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ABSTRACT: Solid-state '*C, "F, and "N magic angle
spinning NMR studies of Form I of atorvastatin calcium are
reported, including chemical shift tensors of all resolvable
carbon sites and fluorine sites. The complete *C and "F
chemical shift assignments are given based on an extensive
analysis of *C—'H HETCOR and "*C—'"F HETCOR results.
The solid-state NMR data indicate that the asymmetric unit of
this material contains two atorvastatin molecules. A possible
structure of Form I of atorvastatin calcium (ATC-I), derived
from solid-state NMR data and density functional theory
calculations of various structures, is proposed for this
important active pharmaceutical ingredient (API).

B INTRODUCTION

The quality, stability, safety, and efficacy of a pharmaceutical
product are dependent on its local and long-range structure in
the solid state." Various polymorphic forms of pharmaceutical
materials typically have significantly different apparent
solubilities, dissolution rates, and bioavailability.2 These differ-
ences in physical properties have profound effects on the
performance of a pharmaceutical product and the choice of the
type of formulation in which a drug is administrated.
Interconversion among polymorphic forms during processing,
storage, and use can have detrimental effects on the drug’s
performance.3 Hence, the processing, storage, and shelf life of a
drug may be limited by the stability of the desired polymorphic
form, and the control of the drug’s form during the lifecycle of a
product is critical.

Understanding the solid-state structure of these materials at
the local and long-range levels is key to develop strategies for
the proper administration of these drugs. Commonly used
methods in the studies of polymorphic structure include X-ray
powder diffraction (XRPD),* infrared spectroscopy (IR),’
Raman spectroscopy (RS),’ and solid-state nuclear magnetic
resonance spectroscopy (SSNMR),” as well as thermal methods
such as differential scanning calorimetry (DSC) and thermal
gravimetry (TG).® The integration of all these methods
provides insight into the local and long-range structure of
polymorphic materials.

Atorvastatin calcium (ATC, see Figure 1), a member of a
class of drugs known as statins, is commonly prescribed for
lowering blood cholesterol. It acts by inhibiting 3-hydroxy-3-
methyl-glutaryl-coenzyme A (HMG-CoA) reductase, an
enzyme found in liver tissue that plays a central role in the

-4 ACS Publications  © 2012 American Chemical Society 3641

- ~;
c1ob |

clibw A"
7 \C12b -

C9b's-
4 1 - . \ N
C8ay #

= C10a-

C12a4C10A

a

7T -
\

cia ©®

127>07| Ca2*-3H,0

-2

Figure 1. Molecular structure of atorvastatin, showing the numbering
of the carbons and nitrogens.

production of cholesterol in the body. The structures of the
catalytic portion of complexes of HMG-CoA reductase with six
statins, including atorvastatin, have been analyzed in terms of
this inhibition mechanism.” ATC is the active ingredient in
Lipitor, which has become one of the best-selling drugs
worldwide.

Atorvastatin calcium exists in a variety of polymorphic forms.
It has been reported that there are 41 crystalline forms and two
amorphous forms, among which Form I of ATC (ATC-I) is the
most stable crystalline form.'® XRPD, IR, RS, DSC, and optical
microscopy have been used to analyze atorvastatin calcium in
tablets,"" in crystalline and amorphous phases,'” and in
crystalline solvates.'> Preparation and characterization of
various polymorphs of atorvastatin calcium have been described
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in a number of patents."* Most of these reports have relied on
characterization of ATC with XRPD, which provides
predominately long-range structural information. There has
been a report of the structure of a complex of atorvastatin with
HMG-CoA.* To our knowledge, no single-crystal X-ray
diffraction-based structure of Form I of atorvastatin has been
reported because the polymorphs of ATC do not generally
form stable crystals. Thus, extracting short-range structures of
the various forms of atorvastatin presents a challenging problem
that may be addressed with solid-state NMR analysis. Very few
SSNMR investigations of ATC have been reported, among
which are 3C solid-state NMR characterizations of Form I, II,
and IV reported in a patent by Briggs."*® Recently, solid-state
F magic angle spinning (MAS) NMR has been used to
characterize amorphous forms of atorvastatin in dosage
formulations."®

Solid-state NMR parameters are uniquely sensitive to the
local structure in polymorphic systems such as pharmaceutical
solids.”'® Most studies of pharmaceutical solids have been
based on known single crystal X-ray structures, with a few
exceptions,'®'” where X-ray powder diffraction or neutron
diffraction techniques were used to provide initial structural
parameters for prediction of NMR parameters. It is, therefore,
challenging to investigate structure characteristics without prior
knowledge of the X-ray structure, particularly for polymorphic
materials with large numbers of carbons and heteroatoms.

In this report, we analyze the local structure of the most
stable Form I of atorvastatin calcium (ATC-I) using solid-state
NMR spectroscopy without available single-crystal X-ray data as
a structural reference. The isotropic NMR chemical shift,
obtained by the MAS technique, is extremely sensitive to
polymorphic structure in solids. It provides a global
representation of the local electronic structure. In addition,
the principal values of the chemical shift tensor at each carbon
site provide information on the geometry of the electronic
distribution about the nuclear centers, something that cannot
often be directly determined from a simple MAS experiment for
a complex molecule like ATC. Nuclear dipole—dipole couplings
among nuclei give direct information on internuclear distances,
which can be used to infer local structure.'"® Experimentally
determined dipolar interactions, in turn, provide critical hints in
spectral assignments.léi

Form I of ATC has a complex solid-state *C NMR
spectrum, with a total of 33 carbons and asymmetric doubling
for several positions. We provide the first complete *C, '°F,
and "N isotropic chemical shift assignments for ATC-I that
demonstrate the existence of two molecules in the asymmetric
unit. We suggest the use of the chemical shift difference
between carbons of the two molecules in the asymmetric unit
as a benchmark to evaluate proposed local structure used in
DEFT calculations of the NMR parameters. For certain carbon
sites, where the CP/MAS resolution permits extraction of the
full tensor, the '3C chemical shift tensors have also been
measured. The integration of these experimental NMR data
with density functional calculations on model local structures,
along with XRPD, SEM, and thermal analyses, allows us to
propose a possible local structure of this important active
pharmaceutical ingredient.

B EXPERIMENTAL SECTION

Sample Preparation. Atorvastatin calcium
(C43H;34,04N,F),Ca-3H,0 was purchased from Quzhou
Aifeimu Chemical Co., Ltd, Zhejiang, China. The purity is
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greater than 99.1%. The sample was verified by solution 'H and
BC NMR and was used for all measurements without further
purification.

Deuterated ATC-I was prepared first by mixing atorvastatin
acid (196.2 mg) with D,O (20 mL). This solution was slowly
added to a CaO suspension of 9.86 mg in 1.5 mL of D,0. The
mixture was then heated to 70 °C and continuously stirred for
1.5 h at this temperature. After slowly cooling down to room
temperature, the mixture was filtered and washed with diethyl
ether three times. The sample was dried at room temperature
for 2 days (131 mg, 61% yield).

Scanning Electron Microscopy (SEM). The morphology
and particle size distribution of the sample were studied using
scanning electron microscopy (HITACHI S-4800 Electron
Microscopy). The sample was dispersed in n-hexane and
mounted on silicon stubs. After evaporation of the n-hexane,
the sample was sputter-coated with a thin layer of gold at 10 Pa
using the HITACHI E-104S ion sputterer. The specimens were
scanned with a 25 kV electron beam.

X-ray Powder Diffraction (XRPD). X-ray powder
diffraction (XRPD) patterns of the sample were recorded at
room temperature (298 K) on a PANalytical X'Pert PRO
diffractometer with Cu Ka radiation (1.54 A), at 40 kV and 40
mA. The XRPD scans were recorded in continuous mode with
a step size of 0.02° and step time of 10 s, over a 20 range of 3—
45°.

Differential Scanning Calorimetry (DSC) and Ther-
mogravimetric Analysis (TGA). DSC and TGA were
performed simultaneously using a Linseis STA PT 1600
system. ATC sample (11.40 mg) was weighed and analyzed
with a heating rate of 20 °C/min from 30 to 800 °C and a
purging of nitrogen gas (20 mL/min).

NMR Spectroscopy. *C and "N CP/MAS experiments
were carried out with a Bruker AVANCE II WB400 NMR
spectrometer, operating at a proton frequency of 400.13 MHz.
Samples were packed in 4 mm rotors, a double-resonance (HX)
probe was used, and all spectra were obtained at 298 + 2 K.
The CP/MAS experiments were carried out with a sample
spinnin% rate of 10000 + 2 Hz, unless otherwise noted.
TPPM" decoupling during CP/MAS data acquisition was
provided by a 104.2 kHz proton decoupling field. For most *C
and N CP/MAS spectra, the contact time was 3 ms. For 3¢
CP/MAS experiments carried out with nonquaternary-carbon
suppression (NQS),”® a 40 ps delay was used to suppress the
contributions of carbons adjacent to protons. All *C chemical
shifts were referenced externally via the resonance of
adamantane at an isotropic chemical shift relative to
tetramethylsilane (TMS) of 38.55 ppm. The "N chemical
shifts were referenced externally via the resonance of glycine
(**N-labeled) at an isotropic chemical shift of 10.0 ppm.

Two-dimensional *C—'H HETCOR experiments”' were
performed with a spinning rate of 10 000 + 2 Hz on the same
instrument. The TPPM decoupling field strength was 104.2
kHz, with a pulse delay of 3.0 s. A Lee—Goldburg 'H—'H
decoupling scheme® was used during the evolution period,
which consisted of a 2.3 us n/2 'H pulse and four Lee—
Goldburg cycles per evolution increment. Eighty evolution
points, each with 320 scans, were collected. The 'H dimension
was referenced internally to the methyl group of Form I at 0.5
ppm, as determined with "H MAS NMR spectroscopy. The *C
dimension was referenced externally to the resonance of
adamantane at 38.55 ppm. All reported proton shifts were
scaled by 0.578, the expected scaling for Lee—Goldburg
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homonuclear decoupling. The data were processed by multi-
plication by a cosine-square function in the ¢; and ¢, dimensions
prior to Fourier transformation.

To determine chemical shift tensors (CSTs), we used the
2D-SUPER experiment.” In a typical 2D-SUPER experiment,
the sample was spun at a frequency of 5000 + 2 Hz and 2000 =+
2 Hz for the aromatic range and aliphatic range, respectively,
which dictates the 27 pulse lengths for chemical-shift
recoupling. The proton decoupling amplitude during the
recoupling section of the experiment was 116.8 kHz. For
each t; increment, 2048 complex points were collected along
the acquisition (isotropic) dimension. Depending on the signal-
to-noise ratio, either 512 or 1024 scans were coadded. Sixty-
four complex points along the F; (anisotropic) dimension were
used. The recoupling section was followed by a y-integral delay
of 1 ms to eliminate spinning sidebands in the F; dimension. A
TOSS sequence® was used to suppress spinning sidebands in
the F, dimension. The scaling factor for the SUPER experiment
was 0.155. A cosine-square function was applied to both the t,
and t, dimensions prior to Fourier transformation. Sub-
sequently, spectra were repeatedly sheared along the F,
dimension until the anisotropic chemical-shift patterns were
centered in the spectrum along the F; dimension. To determine
the chemical shift tensor fully, the appropriate spectral slice was
fitted with the line-shape-analysis package of Bruker’s TopSpin
software. The referencing of the extracted chemical-shift
pattern was based on its corresponding isotropic shift in the
F, dimension.

The '"F CP/MAS spectrum was obtained on a Bruker
Avance II NMR spectrometer operating at a proton frequency
of 500.13 MHz. The sample temperature was controlled at 273
+ 1 K, while the sample spinning rate was regulated at 12 500
+ 2 Hz. The 'H TPPM decoupling scheme was used during
CP/MAS data acquisition with a decoupling power of 102.0
kHz. A "H—"F contact time of 2 ms and a recycle delay of 3 s
were used. All "F chemical shifts were referenced externally via
the resonance of flurbiprofen [(RS)-2-(2-fluorobiphenyl-4-
yl)propanoic acid] at an isotropic chemical shift of —115.0
ppm.”

Two-dimensional *C—'"F HETCOR experiments®® were
performed at a spinning rate of 8000 & 2 Hz on a Bruker 500
MHz NMR spectrometer. The "H—"F and F—"3C contact
times were set to 4 ms. A TPPM scheme was used as the
proton decoupling with a decoupling power of 102.0 kHz in
both the "F evolution and "*C acquisition dimensions. The
YE—C dipolar coupling was suppressed during the '°F
evolution and "*C acquisition dimension using 7-decoupling.
All F data were acquired with a 4.0 mm triple-resonance
(HFX) probe.

Solution NMR spectra were obtained on a Bruker AVANCE
III 400 MHz NMR spectrometer.

DFT Calculations. The DFT calculations were performed
with the Gaussian09 software package”” at the B3LYP level of
theory with a basis set of 6-31G(d). For the geometry
optimization, the 3-21G basis set was chosen. The calculated
BC chemical-shift parameters were referenced to the isotropic
position of tetramethylsilane (TMS), obtained at the same level
of theory and with the same basis sets.

B RESULTS AND DISCUSSION

Characterization of ATC-l. The microphotograph (see
Figure S1 in Supporting Information) of the sample as received
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showed primarily rod-shaped crystals, similar to what has been
previously observed for ATC-L'* The XRPD pattern (see
Figure S2 in Supporting Information) showed characteristic
peaks at 26 of 9.01°, 9.32°, 10.14°, 10.44°, 11.72°, 12.06°, and
16.89°, in agreement with previously reported patterns'>'*® for
ATC- I The lack of other peaks in the XRPD spectrum further
verified the purity of the sample. The TGA analysis indicated a
water content of 4.56% w/w, which matched well with a
theoretical water loss for trihydrated ATC of 4.47% w/w.”® The
DSC analysis (Figure S3, Supporting Information) showed a
broad endotherm from water loss in the temperature range of
80—125 °C and a second endotherm for water loss and melting
in the temperature range of 140—180 °C. The SEM, XRPD,
TGA, and DSC data all indicated that the polymorph of ATC
in this sample as received is Form I of atorvastatin calcium.
Chemical Shift Assignments of ATC-l. An accurate and
complete assignment of chemical shifts of ATC-I is essential to
the analysis of SSNMR data in terms of the local three-
dimensional structures of polymorphs. The *C CP/MAS
spectrum of ATC-I is given in Figure 2. It can be seen from

T T T T T T T T T T T T T T T T T
180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20
3¢ Chemical Shift (ppm)

Figure 2. CP/MAS spectrum of ATC-I. Some doubled carbon peaks
are labeled. All other assignments can be found in Table 1.

Figure 2 (and Table 1) that a number of carbon sites in ATC-I
have two distinguishable peaks in the solid-state NMR
spectrum. A solution “C spectrum (see Figure S4 in
Supporting Information) shows only single resonances because
isotropic molecular tumbling motion in solution makes the two
sites, on average, equivalent. The doubled resonances in the
solid-state spectrum imply that two molecules coexist in the
asymmetric unit,”*'*" where chemical shift differences are
ascribable to the asymmetric crystal packing in the solid.
Typically, *C chemical shift differences due to crystal packing
are in the range of 0.1 to a few parts per million.” In the case of
ATC- |, differences (ranging from a few parts per million to as
high as 8.2 ppm) are consistently large, indicating the presence
of strong intermolecular and intramolecular interactions. These
interactions may be electrostatic interactions between the
calcium ion and the carboxyl groups of ATC, or they may be
intermolecular or intramolecular hydrogen bonding.

We measured 'H—"*C HETCOR spectra at two different
contact times (50 and 300 us) to assign all chemical shifts of
the complex C spectrum of ATC-I reliably. The short-
contact-time sequence provided correlations between directly
bonded nuclei, and the long-contact-time sequence provided
possible long-range correlations such as the dipolar coupling of
the hydroxyl proton to the carbon to which the hydroxyl group
is bonded. The incomplete published assignments'*® of the '*C
chemical shifts for ATC-I (c.f. Table 1) are inconsistent with
the *C—'H HETCOR data. As an example, consider the
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Table 1. Solid-State NMR Chemical Shift of ATC-I¢

a b
assignment this previous previous
work S1 6y 833 Si? assignment” 811 O 833 Siso assignment”
C2 128.51 128.17
C3 123.63 123.63
C4 122.57 120.92
Cs 137.19 137.82
Cé 674 43.9 18.6 43.30 n/a 62.6 38.4 20.8 40.68 n/a
Cc7 61.5 45.6 13.0 40.02 Cé6, C7,CY, or C11  63.9 43.7 18.4 41.97 Cé6, C7, C9 or Cl11
C8 95.9 734 35.0 68.12 C8 or C10 99.8 71.7 40.6 70.45 C8 or C10
Cc9 57.2 54.8 28.2 46.73 n/a 52.7 47.0 24.9 41.53 n/a
C10 93.0 66.7 35.1 64.90 C8 or C10 94.0 81.9 434 73.11 C8 or C10
C11 65.7 58.5 17.9 4741 Cé6,C7,C9,or C11  62.1 55.4 28.3 48.60 n/a
C12 231 195.1 109.5 178.46 CI2 or C25 238.5 2073 102.6 182.74 CI12 or C25
C13 129.69 129.10
Cl4 130.50 130.74
C1s 113.90 113.68
Cl16 160.19/162.70  n/a 160.04/162.58 n/a
C17 113.90 113.68
C18 130.50 130.74
C19 135.58 135.23
C20 131.09 131.09
C21 129.47 129.47
C22 123.63 123.63
C23 129.47 129.47
C24 131.09 131.09
C2s 246.0 1594 95.6 167.07 Cl16 247.1 159.1 95.1 167.49 C16
C27 135.23 134.79
C28 118.28 117.76
C29 127.56 127.56
C30 123.22 123.22
C31 127.56 127.56
C32 118.28 117.76
C33 37.3 24.6 17.1 26.25 C33 37.3 24.6 17.1 26.41 C33
C34 37.9 13.7 12.1 21.23 C33 37.9 13.7 12.1 21.27 C33
C35 42.8 32.8 —0.3 24.97 C35 42.8 32.8 -0.3 25.26 C35
F =-59.6 —1302 —162.5 —117.41 —642 —127.5 —1659 —119.19
N1 132.0 130.8
N26 119.2 119.2

“13C chemical shift tensor elements were measured using a 2D-SUPER method, and '’F chemical shift tensor components were obtained by fitting
the spinning sideband of the CP/MAS spectrum. The uncertainty in chemical shift tensor components is estimated to be +3 ppm. bIsotropic values
from CP/MAS experiments with an uncertainty of +0.05 ppm. “The previous assignments are from a patent;'* resonances in the range of 113.8 to

137.0 ppm were assigned as aromatic carbons.

assignments of C12, C16, and C25 (eight resolved peaks
between 155 and 185 ppm). Previously, the *C peaks at 182.74
and 178.46 ppm were assigned to be C12 or C25. We assign
these two peaks to the resonances of C12 of two atorvastatin
molecules in an asymmetric unit (C12b and C12a) because the
HETCOR cross-peaks are observed to correlate these carbon
peaks to the proton signal of C11 approximately at 2.5 ppm
(Figure 3). The C resonances at 174.46 ppm and at 182.74
ppm were labeled as Cl2a and CI2b, respectively, to
differentiate two C12 sites in the asymmetric unit. Two peaks
at 167.49 and 167.07 ppm were previously assigned to be from
C16. However, Figure 3 shows clearly that these two
resonances have cross-peaks with the proton signal around 9
ppm, which is an amide proton (NH) signal. For this reason,
these peaks can unambiguously be assigned to C25b and C235a,
respectively. The separation between these two peaks was
wrongly considered as the "*C—'"F scalar coupling between
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C16 and the fluorine nucleus."* Our solution '°F and 3C
NMR data (data not shown here) indicate that the '*C—"F
scalar coupling is 245 Hz. In fact, the peaks at 162.70/162.58
and 160.19/160.04 ppm were found to be approximately 250
Hz from each other, in good agreement with the YE_13C scalar
coupling constant found in solution NMR data. Preliminary
analysis indicates that the two sets of doublets at 162.70/160.19
and 162.58/160.04 ppm belong to two distinct resonances of
C16 (See Figures 3 and S), which is further verified by the
BC—""F HETCOR data as discussed in detail later.

By the same strategy, all carbon chemical shifts of ATC-I
were assigned. In addition to the *C—'"H HETCOR experi-
ment, the chemical shift assignments in the aromatic range (110
to 140 ppm) were also aided by comparing the CP/MAS
spectrum with an NQS-CP/MAS spectrum to identify
quaternary carbons (data not shown here). The detailed
assignments of C6 to C12, C33—C3S, and aromatic carbons
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Figure 3. Section of the *C—'H HETCOR spectrum of ATC-I taken
with a contact time of 300 us.

can be found in Figures SS, S6, S7 and Table S1 in the
Supporting Information. The complete assignments of the
isotropic chemical shifts and the resolvable chemical shift
tensors of ATC-I are tabulated in Table 1.

In addition to *C CP/MAS analysis, a YE CP/MAS
spectrum was obtained for ATC-I, shown in Figure 4. Two
distinguishable resonances are seen, indicating two fluorine
sites in ATC-L. The '°F chemical shift assignments were made
possible by the *C—"F HETCOR experiment at a mixing time
of 4 ms. The *C—'"F HETCOR cross-peaks in Figure 5 show
correlations between Fa at —117.36 ppm and Cl6a at 161.45
ppm (an average of 162.70 and 160.19 ppm). Similarly, Fb at
—119.16 ppm is coupled to C16b at 161.31 ppm (an average of
162.58 and 160.04 ppm). The correlations between Fb and
C15/17b, and between Fa and C15/17a, were observed, along
with weak correlations between Fa and C13a, Cl14a, and C18a.

Chemical shift tensors for the two fluorine sites were
determined through Herzfeld—Berger analysis™ of the spinning
sideband patterns of the two resonances, as indicated by the
blue dotted line in Figure 4. The resulting chemical shift
tensors are listed in Table 1.

1SN CP/MAS spectra of deuterated and undueterated ATC-I
are shown in Figure 6. The two peaks at 130.8 and 132.0 ppm
were assigned to the pyrrole nitrogen (N1) of the two
atorvastatin molecules. The resonance at 119.2 ppm, with an

integral of nearly twice that of N1, is assigned to the amide
nitrogen (N26), which must have identical chemical shift
parameters on the two distinct atorvastatin molecules. The N
assignment of this latter resonance to the amide site is based on
the fact that in deuterated ATC-I it vanishes because of
deuterium exchange. It is conceivable that the N chemical
shift difference of N26 in the two atorvastatins is averaged out
due to a rapid rotation of the amide bond, showing only a
single resonance representing the two different sites. The
doublings observed in the fluorine and nitrogen spectra, once
again, indicate that there are two atorvastatins in the
asymmetric unit, not one.

Structure of ATC-I. Since the crystal structure of ATC-I is
not available, the three-dimensional molecular structure of
atorvastatin calcium in the solid state is unknown. In this
section, we describe a possible local structure of ATC-I based
on the simultaneous interpretation of the experimental solid-
state NMR data and DFT calculations.

Figure 7 shows the difference in isotropic *C chemical shifts
of each carbon site between the two independent molecules in
the asymmetric unit, defined as A5 = §, — &, (a and b
represent a and b molecules, respectively). Atorvastatin a is the
molecule that more closely resembles the solution structure
than does b, based on the smaller root-mean-square deviation
of its isotropic shifts from solution shifts. From Figure 7, one
can discern a large oscillation of the difference between the two
molecules for carbons C4 to C12, suggesting that in this region
the two atorvastatin molecules have different NMR chemical
shifts, possibly due to hydrogen bonding of hydroxyl groups or
difference in electrostatic charge distribution in the vicinity of
calcium ions in the solid structure, apart from the crystal
packing effect. This variation of the difference with position
serves as a benchmark in evaluating structural models based on
predicted chemical shifts from the DFT calculations. The
benchmark therefore consists of the results of 66 unique
chemical shift measurements (2 times 33 chemical shifts) and is
statistically significant. More importantly, the comparison of
differences in chemical shifts allows us to eliminate possible
inaccuracies that might arise from offsets in the DFT
calculations or the choice of basis sets.

As discussed above, the doubling in the NMR spectra clearly
indicates that the asymmetric unit contains two atorvastatin
molecules. To construct an initial model for DFT calculations,
we examined a large number of organic calcium salts in the
Cambridge Structure Database (CSD) that satisfied the

Fa ||

v

-100

-125

-150

'9F Chemical Shift in ppm

Figure 4. '°F CP/MAS spectrum of ATC-I taken with a spinning rate of 12.5 kHz. The experimental spectrum (red) was obtained by applying 30 Hz
line broadening. The blue dotted line represents the line shape analysis using the Herzfeld—Berger technique.
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Figure 5. Sections of the *C—"F HETCOR spectrum taken with a contact time of 4 ms. (a) The projection of 2D spectrum along the
dimension. (b) *C CP/MAS spectrum, which shows the ’F—'3C scalar coupling for site C16.
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Figure 6. "N CP/MAS spectra for ATC-I (a) and deuterated ATC-I
(b). The signal of N26 disappears in panel b due to deuterium
exchange of the labile amide protons.

following criteria: (1) having similar calcium—oxygen coordi-
nations and (2) having a similar hydrate in the crystal form as
ATC-L. Calcium benzoate (Ca(C¢H;COO),-3H,0) was
chosen because it meets the criteria. In calcium benzoate
(CSD code JEDCOKO1*), four benzoic acids, along with
waters of hydration, are coordinated to two calcium ions, in
which two benzoic acid molecules are closer to the ions than
the others. To build the initial model of ATC-I, two of the four
benzoic acid molecules, one closer to and another father away
from the calcium cluster, in the calcium benzoate structure were
replaced by atorvastatins, whose initial structure was taken from
the reported HMG-CoA reductase-atorvastatin complex,” while
keeping all oxygens of the carboxyl group (COO—) at the same
or similar positions. To simplify the model such that the
calculation is feasible, the other two symmetric benzoic acid
molecules in calcium benzoate were replaced with acetic acid
molecules. The oxygens of the acetic acids were placed in the
same or similar positions as in calcium benzoate.

3646

From this initial model, we made modifications to the
structure of the atorvastatins based on the solid-state 3C—

10

0O OCTNITOON VOO TNNOIONOAS NN

<<<<<<<<<

Carbon Number

Figure 7. Chemical shift difference between atorvastatin a and b. The
calculated chemical shift differences based on the proposed model
(blue dashed line) are compared with experimental values (@). The
carbon numbering is given in Figure 1.
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HETCOR spectra. For atorvastatin a, a cross-peak between
C11 and the hydroxyl proton of C10 (Figure SS in the
Supporting Information) is observed, which indicates the
hydroxyl proton of C10 is pointing toward the direction of
C12. In addition, a much stronger cross-peak between C7a and
C8-OHa than that of C9a and C8-OHa is observed, implying
that the hydroxyl proton of C8 points toward C7. However, for
atorvastatin b, the cross-peaks observed for C9/C10-OH and
C7/C8-OH, but not for C11/C10-OH, shown in Figure S5
(Supporting Information), indicated that the hydroxyl protons
of C8 and CI0 are pointing in the same direction. The
modified arrangement of hydrogen groups for atorvastatins a
and b is presented in Figure 8.

! * oy g
/~ C12aiC10A

C'ﬁa Coa\

Figure 8. Proposed local structure of atorvastatin, showing that the
orientations of the hydroxyl groups are different in atorvastatin a and

b.

The geometry of the modified structure was optimized using
the B3LYP/3-21G basis set. Subsequently, we used the more
complete B3LYP/6-31G(d) basis set in the calculation of *C
chemical shifts of the atorvastatins. The calculated chemical
shift differences between molecules a and b are shown in Figure
7 as the blue dashed line.

The proposed model generally reflects the trend of chemical
shift differences observed experimentally as a function of the
carbon number. In particular, it predicts the large amplitude
oscillation of the difference for carbons between C4 and C12,
which probably reflects the structure due to hydrogen bonding
of the hydroxyl groups of C8 and Cl10 as well as the
electrostatic effects of the calcium ions. Although a relatively
small oscillation is predicted between C13 to C35 compared
with the oscillation observed in the range of C4 to Cl12, the
theoretical curve shows larger-amplitude fluctuations than seen
experimentally for carbons in this range. A large number of
aromatic carbons (C13—C18, C19—C24, and C27—C32)
reside in this range, and the effects of aromatic ring currents
from adjacent molecules in this crystalline environment can
hardly be accounted for by a calculation that is primarily for a
gas-phase environment, as this one is. We believe the general
outlines of the proposed structural model for the local structure
of ATC-I (shown in the .mol format in the Supporting
Information) are statistically reasonable and consistent with the
NMR data.

To examine the sensitivity of the present method, we first
used the same procedure in generating the proposed model,
except we do not alter the orientation of the hydroxyl groups.
This test structure (Model I) is an arrangement as if the solid-
state *C—"H HETCOR data were not utilized to modify the
local structure. The geometry optimization and chemical shift
calculations were performed as before. The theoretical curve
(red dotted line) obtained in this manner failed to reproduce
the experimental observations (Figure S8, Supporting In-
formation), both in the aliphatic chain and in the aromatic ring

3647

ranges. In a second attempt, we started with the crystal
structure of calcium acetate® as an initial model, replacing the
acetic acid molecules with atorvastatin molecules (the structure
being obtained from the enzyme complex without altering the
orientation of hydroxyl groups). We called this arrangement
Model II. The theoretical curve (blue dashed line in Figure S8,
Supporting Information) obtained in this way completely failed
to predict the experimental observations (Figure S8, Supporting
Information). To compare models in a more quantitative
manner, we defined a total square root square deviation of the
model from experiment.

d= \/2 (Aexp = Appr)?
where A, and Apgy are isotropic chemical shift differences
obtained from experimental measurements and DFT calcu-
lations for AT C-I, respectively. This difference, in units of ppm,
represents the overall quality of a model. The d values for
Model I and Model II are 15.49 and 16.18 ppm, respectively.
This deviation was only 7.03 ppm for the model of Figure 8.
We conclude that the local structural model of Figure 8 is far
superior in reproducing the NMR observations than either
Model I and Model II. These simple tests show that the
proposed method for exploring the local structure is very
sensitive to the structure. In this case, the orientations of the
hydroxyl group suggested by solid-state NMR data, which affect
hydrogen bonding structure, are critical in the model for
predicting chemical shifts of ATC-L

For Form I of atorvastatin calcium, the calcium cation orients
two atorvastatin molecules such that the structure is relatively
rigid. For a more flexible system where more than one molecule
exists in an asymmetric unit, a larger set of molecular models
should be considered for the DFT calculation.

Chemical Shift Tensors of ATC-l. The isotropic NMR
chemical shift is an average of three principal values of the
chemical-shift tensor. The principal values, ,;, 5, and 33, of
the symmetric second-rank chemical-shift tensor (CST)
provide more details about the electronic environment in
three dimensions. There are several methods**** for measuring
the principal values for systems containing multiple nuclear
sites using the magic angle spinning technique. In this report,
we used the 2D-SUPER experiment™ to measure the °C
chemical shift tensors of all resolvable carbon resonances of
ATC-L The results are listed in Table 1. Once again, at this
high level of comparison, the model of Figure 8 gives an
excellent linear correlation between the measured and
calculated principal values of the chemical shift tensors (see
Figure S9 in the Supporting Information).

Considering the experimental errors involved in measure-
ment of a chemical shift tensor, the differences of the principal
values of C6, C7, and C8 between atorvastatins a and b are
relatively insignificant, reflecting the similar electronic environ-
ment near these carbon sites, something that is generally
consistent with the proposed model. However, the electronic
environments near C9 and C10 are found to be quite different.
A change in chemical shift of approximately 14 ppm was found
for C10 between a and b, which is probably due to the fact that,
in our model, the orientation of the hydroxyl group on C10 in
atorvastatin a is opposite to that in b.

In principle, the direction of the principal axes of the
chemical shift tensor in the molecular frame cannot be
determined experimentally from measurements on powdered
samples, except in certain situations required by symmetry.
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However, it is well-known that the principal axes of the
chemical shift tensors of carboxyl and carbonyl carbons are
consistently observed to be related to the molecular frame. The
22 axis is always nearly collinear with the direction of the
double bond (C=O0). The 11 axis, lying approximately in the
plane of the carboxyl group, is perpendicular to the 22 axis. The
33 axis is thus perpendicular to the plane defined by the 11 and
22 axes.>® From Table 1, we note that the experimental value of
0, for C12 is shifted from 207 ppm for atorvastatin b to 195
ppm for atorvastatin a. We ascribe this 12 ppm shift to the
distance difference of a and b from the calcium cluster. It has
been reported®® that stronger hydrogen bonding is associated
with increased shielding in J,, of deprotonated carboxylates. In
the proposed model, the hydroxy] OH on C10 points to
carboxyl oxygens on Cl12 in atorvastatin a, which leads to
stronger hydrogen bonding of the carboxyl oxygen compared to
that in molecule b. A 12 ppm increased shielding of 6,, of C12
from b to a is consistent with this local structure of the model.
For C25, there are no significant changes in the chemical shift
tensor between a and b, consistent with the observation that
SN chemical shifts of N26 for the two atorvastatin molecules
are indistinguishable. The average effect resulting from rapid
amide bond rotation may also contribute to the fact that there
are only small chemical shift differences in C25 in the two
molecules.

The chemical shift span, 10;3—0,;l, is sometimes used as an
index of slow molecular motion near the nuclear site. From
Table 1, it can be seen that the *C and "’F spans of selected
sites in the two atorvastatins in ATC-I are comparable,
indicating these two atorvastatin molecules have similar
molecular motion characteristics in the asymmetric unit.

B CONCLUSIONS

Form I of atorvastatin (ATC-I) has been studied using solid-
state. NMR spectroscopy, DFT calculations, X-ray powder
diffraction, and thermal analysis techniques. We have given a
complete assignment of 13C, BN, and F solid-state chemical
shifts of this important active pharmaceutical ingredient
through a careful and extensive analysis of the experimental
CP/MAS and two-dimensional correlation data. In addition to
isotropic chemical shifts, the 3C chemical shift tensors of
resolvable resonances (C6—C12, C25, and C33—C35) and
fluorine site of ATC-I have been reported.

Without recourse to an X-ray crystal structure for this solid,
we propose a local structure consistent with solid-state NMR
data and DFT calculations. In this structure, two atorvastatin
molecules are in the asymmetric unit, in agreement with the
experimentally observed doubling of resonances for a number
of carbon sites, fluorine sites, and the amide nitrogen site. The
calculated chemical shift differences based on the proposed
structure are in good agreement for a total of 66 chemical shift
measurements. Specifically, the suggested orientations of
hydroxyl groups, and therefore the hydrogen bonding
structures, are reflected in the calculated chemical shift
parameters.

The proposed model and its agreement with the solid-state
NMR spectroscopy of ATC-I give insight into how one might
determine local structure without knowledge of X-ray structure.
Other seemingly reasonable models that we tried do not
reproduce the NMR data as well as the proposed model. This
comparison shows that NMR parameters sensitive to local
conformation and structure may provide information on
structure, even when a definitive X-ray structure is not available.
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A recent study”* using **Ca solid-state NMR of an enriched
calcium biological model compound revealed details on the
electronic environment of the calcium site through the effects
of structure on the magnitude and orientation of the *Ca
chemical shift and quadrupolar tensors. Given that ATC-I
contains calcium sites, one would expect that an extended
investigation using **Ca solid-state NMR spectroscopy would
provide even more detailed structural information on ATC-L
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