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ABSTRACT: Indirect NMR detection via protons under fast magic-angle spinning can help
overcome the low sensitivity and resolution of low-y quadrupole nuclei such as **CI. A robust
and efficient method is presented for indirectly acquiring the double-quantum satellite-
transition (DQ-ST) spectra of quadrupole nuclei. For a spin S = 3/2, the DQ-STs have a
much smaller second-order quadrupolar broadening, one-ninth compared to that of the
central transition. Thus, they can provide a factor of up to 18 in resolution enhancement. The
indirect detection of DQ-STs via protons is carried out using the heteronuclear multiple-
quantum coherence (HMQC) experiment with the transfer of populations in double-
resonance (TRAPDOR) recoupling mechanism. The resolution enhancement by detecting
DQ-STs and the high efficiency of the TRAPDOR-HMQC experiment are demonstrated by

CT

Hl [l i

*Cl | | ]

T

3Cl NMR of several active pharmaceutical ingredients (APIs).

he majority of elements in the periodic table have a

nuclear spin § > 1/2 and thus possess quadrupole
couplings. Many of them have large quadrupole moments and
low gyromagnetic ratios y, like 25Mg, 3Cl, ¥K, $Ca, *Ti,
IN, 7Zn, *Ge, *'Zr, and *Ru, making their NMR spectral
acquisition difficult. Indirect detection via sensitive spin S =
1/2 nuclei, especially the highly abundant protons, can help
overcome the low resolution and sensitivity problems. In
addition, heteronuclear correlation provides structural and
spatial proximity information useful for the characterization of
a variety of materials including metal—organic frameworks
(MOFs), catalysis, battery electrode and ionic conductor
materials, proteins, and pharmaceuticals. In the solid-state,
cross-polarization (CP) is the most common method for
establishing heteronuclear correlation and indirect detection."”
However, for quadrupole nuclei, methods using the hetero-
nuclear multiple-quantum coherence (HMQC)>~’ and in-
sensitive nuclei enhanced by polarization transfer (INEPT)®’
are preferred, because CP has the issue of maintaining spin-
lock with quadrupolar nuclei under magic-angle spinning
(MAS) due to their multiple transitions and large frequency
offsets.'”"" The HMQC sequence in particular requires only a
pair of pulses applied to the indirectly detected nucleus and
can thus be adapted more easily to correlating transitions like
satellite, multiple-quantum, or even overtone transitions.””'”
Improving the efficiency for polarization transfer or creation of
heteronuclear coherences is of key importance to indirect
detection experiments, especially for low-y nuclei that have low
natural abundance and/or weak dipolar couplings. When the
efficiency is low, #; noise can overwhelm two-dimensional
experiments. Methods using various types of recoupling>~"
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and purging of unwanted signals'®'” have been developed to

address the efficiency and t;-noise problems.

The second-order quadrupolar broadening remains under
MAS, often preventing site resolution. Although high magnetic
fields can help reduce the second-order effect,'®' only 2D
experiments like multiple-quantum magic-angle spinning
(MQMAS) ultimately allow isotropic spectral resolution to
be obtained in a practical manner.”* The MQMAS method and
its variant satellite-transition magic-angle spinning (STMAS)*!
have been incorporated into the indirect detection experiments
such that isotropic spectra without anisotropic broadening can
be obtained along the indirect dimension.”” >’ While superior
in terms of spectral resolution, the implementation of MQMAS
or STMAS is often limited by low efficiency especially for low-
7 nuclei. Indeed, the efficiency for excitation and conversion of
multiple-quantum coherences are often low due to insufficient
rf fields w, = —yB; as compared to the large quadrupole
couplings.”® For indirectly detected MQMAS experiments, the
low efficiency for indirect detection compounds that of
MQMAS, making the sensitivity problem even worse. In this
work, we present a novel proton-detected NMR experiment
that addresses the resolution and efficiency in a different way.
The proposed HMQC experiment correlates in one step with
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Figure 1. (a) Schematic of the T-HMQC pulse sequence. 'H/**Cl T-HMQC spectra of histidine-HCI-H,O acquired by selecting the **Cl (b)
single- and triple-quantum, or (c) only the double-quantum coherences during #,. (d) Frequency profiles of the experimental (solid lines) and
simulated (dashed line) efficiencies for the experiments in (b) in black and (c) in red as compared to the intensity of a 'H spin—echo. The DQ-ST
simulation is plotted without taking into account the 75.8% natural abundance of **Cl nuclei. 2D spectra were acquired with v, = 95 kHz MAS, 18.8
T field, 7,5, ~ 1.7 ms, t; dwell of 2/v,, 8 transients per ¢, increment, 95 and 256 complex t, points, and 51 and 137 min total acquisition time for the
Ap ==+ 1, + 3 and Ap = + 2 experiments, respectively. The base contours for the 2D spectra were set at 6% of the maximum intensity. The phase
cycle used to select the **Cl Ap = + 1, + 3 coherence transfer pathways is {¢; = 02; ¢, = 00 11 22 33; @ = 02 20}, and for Ap = + 2 it is {¢, =
0123; ¢, = 0000 1111 2222 3333; ¢ = 0202 2020}, where 0, 1, 2, and 3 are 90° multiples of the phase. Simulation of the DQ-ST frequency profile
in (d) was performed using SIMPSON*' for a single "H—3°Cl spin pair with dipole coupling of —380 Hz, and **Cl Cq=1.95MHz, 115 = 0.66."° All

other simulation parameters were set to match experimental values.

the double-quantum satellite-transitions (DQ-STs) directly.
For spin S = 3/2 quadrupole nuclej, it will be shown that the
DQ-ST MAS spectra are nearly isotropic, and thus, high
spectral resolution can be obtained without going through
excitation and conversion of multiple-quantum coherences.
The high efficiency and spectral resolution of the DQ-ST
HMQC experiment will be demonstrated by the proton-
detected **Cl NMR spectra of several hydrochloride salts of
pharmaceutical compounds. More than 50% of active
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pharmaceutical ingredients (APIs) are produced as HCI salts.
3Cl NMR enables the measurement of chemical shift and
electric field gradient (EFG) parameters that are sensitive to
the local structure around the chlorine sites, such as the
hydrogen bonding environment.”** With the aid of density
functional theory (DFT) calculations, information can be
obtained about structure and polymorphism, which are
important to the physicochemical and pharmacokinetic
properties of APIs.”*”> Even when using high magnetic fields,

https://dx.doi.org/10.1021/acs.jpclett.0c01236
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3CI NMR of APIs can be challenging due to large quadrupolar
broadening. The high spectral resolution obtained here by
detecting the DQ-ST's can be useful to resolve overlapping **Cl
sites and measure **Cl quadrupolar coupling parameters.
Proton-detected **C1 NMR can also be used to filter out large
'"H background signals from excipients to obtain the 'H signals
of APIs next to °Cl sites. Although the usage of 'H indirect
detection and DQ-ST HMQC are demonstrated here with
35C1 NMR of APIs, the presented method is applicable
generally to spin S = 3/2 nuclei.

Experiments on histidine-HCI-H,0O were carried out at
vo(*H) = 800.1 MHz and v,(**Cl) = 78.4 MHz using an 800
MHz Bruker Avance III HD spectrometer and a 0.7S mm MAS
probe developed at the National High Magnetic Field
Laboratory (NHMFL) using a spinning assembly and rotors
from JEOL. The 0.75 mm rotor holds approximately 290 nL of
histidine-HCI'-H,O, and a spinning frequency of 95 kHz was
used for measurements. The spinning speed was regulated to
within +5 Hz, and the recycle delay was 2 s. The magic-angle
setting was calibrated directly on the histidine sample by
narrowing the **Cl DQ-ST line width along the indirection
dimension of a 2D 'H/*Cl TRAPDOR-HMQC spectrum.
Experiments on the API samples were performed with Bruker
1.3 mm MAS probes spinning at 60 kHz. Spectra acquired at
14.1 T were carried out at v,("H) = 600.1 MHz and 1,(**Cl) =
58.8 MHz using a Bruker Avance NEO spectrometer. Recycle
delays of 3 and 4 s were used for the diphenhydramine and
isoxsuprine samples, respectively. The approximate **Cl rf
fields used were 85 kHz on the 800 0.75 mm probe, 100 kHz
on the 800 1.3 mm probe, and 140 kHz on the 600 1.3 mm
probe. Other relevant experimental parameters are included in
the figure captions.

The pulse sequence used to acquire 'H/**Cl HMQC spectra
is shown in Figure la. The long pulses applied on the **Cl
nuclei reintroduce the heteronuclear dipolar coupling through
the TRAnsfer of Populations in DOuble-Resonance (TRAP-
DOR) mechanism,”*™>* which has previously been used for
HMQC detection of N, the spin S 1 isotope of
nitrogen.””*’ For satellite transitions (STs) with frequency
spans far larger than the rf field strength, MAS causes brief
level crossings between the rf and ST frequencies during a
rotor period. Thus, the level crossings induce periodic
perturbation among the spin states, or transfer of population.
These periodic perturbations disrupt the averaging of the
spatial component of the dipolar coupling, reintroducing the
interaction under MAS. TRAPDOR recoupling is simple and
robust, but it is difficult to obtain an analytical solution for the
recoupling mechanism due to the complexity of the spin
dynamics.”*** Numerical simulations are often required for
analysis and interpretation. Here, the SIMPSON program™ is
used to simulate the HMQC experiment using TRAPDOR
recoupling.

The pair of long pulses in the HMQC sequence also serve to
encode the **Cl frequency. Phase cycling of the two pulses can
select the change in coherence order Ap for the various
transitions within the spin S = 3/2 **Cl nucleus.””"’ The two-
step phase cycle typically used for the indirectly detected
channel in HMQC experiments of S = 1/2 nuclei selects the
single-quantum (SQ) coherences of the central transition and
the pair of STs when applied to S = 3/2 nuclei. The 'H/**Cl
TRAPDOR-HMQC, or T-HMQC, spectrum of histidine-HCI-
H,O using such phase cycling is shown in Figure 1b. The pair
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of STs appear as a single peak when the first-order quadrupolar
coupling is averaged by spinning accurately at the magic-angle
and by synchronizing the ¢, evolution time with the spinning
frequency. In addition to the CT and ST resonances, it was
puzzling to observe the appearance of a third peak, which did
not maintain the same relative position to the other two peaks
when changing the transmitter frequency. It was eventually
realized that the extraneous peak comes from the triple-
quantum (3Q) coherence, since a two-step phase cycle that
selects Ap = +1 also permits Ap = +3.">"* All three signals
(CT, ST, and 3Q) are broadened by the second-order
quadrupole coupling along the indirect **Cl dimension of the
2D spectrum. Their relative integrated intensities correspond
with the respective quantity of such transitions in S = 3/2
nuclei, ie, the CT, ST, and 3Q peaks have a ratio of
approximately 1:2:1 as seen in the f; projection. This
observation indicates that the different coherences for the S
= 3/2 spin build up at similar rates in the T-HMQC
experiment, including the double-quantum satellite-transitions
(DQ-STs). Efficient generation of such heteronuclear coher-
ences is what eventually led us to exploit the unique spectral
resolution of DQ-STs for spin S = 3/2 nuclei.

A four-step phase cycle of the indirectly detected channel in
HMQC selects a change in coherence order of Ap = + 2.
Using such a phase cycle for the 'H/**Cl T-HMQC spectrum
of histidine-HCI-H,O shows a much narrower peak for the pair
of DQ-STs (Figure 1c). The DQ signals are concentrated into
a narrow resonance giving a higher signal-to-noise ratio (S/N)
compared to the other transitions. For half-integer quadrupole
nuclei, the [ = 0 isotropic and the | = 4 anisotropic terms of the
second-order quadrupolar shift remain under MAS. The
relative ratios among the various transitions have been
derived.””**~*® Between the single-quantum transition lm, +
1/2> < Im; — 1/2> and the central transition (i.e., for m, = 0),

they are given by"*~*

68m¢
3[4S(S + 1) — 3]
(1)
The ratios for the DQ-STs can be obtained from the sum of
one ST and the CT (i, R§; + Rj,). For spin S = 3/2

36mg 4
48(S+1) =3 O

0
R, =1

R3O/2,DQ = -1, R;/z,DQ =1/9 (2)
Thus, the quadrupole broadening of the DQ-ST transitions
RI;/EDQ is 1/9 compared to the CT, in units of frequency.
Considering that the chemical shift separation for DQ
transitions is twice that of SQ transitions in units of frequency,
the final resolution enhancement by observing the DQ-ST's
over the CT can be up to a factor of 18 if the differences in T,
relaxation and other contributions to line broadening are not
considered. Therefore, observation of the DQ-ST's for S = 3/2
nuclei provides better S/N and resolution than detection of
any other transition. It is important to note that the DQ-ST's
are subject to the large first-order quadrupole coupling, which
is only properly averaged when the sample spinning occurs
very accurately at the “magic angle”. Therefore, calibration of
the magic angle is critical and needs to meet the same stringent
requirement as for the STMAS experiment.”'

Figure 1d shows the frequency offset profiles of T-HMQC
normalized by the intensity of a 'H spin—echo. The profiles for
all quanta show a notch on-resonance, which agrees with
simulations. When the rfis off-resonance with the CT, the level

https://dx.doi.org/10.1021/acs.jpclett.0c01236
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Figure 2. 'H/*Cl T-HMQC spectra of an isoxsuprine:HCI polymorph (Isox-II) in bulk form, comparing the DQ-ST (red) and other **Cl
transitions (black) spectra acquired with v, = 60 kHz MAS, 14.1 T field, 7,,, = 0.6 ms, ¢, dwell of 1/v,, 128 transients per ¢, increment, 32 and 45
complex ¢, points, and 9.1 and 12.8 h total acquisition times for the Ap = + 1, + 3 and Ap = + 2 experiments, respectively. The base contours for

the 2D spectra were set at 20% of the maximum intensity.

crossings for the pair STs with the rf occur sequentially.
However, for on-resonance rf pulses, the crossings occur at the
same time for the pair of STs and the CT, inducing transfers
among all four levels simultaneously. This difference is likely
the cause for the on-resonance notch. Hence, the T-HMQC
experiment should be carried out with the **Cl transmitter
frequency near one of the first spinning sideband positions in
order to avoid the notch. With a rotor-synchronized t;
evolution time, the DQ-ST peaks can be made to appear at
the same position as with an on-resonance transmitter
frequency by changing the chemical shift reference frequency
by the same amount as done for the transmitter frequency.”’
The overall DQ efliciency is relatively high at ~10%,
considering the weak dipolar couplings from the protons to
the nondirectly bonded low-y nuclei (r5_g > 2.0 A) and the
75.8% natural abundance of **Cl. By comparison, the direct
HMQC correlation to the DQ-ST's is much more efficient than
other D-HMQC methods combined with MQMAS or STMAS
for obtaining isotropic resolution.”®*” The high efficiency and
robust TRAPDOR recoupling also make T-HMQC less
susceptible to t; noise compared to other methods that apply
dipolar recoupling to the observe channel.*’

The application of **Cl NMR to active pharmaceutical
ingredients (APIs) faces several challenges. Even at high
magnetic fields, the **Cl quadrupolar broadening often remains
large, preventing site resolution for APIs with multiple chlorine
sites. Deconvolution of quadrupolar line shapes is often used,
provided there are sufficient spectral features and signal-to-
noise, to extract chemical shift and EFG parameters as
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exemplified for the isoxsuprine-HCI polymorph (Isox-II) in
ref 33. Figure 2 demonstrates the **Cl resolution enhancement
obtained in the proton-detected DQ-ST T-HMQC experi-
ment. The **Cl quadrupole couplings in Isox-1I are larger than
for histidine-HCI-H,O. The CT, ST, and 3Q_signals overlap
beyond identification and are almost as broad as the rotor-
synchronized f; spectral window of 60 kHz. On the other hand,
the DQ-ST spectrum shows two completely resolved peaks
from the two crystallographic inequivalent chlorine sites. The
peak positions and line widths agree well with a simulation
using the chemical shift and quadrupolar coupling parameters
reported in the literature (6, = 130 ppm, Cq = 6.4 MHz, 14
0.33; &, = 125 ppm, Cq = 5.7 MHz, 57q = 0.31).* It should be
noted that when comparing SQ and DQ spectra, the spectral
window is halved in the ppm scale due to doubling of the
Larmor frequency for DQ transitions. Here the “unified” ppm
scale definition used for MQMAS and STMAS spectra is
adopted,” which is different from the ppm axis commonly
used for two-spin DQ_spectra.

The line narrowing obtained by acquiring **Cl DQ-ST
spectra enables more easily the measurement of the isotropic
quadrupolar shift, which in turn allows determination of the
quadrupolar coupling parameter Py without the need for line
shape fitting. Figure 3a compares 'H/**Cl DQ-ST T-HMQC
spectra of diphenhydramine-HCl acquired at two magnetic
fields. The °Cl DQ-ST peak appears at s°%5T = 132.4 and
100.0 ppm for 14.1 and 18.8 T, respectively. The shift
difference arises from the inverse square dependence of the
isotropic second-order quadrupole shift, in units of frequency,

https://dx.doi.org/10.1021/acs.jpclett.0c01236
J. Phys. Chem. Lett. 2020, 11, 4734—4740
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Figure 3. (a) 'H/*Cl DQ-ST T-HMQC spectra of diphenhydr-
amine-HCl in bulk form acquired at 60 kHz MAS, and 7, = 0.6 ms at
14.1 T and 0.8 ms at 18.8 T. Acquisition of the 2D spectra used a t,
dwell of 1/v,, 128 transients per t; increment, 32 and 60 complex
points, and total acquisition times of 6.8 and 12.8 h, respectively, for
the 14.1 and 18.8 T experiments. The base contours for the 2D
spectra were set at 15% of the maximum intensity and the sum
projection for the 18.8 T spectrum is shown on top. (b) Comparison
of 'H spectra between one-pulse excitation and the first T-HMQC
(Ap =+ 1, £ 3) t, increment acquired at 18.8 T of diphenhydramine-
HCl in dosage form. The T-HMQC filters out 'H signals from the
excipients and shows the 'H signals in proximity to **Cl sites of the
API (~6% wt in the dosage form).

on the magnetic field. For the CT, the isotropic quadrupolar
induced shift (QIS) in units of ppm is

R 32 - ss+ 1)

S = X, .
L2 1002828 — 1)

()

Eq 2 implies that the shift of the DQ-ST peak in units of ppm,
after dividing by twice the Larmor frequency, is given by

5DQST = 5iso - 5QIS/2’ (4)
By measuring 8°%T at two different fields, the isotropic
chemical (5,,,) and quadrupole (SQIS) shifts can be separated
and determined. The magnitude of the quadrupole coupling
Po=Cq (1+ 7]6/ 3) can be then obtained directly from the
Oqys without simulation and/or fitting of the line shape. In the
case of diphenhydramine-HC], the difference in SPST between
the two fields is 32.4 ppm, which yields an isotropic chemical
shift of §;, = 58.4 ppm and Pq = 4.5 MHz. These values are in

good agreement with the J,, = 51 ppm and Pq = 4.55 MHz
values obtained in the literature by line shape fitting.*’
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It is often desirable to acquire and separate the proton
signals of diluted APIs in the dosage form from the strong
background signals of excipients in order to monitor the effects
of tablet preparation on APIs. The task can be challenging due
to insufficient proton spectral resolution to distinguish API
signals from those of excipients. The use of hydrochloride salts
in more than 50% of APIs offers a possibility to use **Cl
filtering to identify the proton signals based on their proximity
to 33Cl sites. Figure 3b compares a 1D 'H/*Cl T-HMQC
spectrum at t; = 0 for diphenhydramine-HCl in the pill form
with its '"H one-pulse excitation spectrum. The comparison
shows the filtration of 'H signals that are distant from **Cl sites
in the APIL. The filtered HMQC spectrum from the dosage
form agrees well with the spectrum from the bulk form in
Figure 3a. Some artifacts remain due to incomplete subtraction
of the strong and sharp signals from the excipients, e.g., at ~1.5
ppm. It should be noted that the API proton signals are very
small in the one-pulse spectrum, hidden beneath those of the
excipients. The HMQC filtered signal is less than 1%
compared to the direct excitation spectrum as estimated
from the ~6 wt % of API in the dosage form™ and the
efficiency of the 'H/**Cl T-HMQC experiment measured from
the model compounds in Figure 1. Nevertheless, the large
background signals are largely subtracted out by HMQC
filtering.

The proton-detected T-HMQC experiment benefits from
high magnetic fields and fast MAS. Besides increasing 'H signal
intensity, higher B, fields also improve proton resolution and
reduce *°Cl line broadening caused by the second-order
quadrupole interaction, thus improving the resolution along
both dimensions. Fast magic-angle spinning also helps the T-
HMQC experiment in multiple ways by improving 'H
resolution, lengthening 'H T, relaxation and increasing the
rotor-synchronized indirect dimension spectral window. A
larger spectral window along the **Cl dimension helps to
accommodate signals with large quadrupole couplings and/or
broadening. The T-HMQC experiment benefits particularly
from long 'H T, values under fast MAS given the relatively
long 'H spin—echo used in the pulse sequence.

In summary, it has been shown that indirect proton
detection under fast MAS can acquire spectra of the various
transitions in quadrupole nuclei efficiently using the T-HMQC
pulse sequence. For S = 3/2 nuclei such as **Cl, the double-
quantum satellite transitions have one-ninth of the quadrupolar
broadening as compared to the conventionally observed
central transition and can thus offer up to a factor of 18 in
resolution enhancement. The high efficiency and robustness of
the T-HMQC experiment have been demonstrated with **Cl
NMR of active pharmaceutical ingredients. The dramatic line
narrowing obtained by observing the **Cl double-quantum
satellite transitions achieves near isotropic resolution, which
can help to resolve overlapping hydrochloride sites in APIs as
well as measure the structurally informative chemical shift and
electric field gradient parameters. The DQ-ST experiment does
need a precise magic-angle setting to average out the large first-
order quadrupolar broadening to the satellite transitions.
Improved specifications in this regard for commercial NMR
probes will facilitate applications not only to **CI NMR but
also other S = 3/2 nuclei in general, overcoming low sensitivity
and resolution issues especially for low-y nuclei.
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