, 1N SSNMR spectra
are dominated by powder patterns corresponding to pseudo-tetrahedral nitrogen environments,
due to their reduced values of Cq and correspondingly narrower powder patterns. There are
some exceptions, where either the relaxation and/or the CP conditions enable the rapid
acquisition of broader patterns (e.g., Rani) or prevent acquisition altogether (e.g., Dibu).
Nonetheless, the exclusive observation of the nitrogen patterns corresponding to pseudo-
tetrahedral sites is extremely useful for the differentiation of polymorphs (see Section 3.1.7),
because the 1*N EFG tensors are very sensitive to different hydrogen bonding configurations

(much more so than nitrogen chemical shifts in many instances). The *N SSNMR spectra yield
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no Vvalues that are closer to zero or one for RR'R”"NH* or RR'NH2* environments, respectively.
A particularly valuable aspect of having experimentally determined **N EFG tensors is the ease
with which they can be modeled via quantum chemical computations; the relationships between
local symmetries and EFG tensor parameters and orientations are discussed in Section 3.2.

The majority of nitrogen sites in these APIs were observed using *H{**N} idHETCOR
spectroscopy. Two sites did not polarize well under CP (note that the idHETCOR pulse
sequence uses two CP processes), RR'NH" in Aceb and RNO: in Nica; however, the former
was identified using the DNP-enhanced ®N{*H} CP/MAS method. The *H{**N} idHETCOR
spectra provide more structural insights about the APIs than are typically obtained in
conventional *N solution NMR spectra, i.e., it is not simply a matter of observing the different
nitrogen environments, but rather, collecting much richer structural information on
intermolecular interactions, hydrogen bonding, and conformational differences. These 2D
spectra also have potential for polymorph fingerprinting and differentiation. Indeed, distinct *H
and **N chemical shifts are observed in Bupi and Bupi I1, highlighting the subtle structural
differences between the two polymorphs.

3.2. Plane-wave DFT Calculations of NMR Interaction Tensors. Plane-wave DFT
calculations of N EFG tensor parameters and nitrogen nuclear magnetic shielding (NMS)
parameters were conducted on models derived from known crystal structures for each
AP|.39132.13¢140 DET calculations were completed using the CASTEP software package*” (see
Experimental Section for details). Molecular systems involved in strong intermolecular
hydrogen-bonding interactions typically require structural optimization prior to calculation of the
NMR parameters. In particular, it is almost always necessary to optimize the hydrogen atom

positions in the absence of neutron diffraction data. In addition, it is noted that several of the
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pharmaceuticals discussed herein have extremely large unit cells containing a large number of
atoms, which can be problematic for plane-wave calculations.

3.2.1 Experiment vs. Theory. The calculated **N EFG tensor parameters and isotropic
NMS values obtained after optimization of the hydrogen atom positions in each structure are
listed in Table 1. Given the limited number of systems, the variety of nitrogen environments,
and the great variability in unit cell sizes, quality of crystal structures and temperatures of XRD
experiments, overarcing statements regarding the accuracy of the calculations cannot be made.
There is reasonably close agreement between the experimental and theoretical values of Cq and
no; in particular, the asymmetry parameters are extremely useful for differentiating distinct
bonding environments in the pseudo-tetrahedral nitrogens (vide infra). In order to draw
correlations between experimental and theoretical chemical shifts, a more detailed study
involving comparison of chemical shift and NMS tensors must be made. This is beyond the
scope of the current study; nonetheless, the preliminary set of nitrogen NMS calculations are
presented in this work. The remainder of this section focuses only upon the *N EFG tensors. A
complete summary of all EFG and NMS tensor parameters is given in Table S6.

3.2.2 N EFG Tensor Orientations and the Sign of Cq. By examining the 1*N EFG
tensor orientations obtained from DFT calculations, it is possible to make correlations between
the experimentally measured tensor parameters and known molecular structures and local
symmetries. This aids in understanding the origins of the 1*N quadrupolar interactions and their
relation to molecular structure, and provides an attractive means of making structural predictions
for systems with hitherto unknown structures. The signs of the components of the EFG tensor
also show variation with differences in bonding and structure, and are intimately related to the

tensor orientations. Since Cq = eQVaa/h, Cq and Va3 have the same signs for 14N, since the value
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of eQ is positive. Furthermore, since the EFG tensor is traceless (i.e., Vi1 + V22 + V33 = 0), the
signs of V11 and V22 are always opposite to that of Vas. It is important to note that the sign of Cq
cannot be determined directly from a N NMR spectrum, but can be determined from J- and
dipolar spin pairs subject to a variety of single- and double-resonance experiments.®%14°

The N EFG tensor in Scop has Va3 oriented near the direction of the N-H bond (£(Vas-
N-H) = 10.19°), which is typical for RR'R”"NH" pseudo-tetrahedral nitrogen environments
(Figure 9a).>® The orientations of V11 and V2, can vary for such environments, and the value of
no indicates that these components are similar in magnitude. For the RR’NH." nitrogen
environments in Alpr and Isop, the high values of ng indicate that the magnitudes of V22 and Va3
are similar (but opposite in sign), and that V11 is the distinct component of the EFG tensor. Vs3 is
oriented in a direction approximately perpendicular to the H-N-H plane in each case (£(V33-N-
Ha) = 93.00° and £(V33-N-Ha) = 97.81°, respectively) and V11 is oriented between the two
hydrogen atoms in the same plane, approximately bisecting the H-N-H angle (Figures 9b and
9¢).%° The calculated values of Cq for these RR'R”NH* and RR’NH:* environments are negative
and positive, respectively, which means that negative EFGs are observed in the direction/plane
of covalent N-H bonds, and positive EFGs are observed perpendicular to these bonds.

For the RR’NH:" nitrogen environment in Aceb, V22 is oriented perpendicular to the H-N-
H plane («(V33-N-Ha) = 98.91°, Figures 10a and 10b), rather than V33 (as in the cases of Alpr
and Isop). In addition, the sign of the Cq is opposite to those of Alpr and Isop. However, the
signs of the EFGs in Aceb are the same as those in Alpr and Isop: positive and negative in
directions perpendicular and parallel to the H-N-H plane, respectively. Since V2, and V33 are
similar in magnitude (but opposite in sign), the change in sign of Cq is not as dramatic a

difference in tensor orientation as one would think; rather, the absolute magnitudes of the
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negative EFGs are greater than those of the positive EFGs in Aceb; the reverse is true for Alpr
and Isop.

The three-coordinate, planar RR’NH nitrogen moiety in Aceb is structurally and
electronically distinct from the aforementioned pseudo-tetrahedral sites (R and R’ correspond to
the aromatic and carbonyl moieties, Figure 10c). Vz3 is directed approximately perpendicular to
the Car-N-Cco plane (£(Va3-N-Car) = 82.52°), while V11 is slightly below this plane and near the
N-H bond (£(V11-N-H) = 13.96°). Here, V33 is the distinct tensor component, indicating a large
negative EFG along the direction of the nitrogen p; orbital, in agreement with previous
observations, 10151

There are three distinct nitrogen-containing moieties in Nica, and as such, three unique
14N EFG tensors. Despite the fact that only the 1N pattern for the pseudo-tetrahedral RR'R"NH*
moiety is observed, the tensor orientations are still of interest, and can be compared to those of
Rani (vide infra). The RR'R”"NH" and planar RR’NH moieties have tensor orientations and EFG
signs akin to those described above (Figures 11a and 11b): the former has V33 (negative EFG)
oriented near the N-H bond (2(Vs3-N-H) = 3.67°), and the latter has V33 (negative EFG)
perpendicular to the C-N-C plane and V11 close to the N-H bond. The planar RNO:2 group has
V11 oriented approximately perpendicular to the O-N-O plane, and V33 near the direction of the
C-N bond (£(V33-N-C) = 1.14°, Figure 11c).

Rani has four distinct nitrogen-containing moieties that all give rise to unique *N EFG
tensors. The N EFG tensor of the RR'R”"NH* moiety has a similar orientation to that described
above for Nica and Scop; Va3 is oriented nearly along the N-H bond (£(Vs3-N-H) = 1.18°, Figure
12a). The RR’NH moieties have tensor orientations and EFG signs that are also consistent with

those described above: Va3 is oriented nearly perpendicular to the C-N-C plane and Vi1
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approximately bisects the C-N-C angle (Figure 12b). The RNO2 moiety has an EFG tensor
orientation with V11 oriented perpendicular to the O-N-O plane (£(V11-N-O) = 88.04°) and V22
oriented nearly coincident with the C-N bond (£(V22-N-C) = 7.57°) (unlike V33 in Nica).

To date, the *N EFG tensors of RNO, groups have only been investigated by a handful
of researchers, including by Cox et al. (nitromethane using microwave spectroscopy),>21%3
Subbarao et al. (a series of aromatic nitro compounds with N NQR and Townes-Dailey
theory)™>* and Harris et al. (nitrobenzene via *C-1N residual dipolar couplings measured in $3C
CP/MAS NMR spectra).t® The current work on Nica and Rani represents a modern instance of
the application electronic structure calculations on periodic solids to examine this class of 1*N
EFG tensors. Interestingly, previous work has shown great variation in the N EFG tensor
orientations and the signs of Cq, which may result from not only differences in local molecular
structures, but also because of intermolecular hydrogen bonding in solids.®* Clearly, more work
IS necessary to examine the variations of these tensors with structure, especially in condensed
phases; for now, we have summarized the full set of results in a simple diagram (Figure S19).

Finally, the **N EFG tensors for Bupi and Bupi I are shown in Figure 13. The tensor
orientations for the pseudo-tetrahedral RR'R”"NH* moieties (Figure 13a and 13c) are consistent
with those of other RR'/R”NH™ groups, with V33 (negative EFG) being oriented nearly along the
N-H bond (£(V3s-H-N) = 8.35° for Bupi and £ (V33-H-N) = 17.40° for Bupi I1). For the planar
RR’NH groups (Figures 13b and 13d), tensor orientations feature V33 (negative) oriented nearly
perpendicular to the C-N-C plane (£(V33-N-Car) = 86.25° for Bupi and £(V33-N-Car) = 111.58°
for Bupi I1) and V11 is close to the direction of the N-H bond (£(V11-H-N) = 8.64° for Bupi and

£(V11-H-N) = 9.05° for Bupi I1).
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3.2.3 Summary of *N EFG tensor orientations. For pseudo-tetrahedral RR'R"NH*
nitrogen environments, Va3 is found to be near the direction of the N-H bond, the ng is low (i.e.,
< 0.30), and the sign of Cq is negative. For pseudo-tetrahedral RR'NH>" nitrogen moieties, the
no is close to one, and the sign of Cq is positive if Va3 is oriented nearly perpendicular to the H-
N-H plane (e.g., Alpr and Isop), and negative if V22 is oriented perpendicular to the H-N-H plane
rather than Vss (e.g., Aceb), resulting in a negative value of Cq. For planar RR'NH nitrogen
sites, Cq is negative, with V11 oriented close to the N-H bond and V33 approximately
perpendicular to the C-N-C plane. Finally, for planar RNO2 nitrogen sites, V11 is oriented
perpendicular to the O-N-O plane. There is some variation in the orientations of V2 and Vs3,
which may result from intermolecular interactions; however, the signs of the EFGs along and

perpendicular to the C-NO2 bond are always negative and positive, respectively.

4. Conclusions

We have demonstrated that the combined use of N and *®N SSNMR methods, including
DE, BCP, *H{**N} idHETCOR and DNP, in conjunction with plane-wave DFT calculations of
14N EFG tensors, can provide sets of NMR parameters needed for comprehensive structural
characterization of nitrogen-containing APIs. It was found that our UW N methods favor the
observation of signals arising from pseudo-tetrahedral nitrogen moieties, due to their smaller
values of Cq (ca. 1 — 1.5 MHz) and correspondingly narrower patterns in comparison to those of
14N nuclei in planar nitrogen environments. These patterns enable accurate determinations of Cq
and no, which are found to be extremely sensitive to even the most subtle structural differences,
including distinct hydrogen bonding configurations. The *H{**N} idHETCOR method proved

instrumental in providing important chemical shift and spatial correlation information in natural
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abundance samples. In most cases, well-resolved peaks and correlations corresponding to
multiple nitrogen environments of different geometries were observed, even for sites with no
directly bound hydrogen atoms. By using *N and *®*N SSNMR in tandem, it is possible to
accurately distinguish between different polymorphic forms of APIs, as demonstrated for
bupivacaine HCI. Plane-wave DFT calculations provide additional important information on the
relationships between the N EFG tensors, the signs of the EFGs, and the molecular structures
of the APIs.

This work represents a first exploratory effort in using tandem N and N SSNMR
methods for studying APIs. First, further work must be done on enhancing the performance of
the 1*N and N NMR experiments. For the former, the development of new protocols for
broadband cross polarization, efficient *H decoupling, and uniform excitation with broadband
pulses are all crucial. Investigation of the use of 14N static NMR experiments under DNP
conditions would also be of great interest, perhaps for accessing some of the extremely broad
patterns arising from planar nitrogen sites (e.g., RR’NH). In addition, **N NMR experiments that
are targeted at enhancing selection regions of the powder patterns (as opposed to the full
patterns) may also have great utility in this regard. For the latter, the use of advanced ultra-fast
MAS probes (i.e., rotation speeds of 100+ kHz)*®%-% may further refine the idlHETCOR
experiments in terms of resolution in the *H dimension, and the use of enhanced *H decoupling
schemes may allow for the use of larger rotor sizes for increased S/N. Projects focused on
addressing these issues are currently underway in our laboratories. Second, efforts must be made
to ameliorate agreement between experimental and theoretical NMR tensor parameters. Full
geometry optimizations, better density functionals, the use of superior basis sets, and the

inclusion of dispersion effects,’® may all be of value. Given such improvements, it is possible
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that 14*SN NMR data sets obtained with our methods may be useful in the emerging area of
NMR crystallography,*® where structural predictions can be made with computational methods
including ab initio random structural searching (AIRSS) algorithm?*:-164 and other
algorithms,*%°-1¢7 and refined with the aid of high-quality NMR data.

Finally, we hope that this work encourages others to consider applying the methodologies
for 1N and °®N SSNMR presented herein, for not only study of APIs (i.e., polymorph
differentiation, impurity detection, and discovery of new structures in both bulk and dosage
forms), but also to a wide assortment of organic, biological, inorganic, and organometallic

nitrogen-containing systems.
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Table 1: Experimental® and calculated® (using CASTEP) **N EFG tensor and nitrogen chemical
shift parameters.

: Expt Calc. Expt. Calc. Expt. Cale.

API Site |CQ| C (MHZ) nQd no diso Oiso
(MHz)®  ~© (ppm) _ (ppm)’

Scop® RR'R"NH*  1.29(5) -1.36 0.29(3) 0.37 —-332(1)  169.04
Alprf RR'NH* 1.13(3) 1.53 0.82(3) 0.63 —-346(2)  154.45
Isop’ RR'NH,* 1.01(2) 1.08 0.91(3) 0.85 —-345(1)  168.36
Aceb' RR'NH,* 1.04(3) -1.10 0.90(2) 0.86 —-329(1)"  156.40
RR'NH - -3.39 - 0.40 —-250(1)  85.30

Dibu RR'R"NH* - -1.51 - 0.17 —-326(2)  165.27
RR'NH - -3.48 - 0.33 —-264(1)  97.17

RR'N - -3.99 - 0.07  —135(3)¢ —32.67

Nica' RR'R"NH*  1.43(3) -1.31 0.14(2) 0.24 —-348(2)  170.32
RR'NH - -2.97 - 0.33 —-265(5)  74.99

RNO - -1.10 - 0.20 - —144.25

Ranif RR'R"NH*  1.62(10) -1.50 0.22(5) 0.17 —-340(2)  176.40
RR'NH 3.25(10) -3.82 0.50(5) 0.38 —-281(2)  143.70

RR'NH 3.25(10) -3.68 0.58(5) 0.53 —-292(2)  133.25

RNO 1.15(5) 1.32 0.49(5) 0.37 -22(2) -113.27

Bupi' RR'R"NH*  1.00(3) -1.16 0.30(3) 0.29 —-342(1)  162.27
RR'NH - -3.20 - 0.40 —-269(1)  89.77

Bupi II"  RR'R"NH*  1.25 (4) -1.54 0.19(4) 0.18 —-345(2)  162.94
RR'NH - -3.38 - 0.44 —-267(2)  85.30

The uncertainty in the last digit(s) of each value is denoted in brackets. "EFG and chemical shift
parameters were calculated after optimization of the proton positions. ‘Cq = eQVss/h. g = (V11
— V22)/V33. ®Spectra acquired using DE. fSpectra acquired using BCP. 9Site observed using a

longer contact time (Figure S9). "Site observed using DNP-enhanced **N{*H} CP/MAS. ' See Sl

for conversion procedure from calc. Giso to calc. iso.

39



(@ \ b) o (©)

NH
cl
>7NH2+ OH HO
0 \_& y OH
o Q HO cr
NH,*
0 >7
OH

NH

ON
cl | o 7\ ]
o H NH S yd
(h)
H
) N
woer ﬁj
/\) ©
H.C H.C

Scheme 1: Schematic representations of HCI salts of APIs studied by **N and N SSNMR: (a)
Scopolamine (Scop), (b) Alprenolol (Alpr), (c) Isoprenaline (Isop), (d) Acebutolol (Aceb), (e)
Dibucaine (Dibu), (f) Nicardipine (Nica), (g) Ranitidine (Rani), and (h) Bupivacaine (Bupi).
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Figure 1: (a) Static *N SSNMR spectrum (9.4 T using DE) and (b) *H{*®*N} idHETCOR
spectrum (14.1 T) of Scop. We refer the reader to the Supporting Information, S, for detailed
lists of the acquisition parameters.
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Figure 2: Static *N SSNMR spectra (9.4 T using BCP) of (a) Alpr and (b) Isop. *H{**N}
IdHETCOR (14.1 T) spectra of (c) Alpr and (d) Isop.
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Figure 3: (a) Static 1N SSNMR spectrum (9.4 T using BCP), (b) *H{*®*N} idHETCOR spectrum
(14.1 T), and (c) DNP-enhanced N{*H} CP/MAS spectrum (263 GHz gyrotron, 9.4 T magnet)

of Aceb. In (a) signal corresponding to the RR'NH moiety is denoted by *.
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Figure 4: *H{®N} idHETCOR spectrum (14.1 T) of Dibu.
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Figure 5: (a) Static **N SSNMR spectrum (9.4 T using BCP), (b) *H{**N} idHETCOR spectrum
(14.1T), and (c) DNP-enhanced ®N{*H} CP/MAS spectrum (263 GHz gyrotron, 9.4 T magnet)

of Nica. In (a) signal corresponding to one of the other nitrogen sites is observed, as denoted by

*
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Figure 6: (a) Static *N SSNMR spectrum (9.4 T using BCP) and (b) *H{**N} idHETCOR
spectrum (14.1 T) of Rani.
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Figure 7: Static *N SSNMR spectra (21.1 T using DE) acquired for (a) Bupi and (b) Bupi II.
The total powder pattern was acquired for each, i.e., no “mirroring” was performed. Dashed
lines corresponding to the discontinuities of Bupi are also shown in (b) for comparison.
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Figure 8: H{®N} idHETCOR spectra (14.1 T) of (a) Bupi and (b) Bupi 1.
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Figure 9: Theoretical *N EFG tensor orientations in the molecular frames of (a) Scop, (b) Alpr,
and (c) Isop. Tensor orientations are taken from N EFG calculations completed using NMR
CASTEP after geometry optimization of the proton positions. Molecular fragments shown for
clarity (see Sl for full structures).
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Figure 10: Theoretical *N EFG tensor orientations in the molecular frames of (a,b) the pseudo-
tetrahedral nitrogen and (c) the planar nitrogen in Aceb. In (a) the molecular frame is viewed
down the V11 component of the tensor and in (b) the molecule is viewed down Vs3. Molecular
fragments shown for clarity (see Sl for full structure).
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Figure 11: Theoretical N EFG tensor orientations in the molecular frames of Nica. In (a) the
pseudo-tetrahedral RR'R"NH" site, (b) the planar RR'NH nitrogen, and (c) the RNO2 group.
Molecular fragments shown for clarity (see Sl for full structure).
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Figure 12: Theoretical N EFG tensor orientations in the molecular frame of Rani. In (a) the
pseudo-tetrahedral RR'R”"NH" site, (b) the two planar RR'NH nitrogen groups, and (c¢) the RNO>
group. Molecular fragments are shown for clarity (see Sl for full structure).
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Figure 13: Theoretical 1*N EFG tensor orientations in the molecular frames of Bupi (a and b)
and Bupi 11 (c and d). The N EFG tensors of the pseudo-tetrahedral RR'R"NH? sites are
depicted in (a) and (c), while the planar RR'NH nitrogen groups are depicted in (b) and (d).
Molecular fragments shown for clarity (see Sl for full structures).
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