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ABSTRACT: NMR-based crystallography approaches involv-
ing the combination of crystal structure prediction methods,
ab initio calculated chemical shifts and solid-state NMR
experiments are powerful methods for crystal structure
determination of microcrystalline powders. However, cur-
rently structural information obtained from solid-state NMR
is usually included only after a set of candidate crystal
structures has already been independently generated, starting
from a set of single-molecule conformations. Here, we show
with the case of ampicillin that this can lead to failure of
structure determination. We propose a crystal structure
determination method that includes experimental constraints
during conformer selection. In order to overcome the problem
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that experimental measurements on the crystalline samples are not obviously translatable to restrict the single-molecule
conformational space, we propose constraints based on the analysis of absent cross-peaks in solid-state NMR correlation
experiments. We show that these absences provide unambiguous structural constraints on both the crystal structure and the gas-
phase conformations, and therefore can be used for unambiguous selection. The approach is parametrized on the crystal
structure determination of flutamide, flufenamic acid, and cocaine, where we reduce the computational cost by around 50%.
Most importantly, the method is then shown to correctly determine the crystal structure of ampicillin, which would have failed
using current methods because it adopts a high-energy conformer in its crystal structure. The average positional RMSE on the
NMR powder structure is (r,,) = 0.176 A, which corresponds to an average equivalent displacement parameter U,y = 0.0103 A%

1. INTRODUCTION

The 40 000—60 000 crystal structures published every year' ™"
perfectly illustrate the importance of the knowledge of atomic-
level structures of solids, which is key to understanding and
predicting their properties. For example, in pharmaceutical
compounds, crystal structures guide the understanding of
physicochemical and pharmacokinetic properties such as
bioavailability and/or solubility.” However, many active
pharmaceutical ingredients (APIs) are only available as
powders, and therefore are not amenable to resolution with
typical X-ray diffraction (XRD) methods. Structure elucidation
can be complicated further if, for example, the crystallites are
sub-micrometer in size or the structure contains elements of
disorder.

Recently, solid-state nuclear magnetic resonance (NMR)-
based crystallography has emerged as a powerful tool to
overcome the current limitations in powder structure
determination. In contrast to other methods, such as powder
XRD® or electron diffraction,” ' NMR directly probes the

-4 ACS Publications  © 2019 American Chemical Society

16624

local atomic environment, allowing for structural character-
ization without the need for long-range order. Advances in
solid-state NMR together with the development of accurate
methods to calculate chemical shifts,"'™"® in particular using
plane wave density functional theory (DFT) methods based on
the Gauge Including Projector augmented Wave (PAW/
GIPAW) approach,"*™'® have enabled development of
chemical-shift-based NMR crystallography methods. Recently,
machine-learning methods have been introduced to facilitate
the calculation of accurate chemical shifts.'”"®

The NMR crystallography (NMRX) approach, which often
involves crystal structure prediction (CSP) protocols, has been
used to determine full de novo crystal structures from
powders'”™** with an accuracy at least comparable to that of
single-crystal XRD,” as well as to determine elements of
structure such as hydrogen bonding, proton positions, and
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stereochemistry, or to validate and refine crystal
structures of molecular solids and to identify known
polymorphs. 27253155

Because CSP can require considerable computational
resources, increasing rapidly with the structural degrees of
freedom, CSP-based NMRX methods (CSP-NMRX) for de
novo structure determination are currently limited to systems
with up to about 10 degrees of torsional freedom within the
molecule,’® and going beyond this requires some prior
knowledge or intuition.”>** Indeed, in order to circumvent
these limitations, CSP methods often make assumptions (for
example, based on space groups or predicted conformational
energies) to limit the search space of possible structures.
However, this can lead to failure of the CSP-NMRX method to
determine the correct crystal structure(s) when the correct
structure is excluded from the search space.

A common feature of most of the CSP-NMRX methods
developed to date is that they exploit geometric constraints
from solid-state NMR only in the final step, in order to select
the correct crystal structure from an ensemble of predicted
structures. Introducing experimental constraints earlier in the
CSP process would be an obvious way to guide and accelerate
structure determination. The bottleneck for CSP of flexible
molecules usually relates to the size of the molecular
conformational space, so guidance to constrain the size of
the search space would be most valuable if it relates to single-
molecule conformations. However, it is not immediately clear
how experimental measurements on the crystalline samples
would be relevant to restrict the single-molecule conforma-
tional space.

Note that an example has been given in which structural
information was included at earlier stages of the CSP by
biasing the search using semi-empirical molecule-specific
pseudo-forces derived from chemical shifts.**

Here, we introduce a CSP-NMRX method to determine
crystal structures in which we use unambiguous constraints
from solid-state NMR on microcrystalline samples to restrict
the CSP search space to relevant regions of conformational
space. The approach directs the determination procedure from
the first steps toward the correct crystal structure, without the
need for assumptions. We parametrize the approach on the
crystal structures of cocaine, flutamide, and flufenamic acid and
demonstrate a significant acceleration in computational times
for these compounds. Most significantly, using chemical shifts
calculated with both DFT and machine learning,18 we correctly
determine the crystal structure of powdered ampicillin, for
which the usual approach via CSP-NMRX would have failed.

2. METHODS

Figure la schematically illustrates the workflow in a successful case for
the current CSP-NMRX approaches.'”*”*” In the first step, the
torsional degrees of freedom are explored to generate a
comprehensive ensemble of energetically stable single-molecule
conformers. The ensemble is then sorted according to the calculated
conformational energies, and the lowest energy conformers are
selected to proceed to the next step, based on an empirical cutoff
energy. Although flexible molecules often do not assume their lowest
energy molecular conformation in their observed crystal structures,®
the assumption here is that low-energy crystal structures, including
the correct (observed) polymorph, will generally result from low-
energy molecular conformers. However, this is not always the case, as
will be demonstrated below.

The selected conformations are then each subjected to a crystal
structure search, during which trial structures are generated by varying
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Figure 1. Schematic of current and proposed CSP-NMRX methods.
(a) An example of a successful structure prediction using the current
CSP-NMRX method. (b) An example of a failed structure prediction
using the current CSP-NMRX method. (c) An example of the
proposed experimentally constrained CSP-NMRX method, which
successfully overcomes the failure of the current CSP-NMRX method
shown in panel (b). In each panel the structures in the first line depict
single-molecule gas-phase conformations sorted by their conforma-
tional energy. After application of a given selection criterion, a
reduced conformer set is used to generate an ensemble of possible
crystal structures (represented by the second line in each panel). The
colored boxes are intended as a guide to the eye as to which
conformer results in which crystal structures. The third line in each
panel represents crystal structures picked from the second line after a
further selection criterion is applied. This final set of structures is then
compared to the experimental chemical shifts to determine the correct
crystal structure. In each panel, the scatter plot shows the
experimental 'H chemical shift plotted against the DFT-calculated
'H chemical shift for the trial structure with the lowest error between
DFT and experimental chemical shifts.
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the unit cell dimensions, center of mass in the cell, packing symmetry,
and number of molecules per asymmetric unit. This process can lead
to hundreds or thousands of possible crystal structures from each
single-molecule conformer. The energy of each structure is then
minimized, typically using atom—atom force fields and DFT.*’

Next, this ensemble is ranked by calculated lattice energy, and again
only the structures below a given cutoff energy are retained. In the
final step, these structures are further optimized, typically using
periodic boundary DFT calculations, and then the chemical shifts (or
other experimental data such as dipolar couplings or chemical shift
anisotropies)>>*”***°~% for this sub-ensemble of crystal structures
are calculated and compared to experimental chemical shifts measured
on a powder sample. The differences between the calculated and
experimental chemical shift data are then used to determine the
crystal structure that is in best agreement with the experimental NMR
data acquired using the powder sample. For this structure, positional
errors are then calculated using a molecular dynamics approach.*®
Note that the computational cost rises sharply when moving from the
energy calculations of a single molecule to lattice energy calculations
to GIPAW DFT chemical shift calculations, thus requiring the use of
successive selection steps to reduce the number of candidate
structures at each stage.

From the description of the CSP-NMRX procedure above, it is
evident that a gas-phase conformer similar to the one present in the
correct crystal structure must be among those initially selected.

Figure 1b illustrates a case where the current CSP-NMRX method
fails. Analogously to the previous case, a large ensemble of single-
molecule conformers is generated and sorted by conformational
energy. However, here, the molecular conformer present in the crystal
structure is of very high relative energy in the gas phase, and thus does not
pass the selection criteria based on energy. An illustrative example of this
case could be when intramolecular hydrogen bonds stabilize the most
stable conformations in the gas phase, while the crystal structure
conformation is stabilized through intermolecular hydrogen bonds or
other interactions only present in the solid phase. Thus, following the
normal selection steps based on the conformational energy, the
correct conformer is not included in the crystal packing and lattice
energy calculation steps, and as a consequence is not present in the
trial crystal structures that are compared to the experimental data.

Taking this into account, one could extend the crystal structure
determination procedure, and we consider two ways below. One
option is to loosen the initial selection criteria, thus allowing more
conformers to proceed to the following steps. This approach will
increase the computational cost, often prohibitively. Even moderately
flexible molecules can have hundreds of conformations, each requiring
significant computing; for example, for ampicillin, one of the
molecules studied here, the CSP procedure required, on average,
just over 3 days of computing on 200 dedicated CPUs per conformer
(yielding a total of 54 days for all the conformers). Thus, this
approach either involves very long time scales or requires access to
very large-scale computing. The second option is to use a different
initial selection criterion including information from experiment.

Figure Ic illustrates this second approach, which we introduce here.
Contrary to the standard CSP methods, no assumptions based on
calculated energy are made in the initial conformer selection process.
Instead, a sub-ensemble of conformers is selected using experimental
constraints from solid-state NMR experiments on the powdered
microcrystalline sample. This approach guides the conformational
sub-ensemble selection toward the correct crystal conformer, and thus
reduces the chance that the structure determination is limited by
possibly erroneous assumptions.

However, experimentally we only have access to the full crystal
structures and cannot probe the underlying "virtual” gas-phase
conformations independently. Thus, we need to measure experimentally
accessible constraints that would be unambiguously fulfilled both in
the crystal structure and in the gas-phase conformations. Note that
commonly used solid-state NMR constraints, such as the presence of
(dipolar—cougling-mediated) cross-peaks in NMR correlation experi-
ments*"*>~"® due to internuclear proximity, do not contain
unambiguous information about the gas-phase conformations. This is

because a cross-peak could arise from either intra- or intermolecular
proximity.

Here we introduce a novel approach that extracts unambiguous
conformational constraints on the single-molecule conformations
present in crystalline samples. The approach is schematically
illustrated in Figure 2, where we differentiate between two conformers
(“open” and “closed”) by analyzing a 'H—"*C HETCOR spectrum.
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Figure 2. Schematic illustrations of "H—'*C HETCOR spectra (right)
for four different structural fragments (left) and the derived
constraints. Structures (a) and (b) contain an “open” conformer.
Structures (c) and (d) contain a “closed” conformer. Blue dotted lines
are sufficiently short C—H distances between Cy, and Hy to generate
peaks in the spectra. Orange dotted lines are too long to generate
peaks. After applying the constraints with a threshold distance of X =
3.5 A, we see that the absence of a peak in fragment (a) is the only
unambiguous constraint.

The 'H-"3C HETCOR spectrum contains two different types of
information. First, cross-peaks that are present indicate atoms that are
close in space. Second, absent cross-peaks contain information about
atoms that are more than a certain distance X apart, where X possibly
depends on the CP contact time, the experimental setup, and the
investigated system. Figure 2 shows that only the information from
the absent cross-peaks in the solid-state spectra can be directly
transferred to constraints on the single-molecule conformations. This
is demonstrated with a thought experiment. If the heteroatoms Cy,
and Hg are close in space, then the cross-peak at Cy—Hg will be
present in the HETCOR spectra. However, the cross-peak can result
either from a short intramolecular C\y—H,, distance (i.e., the “closed”
conformer) (Figure 2c,d) or from a short intermolecular interatomic
distance (which can be from the “closed” or the “open” conformer)
(Figure 2b,c). Thus, the presence of a cross-peak does not contain
unambiguous information about the single-molecule conformer, as the
fragments in Figure 2b—d contain both possible conformations.

An absent cross-peak for Cyy—Hp, however, indicates that Cy; and
Hy, are at least X A apart, for both intra- and intermolecular Cyy—Hg
distances (Figure 2a). This can only happen for the “open”
conformer. Thus, information from the absent cross-peaks is
unambiguous regarding the single-molecule conformation and can
be used as a constraint on trial structure generation.
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Note that the fragment in Figure 2b also contains the “open”
conformation but would be expected to contain a cross-peak for Cy—
Hy, and thus will not result in a constraint on the distance between
Cy and H. However, such cases only result in fewer constraints on
the single-molecule conformer but do not induce any incorrect
constraints.

Note also that it is not a priori clear what the threshold distance X
is. In general, we expect to reliably see all '"H—"3C HETCOR cross-
peaks at least up to 3.0 A’* To establish a reliable value for the
threshold distance X, accessible in the 'H—"*C HETCOR experi-
ments used here, we investigate the correlation between interatomic
"H-"3C distances and signal intensities of the cross-peaks in the
HETCOR experiments recorded for cocaine, flutamide, and
flufenamic acid.

For these three compounds, the experiments were performed at
different contact times, at different magic-angle spinning rates, and on
different spectrometers. Figure S3a shows that for cocaine we have
signal-to-noise ratios (SNRs) of up to 80, while flufenamic acid has a
maximum SNR of around 10. Additionally, for a 'H—"3C HETCOR
experiment, where the signal is transferred from the 'H to the '*C, the
SNR also depends on the number of protons involved in the transfer,
as well as the number of protons overlapping at a given frequency.

To make different spectra comparable, we first estimate that the
number of active protons for a given cross-peak in a spectrum is
proportional to the maximum signal intensity at a given frequency in
®,. The signal intensity of each cross-peak is then re-normalized by
this number of protons. We then consider the difference in overall
SNR between spectra by re-normalizing each cross-peak with respect
to the maximum proton-normalized SNR per spectrum. This leads to
a normalized SNR per 'H, which is comparable across all experiments
and which is shown in Figure S3b.

Once we have selected a reliable threshold distance X A for a given
SNR cutoff (this process is described below), the selected threshold
distance in combination with each absent HETCOR cross-peak is
transformed into a constraint on the conformer space as follows: if the
HETCOR cross-peak between C, and H, is below the SNR cutoff, it is
classified as absent, and so the distance between the atoms C, and H,
must exceed X A.

For each single-molecule conformer, all of the generated
constraints were checked, and the conformers were sorted according
to the number of constraints violated. This procedure allows us to
select conformers for the subsequent CSP procedure. If we are
confident in the extracted constraints, it is sufficient to select only the
sub-ensemble with the lowest number of constraint violations.
However, if this sub-ensemble is very small or if additional
computational resources are available, the selected sub-ensemble
can easily be extended to include structures with a progressively
higher number of constraint violations. Accepting conformations with
a small number of constraint violations can allow for moderate
changes in molecular geometry between the gas phase and crystal
structure.

3. RESULTS AND DISCUSSION

We first establish the range of reliable threshold distances (X)
for a given normalized SNR cutoff (S, For this we
investigate the correlation between the normalized SNR and the
corresponding interatomic distances for the three trial
compounds: cocaine, flufenamic acid, and flutamide.

Then we investigate the application of the parametrized
constraints (S,,,and X) to the CSP-NMRX structure
determination of these three compounds.

Finally, we perform the full CSP-NMRX crystal structure
determination including the unambiguous constraints on
microcrystalline ampicillin, where the parametrization
of X and S, was done without using any prior knowledge
regarding the crystal structure.

Parametrization Using Known Structures. For cocaine,
flufenamic acid, and flutamide, "H—"*C HETCOR experiments

were performed with 'H—13C contact times of 0.5, 0.75, 1.0,
and 1.5 ms; 0.1, 0.5, 1.5, 2.0, 3.0, and 3.5 ms; and 0.1, 0.3, 0.5,
0.75, 1.0, 1.25, 1.5, 1.75, and 2.0 ms, respectively. We re-
normalized the spectra as described above (see SI for details).
The resulting normalized SNR per 'H is then comparable
between compounds; see Figure S3b.

However, Figure S3b shows that although there is a
correlation between the normalized SNR and the correspond-
ing interatomic distance, there are significant fluctuations. This
is expected since the HETCOR experiment is quite simple but
is subject to spin diffusion relayed transfer, among others. We
find that the effect of these fluctuations can be minimized by
only considering correlations/distances from protons that are
situated toward the extremities of the molecules. (We note
here that this currently results in a reduced number of
extracted constraints. If the constraints could be extracted in a
more quantitative manner, e.g, by accounting for changes in
peak intensities due to 'H—'H spin diffusion, then the
selection criteria could be made stronger.) However, these
distances are the most information-rich in terms of the overall
molecular conformations. We thus only consider cross-peaks
resulting from the “terminal” protons shown in Table S5, and
marked with a green dotted line in Figure S4a. This results in a
clearer correlation between normalized SNR and the
corresponding interatomic distances, as shown in Figure S4b.

From Figure S4b it is clear that only a very limited number
of interatomic distances below 3 A result in a normalized SNR
above 0.2. We then test a range of S, values from 0.08 to
0.22 with threshold distances X ranging from 2.0 to 5.0 A. For
this we used the single-molecule conformer ensembles
previously generated for the successful CSP-NMRX structure
determination protocol described by Baias et al."*” Our goal
was to verify that the proposed parametrization can select the
gas-phase conformer that leads to the correct crystal structure
while at the same time significantly reducing the total amount
of conformers that have to be considered.

Figure 3a shows the set of parameters for which the selection
procedure was successful for all three molecules simulta-
neously. Figure S9 shows the set of successful parameters for
each molecule individually. The dashed orange line in Figure
3a shows the limit at which the selection process starts to fail.
To obtain maximal selection power, the parameters should be
chosen as close as possible to this limit. For cocaine, flufenamic
acid, and flutamide, the highest selectivity within the
investigated conformer ensembles explored here was obtained
using Spom = 0.14 and X = 3.5 A.

To aid our interpretation of the selection procedure, we
apply a sketch-map”>~"® analysis to the gas-phase conformer
ensembles. The details of the sketch-map analysis, including an
interpretation of the underlying conformational changes for
cocaine, flutamide, and flufenamic acid, are given in Figures
S6-S8.

Flutamide. The initial gas-phase ensemble of flutamide
conformers §enerated in the first step of CSP contains 15
conformers,** of which 7 are in the trans and 8 are in the cis
conformation with respect to the amide group (Figure S7). All
the absent cross-peaks in a series of '"H—">C HETCOR spectra
(Figure 4) were used to generate the conformational
constraints shown in Figure 4a. Figure 3b shows the selected
sub-ensemble of gas-phase conformers in the sketch map that
fulfill the most constraints. The sub-ensembles with the lowest
number of violations (2 of 10 total constraints) are selected for
the subsequent CSP procedure.
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Figure 3. (a) Grid search results of the threshold distance X and S,
cutoff values for flutamide, cocaine, and flufenamic acid. The color-
map shows the percentage of selected structures from within the
conformer ensemble. The white area indicates the region where the
correct conformer is not selected. Optimal selection parameters
should select the smallest conformer ensemble that still contains the
correct structure. This corresponds to the dark blue regions within the
different panels. The dashed orange line denotes the boundary at
which the selection process starts to fail. (b—d) Conformer selection
for flutamide (b), flufenamic acid (c), and cocaine (d). The panels
show the sketch-map projections of the gas-phase ensembles. Red
dots represent the structures that are selected where a threshold
distance X of 3.5 A and an S,,,,,, cutoff value of 0.14 were used. The
green triangle shows the conformer found in the XRD-generated
crystal structure. The green arrow points to the gas-phase conformer
which results in the correct crystal structure after the CSP procedure.

Note that these two constraints are violated for all
conformers and do not correspond to significant changes in
the conformation, as the involved atoms are not separated by

more than two bonds. The reduced ensemble contains the gas-
phase conformer that led to the correct crystal structure during
the subsequent CSP procedure,” while being able to reduce
the gas-phase conformer ensemble from 15 to 7 conforma-
tions. This significantly reduces the computational cost of the
following CSP steps by approximately 54% (assuming that all
conformers lead to similar numbers of putative crystal
structures), while still including the correct gas-phase con-
former that leads to the observed crystal structure. Addition-
ally, the constraints from the absent cross-peaks uniformly
selected the trans form in all 7 conformers (see Figure S10).

Flufenamic Acid. The gas-phase conformer ensemble for
flufenamic acid contains 26 molecular conformations.*” Figure
3c shows the selection of the sub-ensembles with the lowest
number of violations (0 of 2 total constraints) using 'H—">C
HETCOR. The extracted constraints are shown in Figure 4c.
Note that, for flufenamic acid, there are only two non-aromatic
protons and the cross-peaks from the aromatic protons are not
distinguishable due to overlap in the 'H dimension. However,
the distance constraints extracted solely from the carboxyl
proton (see Figures 4c and S12) were sufficient to reduce the
number of relevant conformers by 46% (from 26 to 14
conformers), while still selecting the correct conformer, leading
to the observed crystal structure.

Cocaine. The initial CSP conformer ensemble for cocaine
contains 27 conformers."” Figure 3d shows the selection of the
sub-ensembles with the lowest number of constraint violations
(2 out of 10 total constraints) extracted from the 'H—"3C
HETCOR NMR spectrum (Figure 4b). As with flutamide,
these two constraints were violated for all conformers and do
not correspond to significant changes in the conformation, as
the involved atoms are separated by only three bonds. Figure
S11 shows that the '"H—"*C HETCOR constraints were able to
distinguish between the folding (closed and bent forms) and
stretching of the cocaine molecule with respect to the aromatic
group as well as a flip in the methylamine group. Here, the
relevant conformer ensemble is reduced by around 55% (from
27 to 12 conformations) while retaining the conformer that
leads to the correct crystal structure.

Crystal Structure Determination of Ampicillin. In
contrast to the three cases above, the crystal structure
determination of ampicillin would have failed using the usual
CSP-NMRX protocol. In the first step, an ensemble of 16
locally stable gas-phase conformers was generated (for details,
see SI), and the ensemble was then sorted according to the
isolated molecule’s conformational energy. Figures Sb and S5
show that all the conformers within 25 kJ-mol™" of the lowest
energy structure are stabilized through an intramolecular
hydrogen bond between the amino nitrogen and oxygen atoms
of the carboxyl group, the strength of which is enhanced by the
zwitterionic nature of the molecule. However, in the known
single-crystal XRD structure, these intramolecular hydrogen
bonds between charged ends of the molecule are sacrificed to
allow the formation of strong, charge-assisted intermolecular
hydrogen bonds, with the molecule adopting a more extended,
open conformation.

Figure Sb also shows that the single-molecule conformation
closest to the crystal conformer is one of the highest energy
gas-phase conformers, nearly 100 kJ-mol™" higher in energy
than the lowest energy single-molecule conformer. In the
normal CSP method, a cutoff of around 20—25 kJ-mol™" would
typically be applied to the conformational ensemble™® to
limit the number of conformers that must be considered
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Figure 4. The top part in each panel shows the '"H—"2C HETCOR spectrum of flutamide with a 1.25 ms '"H—"3C cross-polarization contact time
(a), cocaine with a 1.0 ms contact time (b), flufenamic acid with a 1.5 ms contact time (c), and ampicillin with a 1.5 ms contact time (d) (further
details and raw data in the SI). '*C peaks are assigned based on the literature,”” and 'H peaks are assigned from HETCOR spectra and DFT
chemical shift calculations (see SI). The cross-peaks from the terminal protons (Figure S4a) below S, = 0.14 were used as constraints on the
conformer ensembles and are indicated as orange ellipsoids. The lower part of each panel shows the violated constraints extracted from all of the
"H-3C HETCOR cross-peaks for different example conformers within the ensembles.

during the time-consuming crystal packing search. The correct
conformer falls well outside this energy range and, thus, would
be eliminated at this stage, preventing the successful generation
of the observed crystal structure. To successfully determine the
correct crystal structure, the subsequent CSP steps would have
had to proceed without applying any energetic cutoff on the
single-molecule conformers. This would be possible for the 16
conformers of ampicillin using large-scale computing to
perform the searches in parallel, but it is problematic as a
general method, as the conformational space of even
moderately flexible molecules can often include hundreds of
individual conformers.*®

To address this problem, we apply experimental constraints
extracted from '"H—"*C HETCOR NMR spectra at different
contact times (i.e., 0.1, 0.3, 0.5, 0.75, 1.0, 1.25, 1.5, 1.75, 2.0,
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and 2.25 ms, detailed in the SI). Figure 4d shows the assigned
HETCOR NMR spectrum of ampicillin at a 1.5 ms contact
time together with the labeled 2D structure. Following the
protocol established for cocaine, flutamide, and flufenamic
acid, the SNR was then normalized over all experimental
setups as described above. As we did for the other three
molecules, we only consider cross-peaks resulting from
terminal protons; see Figure S4a. Using S .., = 0.14 and X =
3.5 A, that were parametrized on the reference compounds
above, the extracted constraints are circled in orange and are
shown on three example conformers below the spectra. Figure
Sa shows the sub-ensembles with no violations (0 out of 1 total
constraint). Figures 4d and S13 show that only conformers
without an intramolecular hydrogen bond are selected. Also,
from Figure 5b it is clear that the energetically high conformers
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Figure 5. Conformer selection for ampicillin. (a) The panel shows the
sketch-map projections of the gas-phase conformer ensemble. Red
dots represent the structures which are selected using a threshold
distance X = 3.5 A and S, = 0.14. The green triangle denotes the
conformer found in the XRD-determined crystal structure. The green
arrow points to the gas-phase conformer which results in the correct
crystal structure after the CSP procedure. (b) Scatter plot showing the
relative difference in the energy (AE) for the single-molecule
conformers of ampicillin against the shortest intramolecular hydro-
gen-bond distance (N—O distance). The blue dashed line is the
typical cutoff energy (25 kJ/mol) used for conformer selection in
CSP. The green dotted line is a guide to the eye to show at which AE
the conformers with intermolecular hydrogen bonds become
accessible. The green arrow shows the conformer which results in
the correct crystal structure.

are preferentially selected. Note that in a classical CSP-NMRX
approach these conformers would have not been selected.

For the next step in the CSP procedure, only 7 out of the
original 16 structures were considered. This reduces the
computational cost by approximately 55%.

For each conformer remaining within this reduced gas-phase
ensemble, we generated a crystal structure ensemble using a
quasi-random sampling®® of lattice parameters, molecular
positions, and orientations within the commonly observed
space groups. All 154 000 generated crystal structures were first
optimized using an atomic-multipole-based force field,®!
followed by dispersion-corrected DFT-D re-optimization of
the lowest energy crystal structures, producing a final set of 75
candidate crystal structures. The full procedure is detailed in
the SI (section X).

"H chemical shift values were then calculated with GIPAW
DFT and a machine-learned method (ShiftML)'® for each
candidate structure and compared to the experimental
chemical shifts (details are given in the SI). Figure 6 shows
the RMSE between DFT-calculated and measured 'H chemical
shifts together with the calculated relative lattice energies for
the candidate set. Based on currently accepted metrics, we
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Figure 6. Comparison of crystal structure candidates. The structures
are sorted according to their relative lattice energy, as specified on the
horizontal axis. The vertical axis shows 'H chemical shift RMSE
between DFT-calculated and experimental chemical shifts. The
orange marker shows the 'H chemical shift RMSE for the single-
crystal XRD structure. The red line shows the mean of the expected
difference between experimental and DFT-calculated 'H chemical
shifts, with the distinguishability limits (at the 1o level) indicated as
the gray shaded zone, as described in the main text.

expect a valid structure to have a 'H RMSE of 0.33 ppm
(£0.16 ppm) or lower.*® This is indicated as the gray zone in
Figure 6. Predicted structures with "H chemical shift difference
within this zone are thus considered to be indistinguishable
from experiment with a confidence of 1o.

Figure S15 shows the RMSE between ShiftML-calculated
and measured 'H chemical shifts together with the DFT-
calculated relative lattice energies for the candidate set. Using a
benchmark set of 11 molecular crystal structures with around
150 experimental 'H chemical shifts (as described in the SI,
Table S8), we expect a correct structure to have a '"H RMSE of
0.346 ppm (%0.195 ppm) or lower. Note that the RMSE
between the experiment and the ShiftML-predicted chemical
shifts are broadly similar to the RMSE from DFT-calculated
shifts (Figure 6).

Based on the agreement between experimental and
calculated 'H chemical shifts, both for ShiftML and DFT, we
find that the crystal structure lowest in lattice energy, with a
large gap in energy to the next predicted structure, also best
produces the experimental NMR chemical shifts from the
powdered microcrystalline sample used in the present study
(Figures 6 and S15). Thus, we identify this structure as the
correct candidate structure. Using chemical shifts calculated
either directly from DFT or using ShiftML, several higher
energy putative crystal structures produce 'H chemical shifts
within the acceptable error bounds. However, none of these
alternative structures falls within the usual energy range of
observed polymorphism (typically up to 7—8 kJ/mol)** above
the best candidate structure. Thus, our final structure selection
relies on both the chemical shifts and the calculated lattice
energies.

The structure determined here agrees very well with the
known reference structure determined by single-crystal XRD,*
as illustrated in Figure 7a. The deviation in atomic positions in
the NMR structure from the powder is 0.278 A, measured as
the RMSD of all heavy atoms (excluding protons) in a 20-
molecule cluster taken from the two structures. The single-
molecule heavy-atom RMSD is 0.068 A. The largest deviations
in the lattice parameters are a contraction of 6.8% in the b
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Figure 7. (a) Comparison between the structure of ampicillin as
determined by the constrained powder 'H CSP-NMRX and the
single-crystal XRD determined structure.*> (b,c) ORTEP plots of the
ampicillin crystal (b) and single-molecule (c) structure drawn at the
90% probability level. The anisotropic ellipsoids correspond to a 'H
chemical shift RMSE of 0.49 ppm and to an average positional RMSE
of (r,) = 0.144 A.

lattice parameter and a unit cell volume of the CSP-NMRX
structure 7.4% smaller than the single-crystal structure (see
Table S9). This difference in volume is not unexpected, as the
NMRX structure is a temperature-free structure resulting from
lattice energy minimization, while the single-crystal structure
was determined at room temperature. The slightly shorter
lattice parameters in the NMRX structure are in line with the
expected thermal expansion of an organic molecular crystal.

Finally, we proceed with a positional error analysis (see
Figure S17) that leads to the fully determined structure shown
in Figures 7b,c. The positional error analysis is performed
using the DFT-calculated 'H chemical shifts following the
procedure outlined by Hofstetter and Emsley”® and is detailed
in the SI (using DFT-MD here). The average positional RMSE
on the NMR powder structure is (r,,} = 0.176 A, which
corresponds to an average equivalent displacement parameter
U, = 0.0103 A, This compares with (r,,) = 0.149 A and U, =
0.0074 A, for the single-crystal XRD structure.” Note that the
positional RMSE on the single-crystal XRD structure only
considers the heavy atoms, while the positional RMSE on the
NMR powder structure also includes the 'H atoms.

4. CONCLUSIONS

The most severe limitations of CSP-based NMR crystallog-
raphy are encountered when a molecule has many possible
conformers and the molecular conformation adopted in the
crystal could be significantly higher in energy than the most
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stable gas-phase conformation. In such cases, the usual
energetic thresholds applied to the conformational ensemble
used to generate candidate crystal structures create a risk of
missing the true conformer as well as the crystal packing. Here
we have demonstrated how the usual CSP-NMRX approach
would have failed for a powdered sample of ampicillin due to
excluding the required conformer in the first step of CSP.

However, removing any conformer selection and including
all possible conformers during crystal structure generation can
lead to prohibitively high computational costs. To overcome
this, we have proposed a modified CSP-NMRX method which
includes unambiguous prior NMR constraints, in this case
"H-"C correlations, at the conformer search stage within
CSP. The key development is a novel approach that extracts
unambiguous conformational constraints on the single-
molecule conformations present in crystalline samples. We
parametrized the proposed method on the crystal structure
determinations of three flexible molecules that were previously
studied using CSP-NMRX: cocaine, flutamide, and flufenamic
acid. For all of these compounds we found that the method
reproduces CSP-NMRX results and determines the correct
crystal structure, while reducing the computational cost by
between 46 and 55%. Note that these three molecules are
relatively small, and the savings in computational expense will
be greater for larger molecules with more conformational
degrees of freedom.

We also demonstrated the capability of the novel con-
strained CSP-NMRX method by successfully determining the
crystal structure of powdered ampicillin, which would have
been very challenging for previous methods, and either
requiring that no energetic limit was applied to conformational
energy or likely missing the correct crystal structure. Here, a
rough estimation shows that to run the CSP-NMRX
calculations, including CSP search, DFT optimization, and
chemical shift calculations, for all 16 conformers would take
approximately 54 days on 200 dedicated CPUs. By
constraining the structural search space, we were able to
more than halve this for the full crystal structure determi-
nation, while ensuring that the correct conformer is not
excluded. We also emphasize that the large reduction in
computational resources, demonstrated here, paves the way for
the CSP-NMRX-based determination of larger and more
flexible molecules, which would previously have been out of
the scope of the CSP-NMRX approach.

The compounds studied here were not subjected to any
modification prior to the experiments, and they were
investigated using powder samples at natural isotopic
abundance. The resulting structures have a positional accuracy
that is comparable to that of structures from, for example,
single-crystal XRD, while including the positions of the light
atoms.

We note that the experimentally guided CSP method
demonstrated here is not limited to pure NMRX applications
but that the derived constraints can be used in any crystal
structure determination methodology which needs to limit the
number of investigated conformations in order to reduce its
computational cost.

We believe that the method is robust, and we have chosen
the experimental constraints, based on 'H—'*C NMR
correlation experiments, for their relative simplicity and ease
of access. However, we note that 'H—'C correlation-based
experiments are not the only ones that can give conformational
constraints. Future work could incorporate other types of
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experiments, such as BC—BC correlations or more accurate
"H-"C correlation experiments, which could be simpler to
parametrize. Here the extraction of the constraints was
performed in a fairly basic and straightforward manner. We
believe that if the constraints could be extracted in a more
quantitative manner, e.g, by accounting for changes in peak
intensities due to "H—'H spin diffusion, the selection criteria
can be made stronger, further reducing the conformational
space and improving the computational efliciency and
reliability of the methodology.
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