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Krishna Kishor Dey, Lekhan Lodhi, and Manasi Ghosh*

I: I Read Online

Article Recommendations ‘

Cite This: ACS Omega 2021, 6, 22752-22764

ACCESS | [l Metrics & More | @ Supporting Information

Coexistence of two different

g 12 kinds of motional dynamics
i D eI g w‘{
g_* ¢ 3 A > P
48 ° Hel@r s ) am) £ . 4
EEa ] -2 TS
:‘gﬁ 80 F e I I d o
W 120
200 160 120 80 40 0 é =1 [ ! l I
Isotropic Chemical Shift (ppm) E . x
:

13¢ 2D PASS CP-MAS NMR spectrum
of atorvastatin calcium

Ci2b C5a C19aC2la,Coa, CAbC32a Cloa
C21b Cab

ABSTRACT: Significant changes in the spin-lattice time and chemical shift anisotropy (CSA) parameters are observed in two
independent molecules of an asymmetric unit of atorvastatin calcium (ATC-I) (which is referred to as “a”- and “b”-type molecules
by following Wang et al.). The longitudinal magnetization decay curve is fitted by two exponentials—one with longer relaxation time
and another with shorter relaxation time for most of the carbon nuclei sites. The local correlation time also varies significantly. This
is the experimental evidence of the coexistence of two different kinds of motional degrees of freedom within ATC-I molecule. The
solubility and bioavailability of the drug molecule are enhanced due to the existence of two different kinds of dynamics. Hence, the
macroscopic properties like solubility and bioavailability of a drug molecule are highly correlated with its microscopic properties. The
motional degrees of freedom of “a”- and “b”-type molecules are also varied remarkably at certain carbon nuclei sites. This is the first
time the change in the molecular dynamics of two independent molecules of an asymmetric unit of atorvastatin calcium is quantified
using solid-state NMR methodology. These types of studies, in which the chemical shift anisotropy (CSA) parameters and spin-
lattice relaxation time provide information about the change in electronic distribution and the spin dynamics at the various
crystallographic location of the drug molecule, will enrich the field “NMR crystallography”. It will also help us to understand the
electronic distribution around a nucleus and the nuclear spin dynamics at various parts of the molecule, which is essential to develop
the strategies for the administration of the drug.

1. INTRODUCTION

Atorvastatin is an inhibitor of the 3-hydroxy methylglutaryl
coenzyme A (HMG-CoA) reductase enzyme, which participates
in the conversion of HMG-CoA to mevalonate. It is used to
reduce the elevated total cholesterol, low-density lipoprotein
cholesterol (LDL-C), apolipoprotein B (apo B), and triglyceride
(TG) levels, as well as to increase the high-density lipoprotein
cholesterol (HDL-C) level. Atorvastatin calcium exists in several
polymorphic forms due to the variation of density of packing and
hydrogen-bond network." Among them, Form I of ATC (ATC-
I) has the most stable crystalline form." The therapeutic efficacy
of a drug, especially the rate of absorption in the digestive tract,
depends on the polymorphic state. The solubility, melting point,
density, hardness, crystal shape, vapor pressure, and optical and
electrical properties are also altered with the polymorphic states
of a compound.' The bioavailability of the drug depends on the
solubility, dissolution, density, flow properties, and shape of
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crystals. Hence, it is necessary to have a detailed picture of the
drug molecule for the accountability of its efficacy, stability, and
bioavailability. High-resolution solid-state nuclear magnetic
resonance (NMR) spectroscopy is an indispensable technique
to analyze biomolecules. The target of this work is to study the
change in the structure and dynamics of two independent
molecules of an asymmetric unit of the atorvastatin calcium
(ATC-I) by applying solid-state NMR methodology.

Wang et al.' determined the chemical shift tensors of ATC-I at
crystallographically different carbon sites and fluorine sites by
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density functional theory (DFT). Holmes et al.” determined the
structure of the local calcium-ligand coordination environment
of atorvastatin calcium by experiment and computation. They
extracted the chemical shift tensor, quadrupolar coupling tensor,
and the Euler angles by **Ca solid-state NMR. The polymorphic
form of atorvastatin calcium (ATC) can be distinguished by the
line shape of the *Ca solid-state nuclear magnetic resonance
(SSNMR) spectrum.” Although the values of chemical shift
anisotropy (CSA) parameters of ATC-EG and ATC-I were
comparable, but it was indicated by the quadrupolar parameters
that the local point symmetries near the calcium sites of AT C-I
and ATC-EG are different. The goal of the present work is to
determine the principal components of the CSA tensor of two
independent molecules of ATC-I (referred to as “a”- and “b”-
type molecule) by two-dimensional phase-adjusted spinning
sideband (2DPASS) cross-polarization magic angle spinning
(CP-MAS) solid-state nuclear magnetic resonance (SSNMR)
experiments.”” *C 2DPASS CP-MAS SSNMR spectroscopy
was used to find the principal components of CSA parameters of
charge-transfer co-crystal, biopolymers, and drug molecules.®™ !¢
The molecular dynamics of “a” and “b” types of molecules (the
types “a” and “b” nomenclature is according to Wang et al.") is
determined by measuring *C spin-lattice relaxation time by the
Torchia CP method and by calculating the molecular correlation
time at crystallographically different locations of carbon nuclei.

2. RESULT AND DISCUSSION

2.1. Determination of Chemical Shift Anisotropy (CSA)
Tensor of Two Independent Molecules of an Asymmetric
Unit of Atorvastatin Calcium. ATC-I is the most stable
crystalline form among various polymorphic states of
atorvastatin calcium.”” ™" Wang et al.' evaluated the CSA
tensor by DFT calculations. We have measured principal
components of the CSA tensor of 33 crystallographically
different carbon nuclei of “a” and “b”-type molecules by *C
2DPASS CP-MAS SSNMR experiments. We have also observed
two well-resolved resonance lines for certain carbon nuclei sites
corresponding to two different molecules of the asymmetric unit
as previously reported by Wang et al.' Figure lab shows the
structure and *C CP-MAS SSNMR spectrum of ATC-I at a
MAS frequency of 10 kHz, respectively. The assignment of
various carbon nuclei positions for “a”- and “b”-type molecules is
done by following Wang et al." Figure 2 shows the '*C 2DPASS
CP-MAS SSNMR spectrum at a MAS frequency of 2 kHz. The
double-resonance lines signify the coexistence of the two
molecules (“a”- and “b”-type molecules) within the asymmetric
unit of ATC-I. The difference in isotropic chemical shift
between various carbon nuclei of “a”- and “b”-type molecules
arises due to the asymmetric crystal packing, the presence of the
strong intermolecular and intramolecular hydrogen bonding,
and the electrostatic interactions between the calcium ion and
the carboxyl groups.'

From Table 1, it is clear that the spinning CSA sideband
patterns of C16a, C16b, C12a, C20a, C20b, C24a, and C24b are
nearly axially symmetric because the value of the asymmetry
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parameter (7] =3 ) for those carbon nuclei sites are 7 <

33" Yiso
0.3. The asymmetry (#) parameter measures the deviation of the
spinning CSA sideband pattern from its axially symmetric
shape.” The orientation of the asymmetric pattern is monitored
S0

by “skew” (k = 303“%) For most of the carbon nuclei like
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Figure 1. (a) Atorvastatin calcium molecule and (b) *C CP-MAS
SSNMR spectrum of atorvastatin calcium.

C8b, C10a, C10b, C31a, C31b, C29a, C29b, C2a, C2b, C13a,
C13b, C21a, C21b, C23a, C23b, C18a, C18b, C27b, CSa, and
C25b, the spinning CSA sideband pattern is highly asymmetric.

The anisotropy parameter Ad = &5, — w defines the

largest separation of the spinning CSA sideband pattern from
the center of gravity (8, = (8;; + 855 + 833)/3). The span (Q =
8,,—053) represents the width of the spinning CSA sideband
pattern. Remarkable variations of the width of the spinning CSA
sideband pattern and the asymmetry parameter between “a’-
and “b”-type molecules are observed for C2, CS, C9, Cl11, and
C18 carbon nuclei (Table 1). The difference in CSA parameters
signifies the variation of the electron charge distribution in two
independent molecules of the asymmetric unit of ATC-L.
Table 1 shows that the isotropic chemical shift, as well as the
anisotropic chemical shift, is highest for the heptanoate carbonyl
carbon (C12) and the amide carbonyl carbon (C25) due to the
magnetic anisotropy. In the principal axes system (PAS), there
are three different magnetic susceptibilities (Xx,Xy,XZ) along
three mutually perpendicular directions of the nonsymmetric
carbonyl group carbons C12 and C2S. According to the
McConnell equation,” the magnetic anisotropy appears due to
two anisotropic susceptibilities—one parallel to the magnetic
field (AX = X, — X,) and another perpendicular to the magnetic
field (AX| =X, — X,); 8,05 = {AX(3c0s’0; — 1) + AX, (3cos’6,
— 1)}/3R? where 6, and 0, are the angles subtended by the
radius vector with the x-axis and z-axis, respectively.”” The polar
bond of the carbonyl group is another source of the large values
of CSA parameters.””>” The experimental value of §,, associated
with the carbonyl group carbon is the most sensitive to a change
in the hydrogen bonding associated with the group. The
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Figure 2. 13C 2DPASS CP-MAS SSNMR spectrum of atorvastatin calcium.

principal component of the CSA tensor J,, shifted linearly
toward the higher-frequency side with the decrease of hydrogen
bonding.*”** The values of &,, are 193.8 and 180.6 ppm,
respectively, of C25 amide carbonyl group carbon for “a”- and
“b”-type molecules of atorvastatin calcium, indicating that the
intramolecular hydrogen bonding (N—H----+-O) associated with
“a”’-type molecule is decreased compared to the “b”-type
molecule. Hence, measurement of the principal components
of the CSA parameters also provides the signature of the change
in the hydrogen bonding in two independent molecules of an
asymmetric unit of atorvastatin calcium.

Atorvastatin calcium molecule consists of phenyl ring, phenyl
carbamoyl, fluorophenyl, pyrarole, and heptanoate. The
aromatic heterocycle pyrroles are considered fundamental for
the design of new anti-inflammatory, anti-nociceptive, anti-
microbial, analgesic, antitumor, antiepileptic, antiviral, anti-
hypertension, and antidiabetic agents. The spinning CSA
sideband patterns at various carbon nuclei sites of the phenyl
ring, phenyl carbamoyl, fluorophenyl, pyrrole, and heptanoate
are shown in Figures 3—7, respectively. Remarkable variations of
“span” and “anisotropy” parameters are observed for “a”- and
“b”-type molecules at C9 and C11 carbon nuclei sites (reside on
heptanoate). The values of span are 43.6 and 82.2 ppm for C9b
and C9a, respectively. The anisotropy parameter is —32.7 ppm
for C9b and 65.7 ppm for C9a. The “span” is 46.6 ppm for C11b
and 82.2 ppm for Cl1a. The anisotropy parameter is 36.5 and
65.2 ppm for C11b and Cl11a, respectively.

The span and anisotropy parameters of C2, C4, CS carbon
nuclei residing on the pyrrole ring vary widely for “a”- and “b”-
type molecules. It is not possible to measure the difference of
CSA parameters of “a”- and “b”-type molecules of C3 nuclei
(reside on pyrrole ring) because the isotropic chemical shift of
two molecules overlapped with each other at 123.6 ppm. A
significant variation of the spin-lattice relaxation time is
observed for two molecules at C2 and CS carbon nuclei sites.

Figure 5 shows the spinning CSA sideband patterns of the
carbon nuclei residing on the fluorophenyl ring. Remarkable
variation of the spinning CSA sideband patterns is observed at
C14, C18 nuclei sites of “a”~ and “b”-type molecules. The
isotropic chemical shifts of C14, C18 nuclei are overlapped with
each other; hence, it is only possible to find the average values of
CSA parameters for Cl14a, C18a, and C14b, C18b nuclei. The
values of span are 139.7 and 201 ppm, respectively, for C14b,
C18b, and Cl4a, C18a. The anisotropy parameters are 112.7
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and 160.4 ppm for C14b, C18b, and C14a, C18a, respectively.
Generally, the values of CSA parameters are large for the carbon
nuclei residing on the aromatic ring due to magnetic shielding
and deshielding effect. A magnetic field is induced along the
direction of the external magnetic field when 7 electrons revolve
in the clockwise direction. As a result, the effective magnetic field
experienced by the nucleus is increased; this phenomenon is
known as the deshielding effect. On the contrary, a magnetic
field is induced along the opposite direction of the external
magnetic field when 7 electrons revolve in the counterclockwise
direction. As a consequence, the effective magnetic field
experienced by the nucleus is decreased; this phenomenon is
known as the shielding effect. Hence, the chemical shift is high
for carbon nuclei surrounded by nonbonded 7 electrons. But the
values of “asymmetry” and span are substantially lower for C16
nucleus (bonded with fluorine atom) residing on the
fluorophenyl ring compared to other nuclei. The transfer of
electron density from the carbon—hydrogen or carbon—
carbon(C—H or C—C) o-orbital to adjacent carbon—fluorine
(C—F) antibonding o™ orbital is known as hyperconjugation. As
fluorine is more electronegative than carbon and hydrogen, the
carbon—hydrogen or carbon—carbon o-orbital acts as an
electron donor and carbon—fluorine ¢* orbital acts as an
electron acceptor.”> ™ As a result, an electron density is built up
around the C16 carbon nucleus and the shielding effect is
increased. Hence, the electron delocalization associated with
hyperconjugation is the reason for the lower values of CSA
parameters for C16 carbon nuclei. This effect is known as the
Gauche effect.”

2.2. Theory to Explain Experimental Findings. In the
presence of an external magnetic field, the electrons revolving
around a nucleus produce a secondary magnetic field, which has
the potential to change the Larmor precession frequency of the
nucleus. This interaction of the secondary magnetic field with
the nucleus is known as the shielding interaction. The change in
the resonance frequency caused by this interaction is referred to
as the chemical shift. The chemical shift frequency can be
expressed as w(0,®) = — w, (6 sin* cos* @ + 5,, sin* O sin> O
+ 833 cos® §), where 6 and @ are the polar and azimuthal angles
with respect to the direction of the applied magnetic field (B,) in
the principal axis system (PAS), respectively. All values of 8 and
@ are possible in a powder sample. Each different molecular
orientation implies a different orientation of PAS with respect to
the external magnetic field as the PAS is fixed in the molecule. A
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Table 1. Chemical Shift Anisotropy Parameters of Atorvastatin Calcium at Crystallographically Different Carbon Nuclei Sites

Measured by the 2DPASS CP-MAS SSNMR Experiment

CSA parameters of atorvastatin calcium

carbon from different

iso

chemical environment 811 (ppm) 85, (ppm) 833 (ppm) (ppm)
C12b 260.8 + 1.1 162.1 + 0.7 126.9 + 0.9 182.74
Cl2a 2499 + 1.2 153.7 +£ 0.7 131.7 + 0.9 178.46
C25b 241 + 1.1 180.6 + 0.7 814 + 0.8 167.49
C25a 2327 + 1.1 193.8 + 0.7 74.7 £ 0.6 167.07
Cl6b 175.7 £ 0.9 169.1 + 0.6 135.3 + 0.7 160.04
Cl6a 175.7 £ 0.7 169.2 + 0.5 135.6 + 0.6 160.19
CSb 224 + 2.6 117.8 + 1.7 71.6 +2 137.82
CSa 2472 + 2.1 1185 + 1.4 458 £ 1.5 137.19
C19b, C27a 250.5 + 1.4 109.9 + 0.9 453 + 1.0 135.23
Cl19a 249.8 + 2.4 109.8 + 1.6 47.1 £ 1.8 135.58
C27b 247.1 + 1.8 1183 + 1.2 389+ 14 134.79
C20a, C20b, C24a, C24b 2438 +2 1904 + 6.7 409 +7.3 131.09
C18b, C14b 2059 + 3.4 120.1 +2.2 66.2 + 2.6 130.74
Cl18a, Cl4a 2374 + 4 117.7 + 2.7 364 + 3.0 130.5
C2la C21b,C23a, C23b  243.1+17 1136+ 11  317+12 12947
Cl3a 2433 + 1.7 113.8 + 1.1 319+ 12 129.69
C13b 237.1+23 116.6 + 1.5 33.6+1.7 129.1
C2b 2339 +3.2 116.5 +2.2 341 +24 128.17
C2a 2064 + 2.8 123.5 + 1.8 556 +2.2 128.51
C31a, C31b, C29a, C29b  235.7 + 2.8 118.5 + 1.9 31.5+21 127.56
C3a, C3b, C22a, C22b 2224 + 3.2 1042 + 2.1 443 +2.4 123.63
C30a, C30b 216.8 +3 103.7 + 2 49 +2.2 123.22
C4b 198.6 + 1.2 103.2 + 0.7 60.9 + 0.9 120.92
C4a 2103 + 2.5 102.4 + 1.6 55+ 19 122.57
C32b, C28b 2189 +2.4 934+ 1.6 409 + 1.8 117.76
C32a, C28a 2184 +24 94.5 + 1.6 419 + 1.8 118.28
C15b, C17b 216.5 +2.1 88.0+ 14 36.6 +1.6 113.68
Cl15a, Cl17a 217.0 + 2.5 914 + 1.7 333+19 113.90
C10b 101 + 0.6 69.7 + 0.4 48.6 + 0.5 73.11
Cl0a 93.2 + 0.7 62.1 +0.5 394 +0.5 64.9
C8b 100.6 + 1.3 67.9 +0.8 42.8 + 09 70.45
C8a 100.6 + 0.8 62.8 + 0.6 40.8 + 0.6 68.12
Cl1b 729 + 1.0 46.5 + 0.6 264 + 0.7 48.6
Clla 909 + 2.7 426 +1.9 87+2 47.41
Cé6b 59.4 + 0.6 41.5+0.2 21.1+0.5 40.68
Céa 64.5 + 0.4 453 +0.3 20 +0.2 43.3
C7b 61.9 + 0.6 42.5 + 04 214+ 04 41.97
C7a 58.7 + 0.4 40.5 +0.2 20.8 + 0.3 40.02
C9% 63.5+ 0.4 41.7 £ 0.3 199 +0.2 41.53
C9a 90.5 + 0.4 413 +0.3 84+ 02 46.73
C33b 36.1 +0.5 29.7 £ 0.2 133 +03 26.41
C33a 40.1 + 04 26.6 +0.3 12 +0.2 26.25
C35b 46.8 + 0.5 22.1 +£02 6.8 +0.3 25.26
C35a 474 + 04 20.8 +0.3 6.7+0.2 24.97
C34b 369 +0.3 194 + 0.2 7.5+02 21.27
C34a 474 + 04 20.8 £ 0.3 6.7 +0.2 21.23

ponisotopy (BT T sy (o)
33 ) Bt Q 11 33
1163 + 1.7 0.4 -0.5 1339 + 0.9
107.1 + 1.7 0.3 -0.6 118.1 + 1.0
—1294 + 1.2 0.7 0.2 159.5 £ 0.9
—138.5 +2.1 0.4 0.5 1579 + 0.6
=371+ 1.1 0.2 0.7 40.4 + 0.8
—36.8 + 0.9 0.2 0.7 40.1 + 0.6
129.2 + 3.9 0.5 0.4 1523 +2.1
165 + 3.1 0.7 -0.3 2014 + 1.4
1729 + 2.1 0.5 —04 2052 + 1.0
171.3 + 3.6 0.5 —-0.4 202.6 + 0.6
168.4 + 2.8 0.7 -0.2 208.1 + 1.2
—258 + 4.5 0.3 -02 2029 + 1.2
112.7 £ S.1 0.7 —-0.2 139.7 £3
1604 + 6 0.7 -0.2 201 + 2.5
170.5 £ 2.5 0.7 -0.2 2114 + 1.1
170.5 + 2.5 0.7 -0.2 2114 + 1.1
1619 + 3.4 0.7 —-0.2 2034 + 1.5
158.7 + 4.8 0.8 -0.2 1999 + 2.1
1169 + 4.2 0.8 -0.1 150.8 +£2.3
1622 + 4.3 0.8 -0.2 2042 + 1.8
148.1 + 4.9 0.6 -0.3 178.1 +2.3
140.5 + 4.5 0.6 -0.3 167.8 +2.2
116.5 + 1.8 0.5 —-04 137.7 £ 1
131.6 + 3.8 0.5 -0.4 1553 +2
151.7 + 3.6 0.5 —-04 178.0 + 1.7
150.2 + 3.6 0.5 —-04 1750 + 1.2
1542 + 3.2 0.5 —-0.4 1799 £ 1.5
154.7 + 3.8 0.5 —04 183.7 + 1.8
419 + 0.9 0.7 -0.2 52.5+0.5
425+ 1.1 0.8 —0.1 53.8 £ 0.5
453+ 19 0.8 -0.1 57.8 £0.8
488 + 1.3 0.7 -0.3 59.8 £ 0.3
36.5+ 1.5 0.8 —0.1 46.6 + 0.6
652 + 4.1 0.8 -0.2 822+ 12
—29.3 + 0.4 0.9 0.06 382 +04
—34.8 +£0.2 0.8 0.1 444 + 0.5
—-30.8 + 0.7 0.9 0.04 40.5 £ 0.5
—28.8+0.5 0.9 0.04 379 + 0.4
—32.7+0.2 1 0 43.6 £ 0.5
65.7 +0.2 0.7 -0.2 82.2 + 0.4
—19.6 + 0.1 0.5 0.4 22.8 +0.2
—-213+0.1 0.9 0.4 28.0 +0.2
324 +0.1 0.7 -02 40.0 + 0.2
33.7+0.1 0.6 -0.3 40.7 £ 0.2
23.5+ 0.4 0.7 -0.2 294 +0.3
23.8 + 0.4 0.7 —-0.2 29.8 +0.3

different chemical shift is associated with each orientation of the
molecule. Therefore, the spectrum (as shown in Figure 3a) takes
the shape of a powder pattern with lines from the different
molecular orientations. The intensity at a particular frequency is
proportional to the number of molecular orientations with a
particular chemical shift. The shape of the powder pattern
depends on the symmetry of the CSA tensor, i.e, on the
symmetry surrounding the nucleus. The CSA tensor can be
represented by an ellipsoid (as shown in Figure 4a) fixed within
the molecule and centered on the nucleus. The principal axes of
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the ellipsoid coincide with the principal axis system (PAS) of the
CSA tensor, and the length of each principal axis of the ellipsoid
is proportional to the principal value of the CSA tensor. The
nuclear frequency resonates at the lowest value of the magnetic
field when the narrowest part of the ellipsoid is along the
direction of the applied magnetic field, i.e., when the nuclear
shielding effect is lowest. On the other hand, the nuclear
frequency resonates at the highest value of the magnetic field
when the widest part of the ellipsoid is along the direction of the
applied magnetic field, i.e., when the nuclear shielding effect is
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Figure 3. (a) Simulated spinning CSA sideband pattern. (b) Chemical structure of heptanoate. (c) Spinning CSA sideband patterns of C6, C7, C8, C9,

C10, C11, and C12 nuclei.

highest.”>~>" The direction of the ellipsoid is changed with the
orientation of the molecule. The principal components of the
CSA tensor can provide information about the symmetry of the
electron distribution surrounding the nucleus. If the nucleus is at
an axially symmetric site, then the value of the asymmetry

-5
22~ 01 . _ _ .
<= His nearly zero as 8;; = 0y, or 8y, = d; (it

5
parameter 7 =
533 -

is shown in the simulated spinning CSA sideband pattern of
Figure 3a). On the contrary, asymmetry parameter is nearly 1 if

the electron distribution is highly asymmetric. The value of
asymmetry parameter varies as 0 <7 < 1.

The spin-lattice relaxation time is defined as the time taken by
the spin system to evolve toward its equilibrium states by
interacting with the surrounding lattice. The part of the
Hamiltonian, which fluctuates with time like the dipole—dipole
coupling, quadrupolar coupling, and the chemical shift
anisotropy interactions, is responsible for nuclear spin
relaxation. The major role in the relaxation mechanism is played
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Figure 4. (a) Electron distribution around a nucleus is rarely spherically symmetric. Hence, electron density around a nucleus can be thought of as
ellipsoid in shape. How much the resonance frequency of the nucleus is getting affected by the electron density depends on the orientation of this
ellipsoid with respect to the external magnetic field. The chemical shift for a particular nucleus is largest when the narrowest part of the ellipsoid is
orientated along the direction of the magnetic field, whereas it is smallest when the widest part of the ellipsoid is oriented along the direction of the
external magnetic field. These two chemical shifts are two principal components of CSA parameters &, and d33, respectively. The third component of
principal value of CSA parameter &,, arises when the orientation of the ellipsoid is perpendicular to both &;; and ;3. (b) Spinning CSA sideband
patterns at various carbon nuclei of pyrrole ring of atorvastatin calcium. At the C3 site, we can only extract the average CSA patterns of “a”- and “b™-type
molecules because the isotropic chemical shift of two states coincides.

by chemical shift anisotropy and heteronuclear dipole—dipole where correlation time 7, = 37,, B is the applied magnetic field,
interaction for '*C carbon nuclei. It is mainly governed by the
chemical shift anisotropy interaction®~®* at the high value of and §* = (AS8)* (1 + #*/3) and [Aé =0y — M],

2
the magnetic field.

The contribution of chemical shift anisotropy interaction is ( 5,— 511)
expressed as®’ ™% T by )
I 5 [ ] The role of heteronuclear dipole—dipole coupling on spin-
_ 2 a0 2
CsA — 22
I 15 1+ o (1) lattice relaxation mechanism is articulated as®*
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Figure 5. Spinning CSA sideband patterns of the carbon nuclei residing on the fluorophenyl ring. Generally, the values of CSA parameters are large for
the carbon nuclei residing on aromatic ring due to magnetic shielding and deshielding effect, but the values of asymmetry and span are substantially
lower for C16 nuclei (bonded with fluorine atom) compared to other nuclei on fluorophenyl ring. Gauche effect (hyperconjugation) is the reason
behind this.””*® Hyperconjugation occurs due to the interaction of the electron of o-orbital (C—H or C—C) with an adjacent antibonding 6* orbital

(C—F). Electron delocalization is associated with hyperconjugation. Remarkable variation of the spinning CSA sideband patterns is observed at C14

« »

and C18 nuclei sites for “a”- and “b”-type molecules.
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where X represents any NMR-active nucleus dipolar coupled to
the probe. These could be, for example, 'H, 2H, 0, N, PN,
etc. rcy is the distance between carbon and neighboring atoms
like hydrogen, oxygen, and nitrogen. This is calculated by
following Ashfaq et al.>> The contribution of heteronuclear
dipole—dipole interaction on spin-lattice relaxation mechanism
is inversely proportional to the sixth power of the distance
between the carbon and other nuclei; therefore, only the nearest
neighbor distances are taken into consideration. Larmor
precession frequency @ = 2af = 2 X 3.14 X 125.758 MHz =
789.76024 MHz; B = 11.74 T, yc = 10.7084 MHz/T, 7y, =
42.577 MHz/T, i = 1.054 X 107**Js. At a high value of magnetic

field, the relaxation mechanism is mainly governed by the CSA
interaction. The expression of the spin-lattice relaxation rate for
BC carbon is

2 1 (e hY
T
= B —5 +_ch
15 1+ w'r, 10\ rex

3

ol ————
2 22
1+ w1,

(4)

2.3. Spin-Lattice Relaxation Time and Local Correla-
tion Time at Two Independent Molecules of an
Asymmetric Unit of Atorvastatin Calcium. Figure 8ab,f
shows that the longitudinal magnetization decay curves are fitted
using two exponentials—one with longer relaxation time and
another with shorter relaxation time for C3, C4b, CSa, C1S,
C19a, C21, and C32b carbon nuclei. This is the evidence of the
coexistence of two different kinds of motional degrees of
freedom within the molecule. The local correlation time is
calculated using the expression (eq 4) for two different kinds of
motional dynamics.
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Figure 6. Spinning CSA sideband patterns of carbon nuclei residing on phenyl carbamoyl.

Table 2 and Figure 9a show that the spin-lattice relaxation
time is different for “a”- and “b”-type molecules for most of the
carbon nuclei like C2, C4, CS, C8, C10, and C19. The principal
components of CSA parameters significantly varied for C2, C4,
and CS nuclei in two molecules of ATC-1. It is clear from Figure
10 and Table 2 that the local correlation time for those carbon
nuclei sites is also varied in 1 order of magnitude. This is the first
time the change in nuclear spin dynamics of two independent
molecules of an asymmetric unit of AT C-I is quantified by site-
specific spin-lattice relaxation measurements.

It was reported from the solid-state *C-'H HETCOR
experiment that the hydroxyl proton of C10 is oriented toward
the carboxyl oxygen of C12, and the hydroxyl proton of C8 is
oriented along the C7 for “a”-type molecule. But for “b”-type
molecule, the hydroxyl protons of C8 and C10 are oriented in
the same direction." The orientation of the hydroxyl group of
“a’-type molecule leads to a stronger hydrogen bonding
compared to “b’-type molecule.'" The CSA parameter &, is
highly correlated with the strength of the hydrogen bonding.
The decrease of the values of 0,, implies that the strength of the
hydrogen bonding is increased.*”** The CSA component 8, of

C10 and C8 carbon nuclei is slightly lower for “a”-type molecule

compared to the “b”-type molecule (as shown in Table 1, §,, =
69.7 ppm for C10b, 8,, = 62.1 ppm for C10a; and &,, = 67.9 ppm
for C8b, &,, = 62.8 ppm for C8a) signifies that the length of the
hydrogen bond is increased in “a”-type molecule compared to
“b”-type molecule. Hence, the findings of CSA measurements
agree with the findings of *C-"H HETCOR measurements. The
CSA parameters of C11 and C12 nuclei are different, which
shows that the electron distribution near the calcium ion of these
two molecules is different.

The order of the local correlation time (7, = 37,) varies
significantly for the same carbon nuclei with slower spin-lattice
relaxation rate and faster spin-lattice relaxation rate. Hence, each
molecule of an asymmetric unit of ATC-I is associated with two
different kinds of motional degrees of freedom. The coexistence
of two different kinds of motional dynamics within the
atorvastatin calcium molecule increases its solubility and
bioavailability. Hence, the microscopic property (ie. the
existence of two different motional dynamics within the
asymmetric unit) has a great influence on the macroscopic
properties (like solubility and bioavailability) of the drug
molecule.
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Figure 7. Spinning CSA sideband patterns of carbon nuclei residing on the phenyl ring.

Figure 10 shows that the local correlation time of “a” and “b”-
type molecule varies significantly for CS, C19, C2, C4, C8, and
C10 carbon nuclei sites.

3. CONCLUSIONS

A remarkable difference in the principal components of the CSA
parameters and spin-lattice relaxation time is observed for “a”-
and “b”-type molecules of ATC-I. This is the first time the
change in the molecular dynamics of two independent
molecules of an asymmetric unit of atorvastatin calcium is
quantified by the Torchia CP experiment. The longitudinal
magnetization decay curves are fitted using two exponentials—
one with longer relaxation time and another with shorter
relaxation time for C3, C4b, C3a, C15, C19a, C21, and C32b
carbon nuclei. The local correlation time also varies significantly.
This is the experimental evidence of the presence of two
different kinds of motional degrees of freedom within the
atorvastatin calcium molecule. The macroscopic properties of
the drug molecule (solubility and bioavailability) are highly
correlated with its microscopic property like the existence of two
different kinds of molecular dynamics. The J,, parameter of the
carbonyl group carbon is sensitive to a change in the hydrogen

bonding associated with it.*”>* The §,, values are 193.8 and
180.6 ppm for the C25 amide carbonyl group carbon of “a”- and
“b”-type molecules of ATC-I, respectively, which signifies that
the intramolecular hydrogen bonding (N—H:-----O) associated
with the “a”-type molecule is decreased compared to the “b”-
type molecule. Hence, the CSA parameters of the carbonyl
group carbons provide the signature of the change in hydrogen
bonding of two molecules. These types of studies, in which the
chemical shift anisotropy (CSA) parameters and spin-lattice
relaxation time provide the information about the change in
electronic distribution, density of packing, and the spin
dynamics at the various crystallographic location of the drug
molecule, will enrich the field NMR crystallography and provide

deep insight into the dynamics of the drug molecules.

4. EXPERIMENTAL SECTION

4.1. NMR Measurements. Active pharmaceutical ingre-
dient of atorvastatin calcium (ATC-I) was purchased from
Sigma-Aldrich. 3C CP-MAS SSNMR, *C Torchia CP,"” and
2DPASS CP-MAS SSNMR ™ experiments were performed on a
JEOL ECX 500 NMR spectrometer, associated with a 3.2 mm
JEOL double-resonance MAS probe. *C CP-MAS and Torchia
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Figure 8. Longitudinal magnetization decay curves at various carbon nuclei sites of atorvastatin calcium. For (a) C12a, (b) C15a, C15b, and (f) CSa,
the longitudinal magnetization curves are fitted using two exponential one with longer relaxation time and another with shorter relaxation time, which
signifies that two different kinds of motional dynamics coexist within the molecule. (c—e) Spin-lattice relaxation time of two independent molecules of
an asymmetric unit of atorvastatin calcium is different for certain carbon nuclei sites.

CP experiments'~ were performed at a MAS frequency of 10
kHz with SPINAL 64 'H decoupling. For the CP-MAS
experiment, the contact time was 2 ms with SPINAL-64 'H
decoupling. The RF magnetic field strength for "H decoupling
was 100 kHz for all experiments. The number of scans for the
3C CP-MAS,"*C 2DPASS CP-MAS, and Torchia CP experi-
ments were 32768, 4030, and 2048 respectively. All of the
experiments were performed at room temperature. The
referencing for the '*C spectrum is done using tetramethylsilane.

4.2. CSA Measurements. The solid-state NMR spectrum is
broadened due to different types of anisotropic interactions like
the chemical shift anisotropy (CSA), dipole—dipole, and
quadrupolar interactions, which are averaged out in the liquid-
state NMR spectrum. The data about the three-dimensional
molecular structure, molecular conformation, molecular inter-
actions, and electronic distributions are encoded in the
anisotropy interaction. CSA parameters can be measured by

22761

several techniques like two-dimensional MAS/CSA NMR
experiment;'® separation of undistorted powder patterns by
effortless recoupling (SUPER);'? recoupling of chemical shift
anisotropy (ROCSA);*° y-encoded RNY-symmetry-based
chemical shift anisotropy (RNCSA);*" two-dimensional magic
angle flipping (2DMAF) experiment;**™**
magic angle turning (2DMAT) experiment;25 two-dimensional
phase-adjusted spinning sideband cross-polarization magic
angle spinning (2DPASS CP-MAS) SSNMR experiment.‘"5
The 2DPASS CP-MAS SSNMR technique is employed because
this experiment is a constant-time experiment, and it can be
performed in the commercially available probe, whereas for
other techniques like 2DMAT, a complicated probe design is
required. The evolution time is varied for the 2DMAT
experiment. Hence, the data are affected by spin—spin relaxation
time. The 2DPASS experiment is affected by the strong
heteronuclear and homonuclear dipolar coupling effect;

two-dimensional
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Table 2. Spin-Lattice Relaxation Time and Local Correlation Time of Two Independent Molecules of an Asymmetric Unit of

«_»

Atorvastatin Calcium (Referred as Molecules “a” and “b” by Following Wang et al.') at Crystallographically Different Carbon

Sites

a-type molecule

b-type molecule

carbon nuclei  spin-lattice relaxation time (s)  local correlation time (s)

carbon nuclei

spin-lattice relaxation time (s) local correlation time (s)

Cl2a 325 +20 31x107*+63x 1077 C12b 400 + 25 45%x107*+£9.5x 1077
15+2 17X 107+ 7.6 X 1078
C25a 342 + 20 55x 107+ 1.0 x 1077 C25b 342 + 20 53x 107+ 1.7 x 1077
CSa 630 + 50 14X 107 +2.3%x 1077 CSb 470 + SO 6.6x 107" +23x 1077
65+5 26X 1077 £2.6 % 1077
Cl19a 755 = S0 1.8X107°+1.7x 1077 C19b 422 +£20 1X1073 + 1.4 x 1077
95+ S 23x 107+ 12 %1077
C20a 515 + 50 28X 107+ 1.7 X 1077 C20b 595 + 50 31X 107 +53%x 1077
34+5 88x10°+1.6%x107°
C2la 650 + 50 15X 10 £33 %1077 C21b 650 + S0 15X 107° +2.7x 1077
40+ S 94X 1075 +2.7x 1078 40+ S 94 %1075 +2.1x 1078
C2a 614 + 50 67x 107"+ 1.8 x 1077 C2b 424 + 50 86x107*+12x 1077
C3a 460 + 20 83x107*+43x 1077 C3b 460 + 20 83 %107 +53x 1077
15+5 27%x 1075+ 1.6 x 1078 1S+5 27X 1075 + 3.6 x 107*
C4a 560 + 50 81x107*+3.6x%x 1077 C4b 430 + 20 29%107*+12x 1077
235 26X 1075 +43%x 1078
C32a 390 + 20 74 %107 +29 X% 1077 C32b 350 + 20 68x 107 +43 %1077
20+ S 38X 105+ 1.7x 1078
Cl5a 210 + 10 42X 107"+ 1.9x 1077 C15b 210 + 10 42X 107" +2.4x 1077
7+1 14X 1075 +32x 1078 7+1 14X 107°+23x%x 1078
C10a 52+5§ 91x107°+19x%x107° C10b 212 + 10 35X 10°+£39x 1078
C8a 170 + 10 38X 105+ 1.5x 1078 C8b 7245 14x10°+12x%x 1078
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Figure 9. Bar diagram of (a) the spin-lattice relaxation time at various carbon nuclei sites of “a”- and “b”-type molecules. A significant difference in spin-
lattice relaxation time is observed at C12, CS, C19, C2, C4, C32, C8, and C10. (b) Longitudinal magnetization decay is fitted using two exponential—
one with longer relaxation time and another with shorter relaxation time for C12b, C5a, C19a, C21, C3, C4b, C32a, and C15a. This is the experimental
evidence of the presence of two different kinds of motional dynamics within ATC-L

however, in this case, the heteronuclear and homonuclear
dipolar couplings are the negligible factors due to the low natural
abundance (~1.1%) of '*C nucleus.

The broadening due to chemical shift anisotropy interaction is
nullified by spinning the rotor at the magic angle spinning
(MAS) frequency greater than the span of the chemical shift
anisotropy at the cost of losing the information about the three-
dimensional molecular conformation, molecular dynamics, and
electron distribution surrounding the nucleus. One of the ways
to retrieve the principal components of the CSA parameters is to
reduce the MAS frequency less than the span of the chemical
shift anisotropy. Under this condition, the solid-state NMR
spectrum is flanked on both sides of the isotropic chemical shift
by sidebands equally spaced at the MAS frequency. The

22762

2DPASS CP-MAS SSNMR experiment is a useful technique to
simplify the solid-state MAS NMR spectrum containing
complicated spinning sideband manifolds. Herzfeld and Berger
had derived graphical and numerical methods for evaluating the
principal components of the CSA tensor from the intensities of
the sidebands.”® The pulse sequence of the 2DPASS SSNMR
experiment consists of five z-pulses. The total duration of five 7-
pulses remains unchanged throughout the experiment. The time
intervals among five 7z-pulses are followed by the PASS equation
as reported by Antzutkin et al.* This experiment correlates the
isotropic dimension with the anisotropic dimension.

The direct dimension of the 2D spectrum yields an infinite
spinning speed spectrum with no sideband. The 2DPASS CP-
MAS SSNMR experiments were performed at MAS frequencies
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Figure 10. Bar diagram of the local correlation time at various carbon
nuclei sites in two independent molecules of an asymmetric unit of
ATC-L. A significant difference in local correlation time is observed at
C12, CS, C19, C2, C4, C32, C8, and C10.

of 600 Hz and 2 kHz. The pulse length of the '*C nucleus at 90°
was 3.3 us. The relaxation delay was 15 s. A 13-step cogwheel
phase cycling COG13(0, 1, 0, 1, 0, 1; 0, 6) was used.”””® The
number of scans for the 2DPASS CP-MAS SSNMR experiments
was 4030 (integral multiple of 13). The coherence transfer
pathway for the 2DPASS NMR experiment was reported by
Ghosh et al.” A total of 16 data points were acquired in the
indirect dimension as the numbers of sidebands were less than
16. The anisotropic part of the chemical shift interaction in
natural abundance "*C spin-1/2 nuclei (for those nuclei where
the homonuclear dipole—dipole coupling is much less than the
rotor frequency) evolves during the PASS sequence under the
rotor pitch evolution in the t1 dimension.
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