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Solid-state NMR is used to dramatically improve the
efficiency and reliability of molecular crystal structure
determination from X-ray powder diffraction data.

Simulated annealing (SA) isthe most widely used method in the
pharmaceutical industry for solving crystal structures from X-
ray powder diffraction (XRPD) data.® Speed is of the essencein
drug development and the evolution of high-throughput auto-
mated synthesis and crystallization has created a demand for
rapid, reliable structure determinations. However, as the
number of degrees of freedom (DOF) to be determined in the
structure elucidation process increases, solution times increase
and frequency of success decreases, both markedly. This
Communication outlinesaprocedure to counter these effectsvia
incorporation of solid-state NMR information into the structure
determination framework, such that the correct solution is
reached more reliably and in a shorter time. A molecular
conformation is first determined approximately from a set of
inter-atomic distances measured by rotational-echo double
resonance (REDOR) NMR. The conformation isthen optimized
against XRPD data using a SA procedure described previously
that is now implemented in the DASH computer program.2 The
anti-ulcer drug cimetidine, in polymorphic form A, (CFA, Fig.
1)3 was chosen to demonstrate this methodol ogy, asits structure
isknown and it isatypical pharmaceutical product in terms of
its molecular complexity.

REDOR is a multinuclear NMR method for the detailed
structural analysis of solids.#> The most common application of
REDOR isto reintroduce the distance-dependent heteronuclear
dipolar interaction between nuclear isotopes (e.g. 13C and 15N)
at apair of molecular sites,4 which causesthe observed signa to
dephase in a predictable fashion. The dephased signal S is
divided by a reference signal S and interatomic distances are
calculated from curves of 9 or (S — )/ at different
dephasing times.5 Cimetidine was labelled with a single 15N at
the synthetically facile site N15 in the last step of the
commercia synthetic route (Fig. 1) and crystallized as CFA for
REDOR analysis. Severa structuraly informative couplings
between N15 and natural abundance 13C spins can in principle
be measured if the low 13C signal can be detected and NMR
peak overlap is overcome. The sensitivity issue was addressed
by using a constant time (CT) REDOR experiment (Fig. 2a),
which reduces the number of experiments required to generate
dephasing curves because S need only be determined from a
single reference spectrum. With high power 1H decoupling, the
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Fig. 1 Chemical structure of cimetidine showing the 15N labelled site (*).
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saving in the number of experiments more than compensates for
the additional scans necessary at long constant echo times.

In the 13C CP-MAS spectrum of [15N]CFA (Fig. 2b; top) the
resonance lines from C5%, C6 and C9 are not overlapped by
other peaks” and C-N15 coupling constants were calculated
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Fig. 2 13C observe, 15N-dephase CTREDOR experiments on [1SN]CFA.
(a) The pulse sequence for the experiment. Magnetization is transferred
from 1H to 13C by standard Hartmann—Hahn cross-polarization or by the
CH/CH,-selectivetransfer sequence of Burnset al 6 (right). Thisisfollowed
by afixed evolution period extending for an even number of rotor cyclesand
containing a central m pulse to refocus 13C chemica shifts. In a series of
experiments, S values are obtained by incrementing the number of
dephasing 15N 7t pulses from 2 to the maximum number required, extending
in the evolution period out from the centre. To determine &, a single
reference spectrum is obtained with the same evolution period but without
dephasing pulses. (b) The high field region of the 13C CP-MAS spectrum
with assignments (top), and the CTREDOR (middle) and CH/CH,-selective
CTREDOR (bottom) difference spectra obtained after subtraction of the
respective dephased-echo spectrafrom the reference, non-dephased spectra.
The sample was spun at 7 kHz, protons were decoupled at 100 kHz and 50
dephasing pulses were applied during an evolution period of 7.14 ms. (c)
Full dephasing curves measured from the overlapped C8/C16 (@) and C2/
C13 (M) peaks in the CTREDOR spectrum and from the deconvoluted
peaks from C8 (O) and C2 () in the CH/CH,-CTREDOR spectrum. Solid
lines represent simulations for the calculation of C-N coupling constants
(ben)-
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Table 1 Signal dephasing and C-N distancesfor [*SN]CFA in the pureform
and when diluted 1: 1 with unlabelled cimetidine

Dephasing2
Carbon  Pure Diluted C-N15 distanceb/A
CcY 0.18 0.17 —
c6 012 006 41 (x0.2)
cs 022 011 33 (+0.1)
c9 051 0.25 2.9 (20.1)
c2 0.17 0.08 3.6 (x0.1)

aMeasured after 49 dephasing cycles at a spinning frequency of 7 kHz.
b Distances rcy were calculated according to ren® = (uo/8m2)yemwh/bis
(e.q. ref. 7). Error limits are shown in brackets.

directly from the observed dephasing (Fig. 2b; middle). The
peak at 28.4 ppm consists of overlapping lines from C16 and
C8, and the CTREDOR dephasing measured from this peak
contains contributions from the structurally independent N15—
C16 coupling and the informative N15—C8 coupling (Fig. 2b, c).
To observe dephasing for C8 but not C16, we devised a CH/
CH,-selective CTREDOR experiment (Fig. 2a), which abol-
ishesthe C16 methyl signal component of the peak at 28.4 ppm.
The peak intensities in the CH/CH,-CTREDOR difference
spectrum (Fig. 2b) show the extent of dephasing for C8 and
other CH/CH, sites (e.g. C9) and a dephasing curve was
obtained which reflected only the N15-C8 coupling (Fig. 2c).
The CH/CH,-CTREDOR experiment also removed the nitrile
carbon component of the peak at 128 ppm (not shown) to obtain
the dephasing curve for C2 (Fig. 2c). The absence of the C%
methyl peak at 10.1 ppm in the CH/CH,-CTREDOR difference
spectrum confirmed that the experiment was successful (Fig.
2b). The peaks from C4 and C4’ (120 ppm) could not be
deconvoluted and individual dephasing curves were not ob-
tained.

The dephasing observed for pure [15SN]CFA was compared
with dephasing for a co-crystallized equimolar mixture of
[*5N]CFA/unlabelled CFA to assesswhether the C—N couplings
were purely intramolecular and diagnostic of molecular con-
formation, or if interfering couplings between neighbouring
molecules were present. Diluting the sample reduces the
dephasing to 50% of that for the pure labelled sample if only
intramolecular couplings are present. If intermolecular cou-
plings exist, diluting the sample may reduce dephasing by much
less than 50% of the value for pure [1SN]CFA depending on the
extent of the intermolecular coupling network. The valueslisted
in Table 1 suggest that the dephasing for C5 arises almost
entirely from intermolecular couplings whereas dephasing of
C6, C8, C9 and C2 arises from intramolecular couplings only.

Next, the molecular conformation of CFA was derived from
a restrained molecular dynamics (MD) optimisation in which
the use of high harmonic force constants ensured that all
conformations in the simulation had the C-N15 distances listed
in Table 1 (except carbon C5’). The simulations converged to a
single conformation from 20 random starting conformations.

Inthefinal step, the crystal structure was solved from XRPD
datad (A = 1.5285 A, Daresbury SRS Station 2.3, 5-56° 26, drin
= 1.6 A, 315 reflections) using DASH with three different
starting models (Fig. 3). Distributions (a) and (b) represent two
extremes defining the limits of the problem: (a) optimising a
model with no torsiona restraints, DASH returns =87%
success within a 2 million SA move limit; (b) optimising only
the external DOF of the correct single-crystal conformation is
much faster (=129 000 moves) and is 100% successful in
returning the correct CFA crystal structure. Distribution (c)
shows that taking the NMR/MD conformation and imposing
torsional restraints consistent with the precision of the NMR
distance measurements delivers a speed and reliability ap-
proaching that of the rigid-body optimisation (b). This result
provides independent confirmation of the reliability of the four
C-N distances determined from the NMR measurements.
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Fig. 3 The effect of restraining torsional DOF (7-DOF) on the crystal
structure determination process. To facilitate assessment of the impact of
such restraints in the stochastic optimisation, each distribution is compiled
from 30 individual DASH runs consisting of afull search of the six external
DOF plus one of the following 3 options: (a) -DOF = 7, each -DOF
alowed to vary + 180° (b) =-DOF = 0, with a fixed conformation
corresponding to the single-crystal structure of CFA; (c) =-DOF = 7, each
7-DOF allowed to vary + 20° around the value obtained from NMR/MD
model. The tolerance of + 20° in (c) reflects the precision of the C-N15
distancesin Table 1. Theinset showsaCFA crystal structure obtained from
arunindistribution (c), overlaid upon the single-crystal structure—they are
virtually superimposable.
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Theinnovative aspect of thiswork isthe use of NMR distance
measurements to derive torsional restraints for subsequent use
in the XRPD structure determination. Our objective is to
increase the level of confidencein crystal structures determined
using XRPD data whilst facilitating high throughput. The
increased confidence comes from use of restraints to bias the
optimisation towards exploring regions of conformational space
where the probability of finding the global minimum is higher:®
gains in optimisation efficiency follow as a consequence.

In summary, we have effectively transformed the problem of
solving CFA into a rigid-body search. With complex crystal
structures, where the frequency of successin locating the global
minimum using XRPD data aoneislow, this ability to restrain
torsiona DOF is therefore extremely useful. Moreover, in a
separate series of experiments not shown here, in which the
XRPD datarange was cut to only 26 reflections (dmin = 3.5A),
the NMR/MD restrained optimisations still solved with 100%
success, greatly outperforming the unrestrained equivalent
(<10% success). The net gain in structure-solving power will
therefore benefit those dealing with complex structures, high-
throughput solid-state chemistry (e.g. drug polymorph screen-
ing) and low-resolution XRPD data. The range of applicability
of this strategy will increase significantly with the use of NMR
methods (that we are currently developing) for determining
conformations without resorting to isotope labelling.
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