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ABSTRACT: The principal components of the '*C chemical shift tensors for the ten 300 = v
crystallographically distinct carbon atoms of the active pharmaceutical ingredient E 250 ER "y oe
cimetidine Form A have been measured using the FIREMAT technique. Density g 200 1 . \ A
functional theory (DFT) calculations of >C and '*N magnetic shielding tensors are @ 150 1 ¥, O N 2
used to assign the '*C and N peaks. DFT calculations were performed on cimetidine 3 100 ®_?Y
and a training set of organic crystals using both plane-wave and cluster-based - | 7
approaches. The former set of calculations allowed several structural refinement 3 07 R
strategies to be employed, including calculations utilizing a dispersion-corrected force < | Geometry: RPBE-D2* &
field that was parametrized using '*C and "N magnetic shielding tensors. The latter 5 1'{[;2 i Shielding: PBEO X

- bbb b

set of calculations featured the use of resource-intensive hybrid-DFT methods for the 100 50 0 50 100 150 200 250
calculation of magnetic shielding tensors. Calculations on structures refined using the Exp. 1°C Shift (ppm)

new force-field correction result in improved values of '*N magnetic shielding tensors

(as gauged by agreement with experimental chemical shift tensors), although little

improvement is seen in the prediction of "*C shielding tensors. Calculations of *C and '*N magnetic shielding tensors using hybrid
functionals show better agreement with experimental values in comparison to those using GGA functionals, independent of the
method of structural refinement; the shielding of carbon atoms bonded to nitrogen are especially improved using hybrid DFT
methods.

B INTRODUCTION periodic or cluster-based structural models to account for long-
. 16—2 .

The assignment of distinct peaks to unique atomic sites is a range lattice effects. 3T'he combination of the two allows one
fundamental step in the analysis of solid-state NMR (SSNMR) to explore thg eﬁ’e.cts of various types of structural reﬁnementior
data. This is particularly challenging for *C and "N NMR DFTlaslpprommatlons that affect the accuracy of calculated °C
spectra of moderate to large molecular systems, because and N magnetic shielding tensors in comparison to their
chemically and magnetically distinct nuclei in similar environ- experimentally measured counterparts. These considerations are
ments often give rise to peaks with similar or identical chemical of vital importance for making peak assignments for solids with
shift values. In such cases, one-dimensional NMR techniques known crystal structures, or to validate proposed structures
that rely solely upon the measurement of isotropic chemical using an NMR crystallography approach.

shifts can lead to incorrect peak assignments, even when Because of the relationship between computed NMR
conducted with a variety of double-resonance conditions aimed parameters and molecular-level structure, refinement of crystal
at site differentiation." Multidimensional NMR techniques can structures determined from diffraction methods is a prerequisite
often resolve these ambiguities; however, measurements of the for accurate calculations of NMR parameters.”* >’ In particular,
principal components of the chemical shift tensors provide a the positions of hydrogen atoms are generally determined

robust alternative for making assignments and also offer a data
set rich in information on electronic structure and local
symmetries that can be used for structural interpretation and
enhanced NMR crystallographic modeling.”~"’

Computational modeling of anisotropic NMR interactions
(i, magnetic shielding, scalar coupling, and electric-field
gradient (EFG) tensors) using density functional theory
(DFT) provides a method of relating NMR parameters to
electronic structure."' "> For the calculation of *C and N
magnetic shielding tensors in crystals, one can employ either

inaccurately from X-ray diffraction (XRD) techniques and must
be refined before SSNMR parameters can be calculated for these
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structures.””**">> Recently, it has been shown that semi-

empirical force-field corrections that account for the effects of
dispersion®®~*° in plane-wave DFT calculations are essential for
refining crystal structures to the degree necessary for the
accurate prediction of certain NMR parameters, including EFG
tensors.”**”*® Computationally derived SSNMR parameters
can be used to design new force fields to assist in the enhanced
refinement of crystal structures and to obtain increasingly
accurate theoretical EFG and magnetic shielding tensor
parameters that are otherwise unavailable from methods that
do not incorporate these techniques.

Calculations of *C and '*N magnetic shielding tensors using
GGA functionals (as is typical for calculations employing the
periodic GIPAW formalism) often result in inferior agreement
with experiment compared to calculations using hybrid
functionals.'®™*° Because the introduction of an admixture of
Hartree—Fock exchange (HFX) results in computations that are
generally too protracted to implement within the plane-wave
formalism, cluster- or fragment-based modeling of the extended
lattice is often necessary to account for long-range contributions
to the shielding tensors.’” Thus, the combination of plane-wave
DFT calculations for structural refinement and cluster-based
models for implementing an admixture of HFX could improve
substantially the prediction of magnetic shielding tensors in
organic crystals.

This study focuses on the active pharmaceutical ingredient
(API) cimetidine (Scheme 1), a histamine H,-receptor

Scheme 1. Molecular Structure and Atomic Labeling Scheme
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“Certain hydrogen atoms have been omitted for clarity.

antagonist that was one of the first APIs developed by rational
drug design®® and which has been the subject of many SSNMR
studies.”””~*” Cimetidine crystallizes in many forms, including
four anhydrous polymorphs (A—D), a monohydrate, and several
hydrochloride salts; of these, Form A (P2,/c, Z' =1,Z=4) is
commonly present in dosage forms of the drug.** Most of the
known forms of cimetidine have been characterized by '"H—"*C
CP/MAS NMR, which is useful for rapid fingerprinting and
phase identification (including the detection of impurity
phases).””™*" The crystal structures of several forms of
cimetidine have been solved using NMR crystallographic
techniques. Middleton and co-workers redetermined the crystal
structure of cimetidine Form A using powder XRD (PXRD) and
conformational constraints introduced by '"N—"C and
13C~13C REDOR spectroscopy.””~** 'H-'*C CP/MAS NMR
data and DFT calculations played a key role in determining the
crystal structure of cimetidine HCI from analysis of PXRD
data.*” Nishiyama and co-workers used a combination of
electron diffraction, DFT calculations, and multinuclear
SSNMR to determine the structure of cimetidine Form B.*
Kalakewich et al. measured the N chemical shift tensors for
cimetidine Form A and demonstrated that these values can be
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used to refine the atomic positions within the crystal structure
beyond the capability of XRD.”

Herein, we use experimental *C chemical shift anisotropy
(CSA) measurements and calculations of carbon magnetic
shielding tensors using DFT methods to provide the ten peak
assignments in the *C SSNMR spectrum of cimetidine Form A.
The *C SSNMR spectrum of cimetidine Form A suffers from
the common pitfalls associated with spectral peak assignments,
including overlapping isotropic peaks and substantial differences
between the isotropic chemical shifts of the API in the solid state
and aqueous solution. Several considerations for performing
DFT calculations on organic solids are evaluated, including (i)
geometry optimization of structures determined initially from
single-crystal XRD (SCXRD) as a prerequisite for accurate
prediction of magnetic shielding tensors and (ii) the use of
computationally expensive hybrid DFT approaches to achieve
superior agreement with experimental values of '*C and "*N
chemical shift tensors (the former are reported herein, the latter
are from work by Kalakewich et al.”). The insights afforded
through the calculations on cimetidine (both *C and "N
magnetic shielding tensors) are supported by additional
calculations on a training set of organic crystals.

B EXPERIMENTAL AND COMPUTATIONAL DETAILS

Sample Preparation. Commercial samples of cimetidine
were purchased from Sigma-Aldrich. Form A of cimetidine was
obtained by slow evaporation from acetonitrile.** The identity
of the sample as Form A was confirmed via comparison with the
13C SSNMR spectrum provided by Middleton et al.*”

Solid-State NMR Spectroscopy. SSNMR experiments
were conducted in two separate laboratories using different
spectrometers and hardware. Spectra acquired at the University
of Utah (Salt Lake City, Utah) used a Chemagnetics CMX
console, a 14.1 T wide bore Oxford magnet [v,('H) = 600.18,
1o(C) = 150.93 MHz], and a § mm Varian T3 HX probe.
Spectra acquired at Washington and Jefferson College
(Washington, Pennsylvania) used a Varian INOVA console, a
9.4 T wide bore Oxford magnet [1,("H) = 399.81, 1,(**C) =
100.54 MHz], and a 4 mm Varian T3 HX probe. All samples
were packed into pencil-style zirconia rotors. The *C chemical
shift values in all spectra were referenced externally to the methyl
resonance in 3-methylglutaric acid at 18.84 ppm relative to TMS
at d;,, = 0.00 ppm.

Routine experiments performed at 9.4 T include a "*C-
detected '"H T, measurement, dipolar dephasing "*C spectra,
and a one-dimensional high-resolution "*C spectrum. These
measurements made use of 'H—"C CP/MAS, including a 3.0
ms Hartman—Hahn match at a 66 kHz 1f field with a tangent
ramp, and a sample spinning rate of v,,, = 10.0 kHz. In each
measurement, 125 kHz 'H decoupling was applied with the
TPPM scheme™ using a 4.0 us 'H 7 pulse and a 9° phase
modulation. The recycle delay of 23 s was set on the basis of the
"H T, of cimetidine form A determined by a '*C-detected 'H
inversion-recovery experiment. For the 'H dipolar-dephasing
experiments, the dephasing delay was arrayed from 0 to 120 ms
and each dephased spectrum was signal averaged for 1.5 h.

The high-resolution and five-7 replicated magic angle turning
(FIREMAT)>' 13C NMR spectra were acquired at 14.1 T under
"H-"3C CP/MAS conditions at sample spinning rates of v,,, =
10.5 and 1.777 kHz, respectively. The CP conditions include a
Hartman—Hahn match at 71 kHz and a 7.5 ms contact time.
The "*C FIREMAT 7 pulse width was 6.5 ys. The spectra were

https://dx.doi.org/10.1021/acs.jpca.0c00421
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Scheme 2. Two Example Clusters, Pyrrole (Left) and Sulfamic Acid (Right), Including an Illustration of the Partitioning of the
Basis Set between TZ2P (Ball-and-Stick Representation) and DZ Regions (Wireframe Representation)

Table 1. Experimental and Calculated Principal Components of the '*C Chemical Shift Tensors of Cimetidine Form A“"

carbon no. 8iso (Ppm) Q (ppm) K
1 exp 134.8 146.5 0.04
calc 133.6 142.5 0.11
2 exp 135.8 139.6 0.15
calc 138.4 139.4 0.21
3 exp 1207 141.0 0.09
calc 118.1 132.6 0.06
4 exp 10.5 19.0 —0.25
calc 12.7 23.1 —0.10
S exp 23.2 24.7 —0.30
calc 27.1 27.7 —0.35
6 exp 28.4 36.5 0.06
calc 31.5 39.1 0.12
7 exp 40.8 58.3 -0.17
calc 39.8 61.2 —0.09
8 exp 161.1 138.3 0.62
calc 156.7 124.1 0.77
9 exp 27.9 43.3 —0.17
calc 279 47.6 —0.10
10 exp 119.2 302.4 0.62
calc 120.3 306.5 0.77

611 (ppm) 5, (ppm) J33 (ppm) carbon type*
207.0 136.9 60.5 CH
202.2 138.8 59.7
202.1 142.8 62.5 quat
203.2 148.2 63.9
189.0 124.9 48.0 quat
183.1 120.6 50.5

20.8 8.9 1.8 CH;
24.6 12.0 1.5
36.8 20.7 12.1 CH,
42.6 239 14.8
46.0 28.9 9.5 CH,
50.2 33.1 11.1
71.6 37.6 13.3 CH,
71.3 379 10.2
2159 189.8 77.6 quat
202.9 188.4 78.8
47.2 324 3.9 CH,
48.1 35.1 0.5
2253 209.3 —77.1 quat
224.7 218.1 —81.8

“Calculations were performed on a structure refined at the RPBE-D2* level. The magnetic shielding tensors were calculated at the PBE0/TZ2P
level. ®The principal components of the chemical shift tensors are ranked using the frequency-ordered convention such that ;; > ,, > J33. The
isotropic chemical shift, span, and skew are given by &, = (8;; + 6, + 833)/3, Q = 8, — 833, and k = 3(5,, — 8,,)/Q, respectively. The average
error in the individual experimental principal components is estimated to be +0.7 ppm. “The carbon type was established using dipolar dephasing

experiments. See Figure S1 for details.

acquired with 55 kHz 'H TPPM decoupling using a 9.1 ms 7
pulse and a phase modulation of 14° between consecutive
pulses. For FIREMAT experiments, spectral widths of 26.5 and
50.5 kHz were used in the evolution and acquisition dimensions,
respectively. A total of 14 evolution increments of 672 scans
each were collected using a 14 s recycle delay for a total
experiment time of 4.4 days. The FIREMAT data processing
followed the TIGER approach.>

Geometry Optimizations. All geometry optimizations
were performed within the CASTEP module of Biovia Materials
Studio 2018.>” Calculations were conducted on model systems
based on previously determined SCXRD structures (Table S,
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Supporting Information). The calculations employed the RPBE
functional,”* a plane-wave cutoff energy of 570 eV, and ZORA
scalar pseudopotentials generated on the fly.”**° Integrals over
the Brillouin zone were sampled using a Monkhorst—Pack grid
with a k-point spacing of 0.07 A™".*” The Quasi-Newton energy-
minimizing approach of Broyden, Fletcher, Goldfarb, and
Shanno was used to refine the crystal structures.”® Structural
convergence was assessed using a maximum change in energy of
5 X 107 eV atom™, a maximum displacement of § X 107* A
atom ™}, and a maximum Cartesian force of 1072 eV A™!. Fixed
unit cell parameters were used in all calculations. Where
indicated, dispersion was included in the geometry optimiza-

https://dx.doi.org/10.1021/acs.jpca.0c00421
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tions through the two-body force-field method of Grimme
(D2)*>°? or through a modification of that method
(DZ*).28’29’36

Calculations of Magnetic Shielding Tensors. Calcu-
lations of "*C and N magnetic shielding tensors were
performed using both periodic and cluster-based approaches.’’”
Periodic calculations employed the GIPAW approach as
implemented in CASTEP'>’ and used the RPBE functional
with a plane-wave cutoft energy of 570 eV. Cluster-based
calculations employed the Amsterdam Density Functional
(ADF 2017) software suite and used the GIAO formalism as
implemented in ADF." Clusters of molecules were constructed
to represent the extended structures of the solids using the
procedures described in previous work.'”'”*° These calcu-
lations employed the PBEO functional®®® and relativistic
treatment of the electronic structure at the ZORA scalar
level.”® A basis set partitioning scheme was used, in which the
atoms of the central molecule were assigned the TZ2P basis set
and all atoms in peripheral molecules were assigned the smaller
DZ basis set (Scheme 2).

Statistical Assessment of Data. For each model
chemistry, the relationship between calculated principal
components of the magnetic shielding tensors (6) and
experimental principal components of chemical shift tensors
(67°®) was determined by calculations on a training set of
organic crystals (see the Supporting Information for details).
Least-squares regression parameters providing the relationship
between calculation and experiment were obtained from the
expression

v,calc
ii

= A5 + B (1
where the index v denotes the carbon or nitrogen site (v=1,2, ...,
N), the index i denotes the principal component of the shielding
tensor (i = 1,2, 3), A represents the slope of the correlation line,
and B represents the interpolated shielding of the reference
system (TMS for *C shifts and nitromethane for "N shifts,
both at §;, = 0.0 ppm for the respective isotopes). Calculated
chemical shifts (57°'°) are obtained from the following
expression:

6;,calc — (B _ O_iy,calc)/lAl

1

)

The chemical shift distance for atom v, d,, is used to compare a
calculated and experimental chemical shift tensor with a scalar
value (in ppm), given two sets of principal components (see
Table 1 for definitions):**

1
dv — (E[3(611/1,calc _ élvl,exp)z + 3(521/2,calc _ 6zvz,exp)2

+3( 5;3,&11(: ) A 51Vl,calc — 6°)( 5zvz,ca1c — 55
+ 2 511/l,calc — 6°)( 53v3,calc — syew
+ 2(6zvz,calc _ 521)2,exp)(5;?;calc _ (S;;P)])l/z
©)

A root-mean-square (RMS) chemical shift distance for an
ensemble of N chemical shift tensors (Agy) is determined by
the following expression:

) N 1/2
Apns = | — Y d.2
RMS [NE v]

(4)
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B RESULTS AND DISCUSSION

Overview. We report the principal components of the *C
chemical shift tensors of the API cimetidine Form A derived
from FIREMAT experiments.”"®® The assignments of the '*C
peaks to individual atomic sites is accomplished via DFT
calculations of *C magnetic shielding tensors. We also reassign
the '*N peaks of cimetidine using chemical shift tensors reported
in a previous study,” using DFT calculations of '*N magnetic
shielding tensors.

We discuss several considerations for using DFT calculations
to aid in chemical shift assignments through calculations of '*C
and "N magnetic shielding tensors for cimetidine and a large
training set of organic crystals. First, we evaluate the importance
of structural refinement via energy minimization as a
prerequisite for accurate calculations of *C and '*N magnetic
shielding tensors. Second, we assess the effect of costlier hybrid
DFT methods for the prediction of *C and "N magnetic
shielding tensors, with an emphasis on the discrepancies
associated with the prediction of '*C magnetic shielding tensors
of carbon atoms bound to nitrogen. The assignments of the 1*C
and "°N peaks of cimetidine Form A are accomplished using the
combination of these methods that leads to the best agreement
between experiment and theory, which includes geometry
optimization at the RPBE-D2* level and calculation of the
magnetic shielding tensors at the PBEOQ level (vide infra).
Complete lists of all calculated values are found in Tables S2 and
S3.

Assignment of the *C Chemical Shifts of Cimetidine.
The polymorphs of cimetidine display large variations in the
carbon chemical shifts due to differences among the crystal
structures; these largely arise due to variations in the inter- and
intramolecular hydrogen-bonding networks in each solid form
and the number of crystallographically distinct molecules in the
asymmetric units.”” The 14.1 T high-resolution *C SSNMR
spectrum of cimetidine Form A features resolved peaks for many
of the ten *C resonances (Figure 1); exceptions include the two

Ce

Co

o

20 0

160 140 120 100 80

3(13C), ppm

Figure 1. High-resolution "H—"3C CP/MAS spectrum of cimetidine
Form A acquired at 14.1 T with v, = 10.5 kHz. Spinning sidebands are
marked by asterisks.

60 40

overlapping peaks at ca. 28 ppm and the peaks at 119.2 and 134.8
ppm that are broadened by '*C—"*N residual dipolar
coupling.”*"** Dipolar-dephased spectra (9.4 T) differentiate
the CH, group of position C4 from the methyl Cy and the
protonated C, position from the quaternary C, (Figure S1).
Three pairs of carbon atoms (C;/C;o, C;/C,, and C4/Cy)
have isotropic shifts that differ by only 1.5, 1.0, and 0.5 ppm,

https://dx.doi.org/10.1021/acs.jpca.0c00421
J. Phys. Chem. A 2020, 124, 3109-3119
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respectively. Because the accuracy of DFT calculations of
isotropic '*C chemical shifts is currently around +2
ppm,'°77*1% assignments using calculations of these values
alone cannot be relied upon. Even the most accurate
computational protocol considered herein (as judged through
calculations of *C and N magnetic shielding tensors of the
training set) is unable to predict the correct assignments of the
isotropic chemical shifts of the C;/Cy, pair (Table 1). In
addition, this assignment error is not detected by dipolar
dephasing experiments because both carbon atoms are identified
as quaternary.

The principal components of the *C chemical shift tensors
for the ten carbon sites were determined by analysis of the
spinning sidebands in the FIREMAT spectrum (Figure 2). The

I Cy, 8iso = 10.5 ppm

——

X

l Cs, 8iso = 23.2 ppm

I Cy, 8iso = 27.9 ppm
1,

I Cs, 8iso = 28.4 ppm
1,

I“ C;, 8o =40.8 ppm
|||| l Cio, 8iso = 119.2 ppm

Al ==z

jé s,

\ .|l“”|llll.
=l ,

300

Cy, 8o = 134.8 ppm

C,, 8o = 135.8 ppm

Cg, 8o = 161.1 ppm

100 0 -100

3('3C), ppm

200

Figure 2. *C FIREMAT spectrum of cimetidine Form A acquired at
14.1T.

FIREMAT spectrum was acquired at 14.1 T to help suppress the
BC—"N residual dipolar coupling (see Figure S2, which
compares 'H—">C CP/MAS spectra obtained at 9.4 and 14.1

T). Previous work has compared the principal components of
BC chemical shift tensors obtained by FIREMAT with those
obtained from single-crystal studies; this analysis concluded that
the errors in individual principal components obtained from
FIREMAT data are +0.7 ppm.”® The measurement of the *C
chemical shift tensor components, along with DFT calculations
of the same values, enabled the assignment of all peaks to the
appropriate carbon sites with a high degree of statistical
confidence, resulting in a Agys(**C) of 3.3 ppm (vide infra).
The six '*N peaks of cimetidine Form A were also assigned
unambiguously using DFT calculations of the N chemical shift
tensors, resulting in a Apyg('*N) of 5.7 ppm (Table 2).

Measurement of the principal components of the '*C
chemical shift tensors allowed C; and C,, to be assigned readily,
even though these sites could not be assigned unambiguously
from the isotropic peaks and dipolar-dephased spectra (cf.
Figure 2 and Figure S1). Interestingly, the two most similar '*C
chemical shift tensors correspond to the nitrogen-bonded
methyl carbon C, and the methylene carbon Cg; the
corresponding principal components differ by Ad;; = 1.2 ppm,
Ady, = 3.5 ppm, and Ad;; = 5.6 ppm. The tensors corresponding
to imidazole ring carbons C; and C, are also similar, with the
individual values differing by Ad;, = 4.9 ppm, Ad,, = 5.9 ppm,
and A8y = 2.0 ppm. The assignment (Table 1) is consistent
with the dipolar-dephased spectra, which differentiate the
methylene C4 from the methyl Cy and the protonated C, from
the quaternary C,.

Because of the high certainty with which the chemical shifts in
cimetidine Form A can be assigned, we use calculations on this
solid to assess factors affecting the accuracies of calculations of
magnetic shielding tensors. These observations are strengthened
by calculations on a training set of organic solids in which the
peak assignments are not in question, due to (i) the small
number of unique carbon or nitrogen atoms in the crystal
structures and/or (ii) the availability of single-crystal NMR data.

Geometry Optimizations. Calculations of *C and N
magnetic shielding tensors display a dependence on the type of
structural data used in the calculation (eg, XRD-derived
structures vs. structures refined with plane-wave DFT
calculations).”” We have considered several geometry opti-
mization protocols to refine the crystal structures of cimetidine
and the structures of the training set (Figure 3, Table 3). Four
types of structural data are evaluated, including (i) structures

Table 2. Experimental and Calculated Principal Components of the >N Chemical Shift Tensors of Cimetidine Form A™”

nitrogen no. 5o (Ppm) Q (ppm)
1 exp —-209.9 161.7
calc —-212.2 185.5
2 exp —127.4 3774
calc 125.2 390.5
3 exp —283.9 95.8
calc —279.7 106.5
4 exp —-297.1 124.4
calc —300.6 102.0
S exp —294.7 83.3
calc —290.6 83.2
6 exp —190.5 308.2
calc —184.5 310.0

K 61, (ppm) 85, (ppm) 833 (ppm)
0.11 —132.0 —204.0 —293.7
0.01 -119.7 -211.6 —305.2
0.50 30.1 —65.1 —347.3
0.49 38.4 —61.8 —352.2
—1.00 —220.0 —-315.8 —315.8
—0.90 -210.5 —-311.7 —317.0
—0.60 —222.5 —321.9 —346.9
—0.84 —235.4 —329.1 —337.4
—0.15 —250.9 —298.9 —334.2
—0.18 —246.5 —295.6 —329.6

0.62 —68.0 —-127.3 —-376.2

0.57 —58.9 —125.6 —368.9

“Experimental values are taken from ref 7. These values were originally referenced to neat ammonia, which is at —380.2 ppm relative to
nitromethane. Calculated values were obtained from calculation on a structure refined at the RPBE-D2* level. The magnetic shielding tensors were
calculated at the PBEO/TZ2P level. bSee Table 1 for definitions of chemical shift tensor parameters.

3113

https://dx.doi.org/10.1021/acs.jpca.0c00421
J. Phys. Chem. A 2020, 124, 3109-3119


https://pubs.acs.org/doi/10.1021/acs.jpca.0c00421?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.0c00421?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.0c00421?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.0c00421?fig=fig2&ref=pdf
pubs.acs.org/JPCA?ref=pdf
https://dx.doi.org/10.1021/acs.jpca.0c00421?ref=pdf

The Journal of Physical Chemistry A pubs.acs.org/JPCA
__ 300 350
= e,
E 250 E 20} ‘% d)
Q. o
200 -~ 150 ¥
2 g
- —— -+ °
5 150 5 50 %\?
2 100 2 50+
» 50 » 150 ¥ Rg’%
4 z 8.
° 0 ? 250 +
2 50 2 350 ¢ S
o )
-100 + + + + + + + © -450 + t + + + +
4100 50 0 50 100 150 200 250 450 -350 -250 -150 -50 50 150 250
Exp. 13C Shift (ppm) Exp. N Shift (ppm)
300 __ 350
£ e, £ =,
250 3 . 250 }
g b) | 2 : e)
o 200 % o 10T
= i £ 1
5 150 5 % %,
2 100 ¥ 2 50 %
@ Z “Rag
50 1 150 +
g o1 . 2 250 $
] o .
= 50 + o = -350 +
© © .
S ‘e S o
-100 + + + + + + - -450 + + + + + +
4100 -50 0 50 100 150 200 250 450 -350 -250 -150 -50 50 150 250
Exp. 13C Shift (ppm) Exp. >N Shift (ppm)
__ 300 350
£ £ <
s 250 5 250 ‘\ f)
=~ 200 t+ - 150 ¥
g 2
5 190§ 5 0%
Q 1 Q ]
;% 100 ‘% 50 %m
50 1 150
8 z N
2 0% 2 250 1
s S
® 907 = -350 1 “a
o (3}
-100 + + + + + + + -450 + + + + + +
4100 50 0 50 100 150 200 250 -450 -350 -250 -150 -50 50 150 250

Exp. 13C Shift (ppm)

Exp. *N Shift (ppm)

Figure 3. Comparison between calculated principal components of magnetic shielding tensors and experimental principal components of chemical
shift tensors. Values are illustrated for '*C sites in panels a—c and for "N sites in panels d—f. Calculations were performed on structures obtained from
X-ray diffraction methods (a, d) or on structures refined at the RPBE D2* level (b, c, e, f). Magnetic shielding tensors were calculated at either the
RPBE level (a, b, d, e) or the PBEO level (c, f). Points shown in blue and orange correspond to the training set and cimetidine, respectively. Plots of *C
shielding tensors display 339 points, whereas plots of '*N shielding tensors display 132 points.

obtained from SCXRD and refined structures obtained by plane-
wave DFT energy-minimizations at the (ii) RPBE, (iii) RPBE-
D2, and (iv) RPBE-D2* levels.

The DFT-D2* model uses a reparametrization of the D2 force
field that is optimized to improve calculations of NMR
parameters in organic solids.”**”*° Although other classes of
dispersion corrections are available,””*> we have demonstrated
that two-body models such as D2 can be optimized readily using
input from experimental determinations of nuclear EFG tensors.
Previously, this was accomplished by modulating the value of the
damping parameter (d) in the D2 force field in a series of DFT
geometry optimizations and gauging the validity of the resulting
structures through comparison of calculated and experimental
EFG tensor parameters. Here, we follow a similar approach, in
which calculations of *C and '*N magnetic shielding tensors of
the training set crystals were performed following a series of
geometry optimizations in which the value of the damping
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parameter was varied (Figure S3 and Table S4). The prediction
of '*N magnetic shielding parameters is improved by setting the
value of the damping parameter to low values, with Agys(**N)
decreasing continuously over the range 3.0 < d < 10.0 (the
lowest value was obtained when d = 3.0). In contrast, Agy(*>C)
is unaffected by the choice of the damping parameter when d >
5.0; below this value, Apys(**C) increases. This difference in
behavior between carbon and nitrogen magnetic shielding
tensors likely reflects the fact that nitrogen atoms commonly
participate in intermolecular noncovalent interactions, which
results in magnetic shielding tensors that are more strongly
influenced by long-range interactions. On the basis of the
comparison of the *C and "*N calculations, the value of the
damping parameter was set to d = 5.0 in all subsequent RPBE-
D2* energy minimizations, since calculations performed with
this value of d work well for prediction of both quantities.
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Table 3. Statistical Data Associated with the Predictions of '*C and '*N Magnetic Shielding Tensors for Cimetidine and the

Training Set

training set cimetidine
atom geometry” shieldingl’ N°¢ Oref (ppm)d slope Apys (ppm)© Apys (ppm)
carbon XRD RPBE 96 192.1 —1.111 6.8 7.5
RPBE RPBE 103 174.5 —1.032 3.2 5.0
RPBE-D2 RPBE 103 173.8 —1.030 3.2 S.1
RPBE-D2* RPBE 103 179.3 —1.043 3.2 4.8
RPBE-D2* PBEO 103 193.4 —-1.074 2.3 33
nitrogen XRD RPBE 33 —163.6 —1.112 10.9 10.3
RPBE RPBE 38 —163.8 —1.042 7.8 6.9
RPBE-D2 RPBE 38 —164.3 —1.042 7.9 6.6
RPBE-D2* RPBE 38 —159.2 —1.049 7.5 5.8
RPBE-D2* PBEO 38 —157.6 —-1.075 7.1 5.7

“Refers to the type of structural data used in the calculations, i.e., structures determined from X-ray diffraction or one of several plane-wave DFT
methods. “Refers to the functional used in the calculations of the magnetic shielding tensors. Calculations were performed either using CASTEP
(GIPAW) with the RPBE functional or using ADF (GIAO) with the PBEO functional. °N refers to the number of shielding tensors in the training
set; this value is lower for the XRD-derived structures because the positions of the hydrogen atoms were not always reported. 96, refers to the
shielding of the reference compound (i.e, TMS and nitromethane for the *C and "N training sets, respectively). Ay refers to the root-mean-

square chemical shift distance (see eqs 3 and 4 for definitions).

The effects of structural refinement are evident in the
calculations of *C and "N magnetic shielding tensors in
cimetidine and the training set (Table 3). For the training set of
103 B3C shielding tensors, calculations on structures derived
from SCXRD measurements yields a Apys(**C) of 6.8 ppm.
When these structures are refined using DFT calculations,
Apys(PC) falls to 3.2 ppm, independent of the energy-
minimization protocol. Similarly, calculations using the
SCXRD structure of cimetidine leads to a Agyg("*C) of 7.5
ppm, whereas this value for the refined structures ranges
between 4.8 and 5.1 ppm. The results for cimetidine with the
lowest Agys(**C) of 4.8 ppm are obtained for structures refined
at the RPBE-D2* level. For the training set of 38 "N magnetic
shielding tensors, calculations involving the experimental
SCXRD structures result in a Agys(**N) of 10.9 ppm, whereas
those values for the refined structures range between 7.5 and 7.8
ppm. Cimetidine follows this trend, with the calculations using
the SCXRD structure resulting in an Agyg(**N) of 10.3 ppm,
and those on refined structures having values of Apys("°N)
between 5.8 and 6.9 ppm. For both the training set and
cimetidine, the best agreement with experimental >N chemical
shift tensors is obtained from structures refined at the RPBE-
D2* level.

Structural refinement has a direct impact on the assignment of
the '*C peaks for cimetidine. Calculations of '*C magnetic
shielding tensors for structures obtained using any of the three
geometry optimization protocols result in the same assignment
of the 3C peaks, with values for Apyg(**C) below 5.1 ppm in all
cases. '*C magnetic shielding tensor parameters obtained from
calculations on the SCXRD-derived structure do not allow for
the correct assignment of peaks, due to the high Apyg(**C)
associated with any possible assignment; even the correct peak
assignments yield a higher Agys(**C) of 7.5 ppm. The
importance of accurate positioning of hydrogen atoms is
particularly evident from calculations of the shielding tensors
of the C, and Cy methyl carbons. For structures derived from
SCXRD, these sites feature values of d, of 10.2 and 14.0 ppm,
respectively; however, refinement at the RPBE-D2* level
reduces these values to only 1.2 and 2.3 ppm, respectively
(Table S2). Improvement is also seen in the calculation of

nonprotonated imidazole carbon C,, for which d, reduces from
9.0 to 3.0 ppm following refinement.

Evaluation of DFT Functionals. In addition to their
dependences on molecular-level structure, DFT calculations of
3C and "*N magnetic shielding tensors depend on the choice of
exchange—correlation functional (Figure 3, Table 3, Tables S5
and S6). Because several of the *C magnetic shielding tensors in
cimetidine proved difficult to predict using the GGA RPBE
functional (Agys(**C) = 4.8 ppm), it is plausible that
calculations of the "*C magnetic shielding tensors could be
improved by more advanced DFT techniques, i.e., a hybrid DFT
method. The superior agreement with experiment that is often
afforded by hybrid DFT functionals is sometimes rationalized by
the ability of these methods to provide better descriptions of
interactions between occupied and virtual orbitals, which greatly
impact paramagnetic contributions to the individual principal
components of shielding tensors.”"”*

To investigate this, the '*C and '*N shielding values for the
RPBE-D2* structures (cimetidine and training set) were
calculated with the hybrid PBEO functional (which introduces
a 25% admixture of HFX), a Slater-type basis set, and cluster-
based models of the extended lattice structure. There are
differences between the results obtained with the RPBE and
PBEO functionals, as indicated by the variation in the slopes of
the linear regression lines (A), the interpolated values for the
shielding of the reference compounds (B), and the values of
Arps(BPC) or Apys(N). The use of the hybrid functional
PBEO leads to more shielded values of B, as well as values of A
with magnitudes that deviate more from unity. For the training
set of "N shielding tensors, Apys(*°*N) is reduced marginally
from 7.5 ppm (RPBE) to 7.1 ppm (PBEO). The choice of
functional seems to have little effect on the accuracy of the
predictions of BN magnetic shielding tensors in cimetidine; a
value for Apyg(**N) of 5.8 ppm is obtained from the RPBE
functional, and 5.7 ppm for the PBEO functional. For the training
set of 1*C shielding tensors, Agys("*C) is reduced from 3.2 ppm
(RPBE) to 2.3 ppm (PBEO). For cimetidine, Agys("*C) is
reduced from 4.8 ppm (RPBE) to 3.3 ppm (PBEO). This
improvement (Table S2) is due largely to the calculation of the
shielding tensor of Cg, a guanidine-type carbon; here, d, is
reduced from 11.6 ppm (RPBE) to 5.9 ppm (PBEO). Substantial
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reductions in d, are also observed for the protonated imidazole
carbon C; (5.2 ppm to 2.3 ppm) and the nitrile carbon C,, (5.4
ppm to 3.7 ppm).

Although the benefits afforded by hybrid functionals extend to
the prediction of the shielding tensors of all types of carbon
atoms, the largest effects are seen for those that are bound to
nitrogen atoms (Table 4). For the training set, calculations at the

Table 4. Chemical Shift Distances for Carbon Sites Either
Bonded or Not Bonded to a Nitrogen atom

Apys (ppm)
geometry® shieldingb bonded to nitrogen  not bonded to nitrogen
XRD RPBE 6.6 6.9
RPBE RPBE 4.8 3.0
RPBE-D2 RPBE 4.9 3.0
RPBE-D2* RPBE 4.6 2.9
RPBE-D2* PBEO 3.2 2.2

“Refers to the type of structural data used in the calculations, ie.,
structures determined from X-ray diffraction or one of several plane-
wave DFT methods. “Refers to the functional used in the calculations
of the magnetic shielding tensors. Calculations were performed either
using CASTEP (GIPAW) with the RPBE functional or using ADF
(GIAO) with the PBEO functional.

RPBE level result in Apyg(**C) of 4.6 ppm for carbon atoms
bound to nitrogen, and only 2.9 ppm for all other carbon atoms.
Calculations at the PBEO level result in Agy5(**C) of 3.2 ppm
for carbon atoms bound to nitrogen and 2.2 ppm for all other
carbon atoms. Thus, the differences in Agy("*C) among these
subpopulations of carbon species are reduced when a hybrid
functional is employed for the calculation of the magnetic
shielding tensors. Calculations employing hybrid functionals
also remove systematic discrepancies between magnetic
shielding tensors of carbon atoms featuring different hybrid-
ization states (ie., sp, sp’ and sp’ carbons).'” In particular,
calculations performed using hybrid functionals result in higher
shielding constants for sp3—hybridized carbons, relative to the
results obtained using a comparable GGA functional (e.g., PBEO
versus PBE), whereas the use of hybrid functionals leads to
nuclear shielding or deshielding of sp- and sp*hybridized
carbons, depending on the particular chemical environment and
the principal component (ie, o), and 6,, are not affected
systematically, whereas 63, is shielded in a similar manner to sp*-
hybridized carbons).'” It is possible that the larger values of
Apys(C) associated with carbon atoms bound to nitrogen
reflect the differences in the bonding arrangements and local
symmetry environments of these sites. Additionally, most of the
carbon atoms in cimetidine are bound to one or more nitrogen
atom. Because of this, the values of Apys(*C) observed for
cimetidine are higher than those for the training set,
independent of the type of structural data or DFT functional
used in the calculations. However, use of the hybrid functional,
PBEQ, brings calculated shielding tensors into closer agreement
with experiment. The improved correlation results largely from
the calculations of the shielding tensors of C,, Cg, and Cy, (C,
and C,, are bound to two nitrogen atoms, whereas Cg is bound
to three nitrogen atoms; additionally, C, and Cg are both spz-
hybridized whereas C,, is sp-hybridized).

B CONCLUSIONS

The principal components of the '*C chemical shift tensors of
cimetidine Form A were measured by the FIREMAT experi-
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ment and modeled with DFT calculations to provide an
unambiguous assignment of the carbon spectrum. Peak
assignments based solely on calculations of isotropic shifts
lead to erroneous results that are not detected by measuring
dipolar-dephased spectra. However, measurements of the
chemical shift tensors allow the peaks to be assigned while
also providing a data set rich in electronic structural information
that is indispensable to NMR crystallographic investigations.

The effects of various types of structural refinement using
plane-wave DFT were explored. In particular, a semiempirical
force field was reparameterized to refine the structures of organic
crystals, leading to enhanced predictions of 'N magnetic
shielding tensors for nitrogen atoms in many types of chemical
environments, and sometimes to small improvement in the
prediction of '*C magnetic shielding tensors.

The use of hybrid functionals leads to improvement in the
calculation of ">C and "*N magnetic shielding tensors. Accurate
prediction of the principal components of *C and '*N chemical
shift tensors in organic molecules is challenging. In the literature,
it is not uncommon to find large discrepancies between
experimental data when calculations are limited to GGA-type
functionals. At the GGA level, the *C Agy(**C) of cimetidine
is significantly larger than that of the training set of organic solids
(4.8 ppm compared to 3.2 ppm). Moreover, calculations of the
BC magnetic shielding tensors of carbon atoms bound to
nitrogen have larger Apys(**C) values than for those of carbons
atoms bound to other types of atoms. This difficulty is partially
alleviated using hybrid functionals.
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