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Influence of Structure on the Spectroscopic Properties of the Polymorphs of Piroxicam
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The complete '*C NMR chemical-shift tensors for the carbon sites of the two polymorphic forms (Py and Pyy)
and the monohydrate form (PM) of the analgesic drug, piroxicam, are reported. The NMR parameters (isotropic
chemical shifts, chemical-shielding anisotropies and asymmetries, and dipolar couplings), X-ray powder
diffraction, and density functional calculations of piroxicam are analyzed in terms of hydrogen bonding and
structure. The integration of all the data gives an improved model of the local solid-state structures of the
polymorphs. In particular, the solid-state NMR spectra demonstrate that the asymmetric unit of the monohydrate,
PM, contains two zwitterionic piroxicam molecules.

Introduction

The structure, locally and long-range, of a pharmaceutical
solid is a critical parameter that affects quality, stability, safety,
and efficacy of pharmaceutical products.' Various polymorphic
forms of certain substances may, for example, have quite
different apparent solubilities, dissolution rates, and bioavail-
ability.> These differences affect the manner in which the
pharmaceuticals are used in drugs and determine the types of
formulations in which they are administered. Polymorphic forms
may interconvert during storage,’ limiting the shelf life of drugs
that rely on the material being in a particular form. Understand-
ing solid-state structure of these materials at local and long-
range levels is key to developing strategies for the use of these
drugs, and spectroscopic analysis provides the means to specify
structure.

Piroxicam is a long-acting, nonsteroidal, analgesic drug used
in the treatment of osteoarthritis and rheumatoid arthritis.* It
exists in at least two polymorphic solid forms and as a
monohydrate. It is the active ingredient in Feldene, a drug
commercially available in the United States and Europe; and
in Roxam, a drug commercially available in Africa, the Middle
East, Asia, and parts of Europe. As the active constituent of
these drugs, piroxicam is a model of the effects of polymor-
phism, particularly for pharmaceutical applications.’

The solid-state structure of piroxicam has been investigated
with X-ray powder diffraction,®” vibrational and Raman
spectroscopy,®~!1” thermal analysis,'""'> and, recently, solid-state
NMR spectroscopy.'*~!> Two polymorphs of piroxicam that
have been consistently identified are labeled Py and Py, and
their crystal structures have been reported.'*!¢ Both are mono-
clinic and exist in space group P21/c. A third polymorph has
been reported to form under certain conditions of recrystalliza-
tion.>!* Piroxicam monohydrate, PM, is formed when piroxicam
is recrystallized from aqueous solution. X-ray structures'”!® of
PM indicate that it has two molecules per asymmetric unit in
the space group P1, whereas P; and Py have only one molecule
per asymmetric unit.

The molecular structure of the neutral form of piroxicam is
shown in Figure la, and the zwitterionic form is shown in Figure
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Figure 1. The molecular structure of piroxicam, showing the number-
ing of the carbons and nitrogens: (a) neutral form and (b) zwitterionic
form.

1b. The Py and Py forms of the native molecule are presumed
to differ only in lattice energies, with the molecular conforma-
tional energies being similar.’> Although the conformational
energies are thought to be similar, Py and Py have slightly
different ways in which hydrogen bonds are formed.’ The neutral
molecular structure may be converted into the zwitterionic form
by a solid-state transfer of the hydroxyl proton on C7 to produce
the pyridinium center at N3.'3 This process is usually ac-
companied by a change from the colorless crystal form to the
yellow zwitterionic form.!? In the hydrate, the conformation of
the piroxicam structure is different from that of Py and Py,'®
and it is presumed to exist predominantly as a zwitterion.
Solid-state NMR (SSNMR) spectroscopy is an effective
method to explore polymorphism in systems such as pharma-
ceutical substances.'””?® The NMR chemical shielding is
especially sensitive to molecular conformation as well as state
of ionization. Dipolar couplings between nuclei, when measured,
give direct information on internuclear distances that can be
used to infer local structural features. The temperature depen-
dence of relaxation and spectroscopic parameters such as
chemical-shift tensors have been used to infer local dynamics.
The literature on the solid-state NMR spectroscopy of the
polymorphs of piroxicam is sparse.”*”'> In one study,"? the
substantial isotropic deshielding of the '*C resonance of C7 of
PM relative to that of Py and Py was interpreted as evidence
for the existence of the zwitterionic form of PM. In another
study, differences in isotropic '3C chemical shifts among the
polymorphs were suggested as evidence for modes of hydrogen
bonding.'* More recently, an NMR study of a cocrystal of
piroxicam with saccharin was consistent with piroxicam’s being
a zwitterion in the complex.!> Most notably, in that study, the

10.1021/jp1084444  © 2010 American Chemical Society
Published on Web 11/18/2010



16642 J. Phys. Chem. B, Vol. 114, No. 49, 2010

principal values of some '*C chemical-shift tensors provided
critical evidence of differences between a polymorph and a
complex, whereas the differences in isotropic chemical shifts
were relatively small.

We report the complete assignments of the '3C chemical-
shift tensors of Py, Py, and PM. Along with the X-ray data, the
NMR parameters of PM lead to a more refined model of the
hydrogen-bonding network in that material. The analysis
requires multiple techniques, including traditional *C CP/MAS
spectra and spectra determined with suppression of nonquater-
nary carbon resonances.”’ To address structural features, contact-
time-dependent, two-dimensional, heteronuclear correlation
spectroscopy (2D-HETCOR) gave qualitative information on
internuclear distances in the various polymorphs.

Because X-ray crystallographic studies can have difficulty
locating hydrogen positions in some cases, one must determine
those in some other manner. The commonly accepted structure
of PM assumes a maximum H-+-A distance of 3.0 A and a
minimum D—H-++A angle of 90° in the hydrogen-bonding
network, together with the X-ray structure of the framework.*
2D-HETCOR spectroscopy can suggest limits on positions of
hydrogens. In this study, we use these data and the X-ray data
to propose a more refined model of hydrogen bonding in PM.

The complete experimental NMR results suggest that isotropic
13C chemical shifts, although providing data that generally
distinguish the polymorphs of piroxicam, are not as sensitive
to subtle structural details as are the principal values of the
chemical-shift tensor (CST). The CST reflects the three-
dimensional electronic structure in the neighborhood of the
nuclear site, which makes its full analysis a sensitive probe of
local structure and molecular conformation. To examine this
connection between structure and spectroscopic parameters, we
performed density functional theory calculations with gauge
invariant atomic orbitals (GIAO/DFT) to predict the manner in
which the principal values of the CST change with conformation
of the piroxicam structure. From these calculations, we have
isolated the conformational contributions to the chemical-shift
principal values at certain carbon sites. The results are consistent
with the idea that Py and Py have similar conformations but
that PM exists in a different conformation. The NMR data also
imply that PM is zwitterionic, with intermolecular hydrogen
bonding playing a key role in the structure.

Experimental Section

Sample Preparation. Piroxicam was purchased from Sigma
(Lot no. 066K1779). Powder X-ray diffraction (PXRD) (see
Figure S1 in the Supporting Information) demonstrated that the
material, as received, was Py, the most stable polymorph of
piroxicam at ambient conditions. Py was obtained from P; by
recrystallization from absolute ethanol.’ PM was prepared from
either Py or Py by water-mediated solid-state conversion at room
temperature.®® A sample of PM prepared with deuterium oxide
(PM-d) was generated by the same procedure. PXRD data of
Py, Py, and PM were essentially identical to those reported in
the literature.® 3C CP/MAS NMR spectra of the samples
(Figure 2) gave isotropic chemical shifts that were nearly
identical to those reported by Sheth et al.'?

NMR Spectroscopy. CP/MAS experiments were carried out
with a Bruker Avance Il WB400 NMR spectrometer operating
at a proton frequency of 400.13 MHz. Samples were packed in
4-mm rotors; a CP/MAS double-resonance ('*C and H) probe
was used, and all spectra were obtained at 298 4+ 2 K. CP/
MAS experiments were carried out with a sample spinning rate
of 10 000 £ 2 Hz. TPPM?3! decoupling during CP/MAS data
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Figure 2. '*C CP/MAS spectra of the structural forms of piroxicam:
(a) Py, (b) Py, and (c) PM. Contact time: 3 ms.

acquisition was provided by a 104.2-kHz proton decoupling
field. For most CP/MAS spectra, the contact time was 3 ms.
For CP/MAS experiments carried out with nonquaternary carbon
suppression,? a 40-us delay was used to suppress the contribu-
tions of carbons adjacent to protons. All '*C chemical shifts
are referenced externally via the resonance of adamantane at
an isotropic chemical shift relative to tetramethylsilane (TMS)
of 38.55 ppm.

2D-HETCOR experiments®? were performed with a spinning
rate of 12000 £ 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 2.4-us 7/2
'H pulse and four Lee—Goldburg cycles per evolution incre-
ment. A total of 256 evolution points, each with either 96 or
128 scans, was collected. A series of data sets with cross-
polarization times of 100, 200, 300, 500, 800, and 1000 us were
acquired. The 'H dimension was referenced internally to the
methyl group of piroxicam at 3.0 ppm, as determined with 'H
MAS NMR spectroscopy. The '3C dimension was referenced
externally to the resonance of adamantane at 38.55 ppm. All
reported proton shifts were scaled by 0.578, the scaling expected
for Lee—Goldburg homonuclear decoupling. The data were
processed by multiplication by a cosine-square function in the
t; and t, dimensions prior to Fourier transformation.

Determination of the CST for '*C in multicarbon molecules
allows one to see the three-dimensional effects of electronic
structure at each unique site.** 3® To determine CSTs of the
piroxicam materials, we used the 2D-SUPER experiment.*® In
a typical 2D-SUPER experiment, the sample was spun at a
frequency of 5000 £ 2 Hz, 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 #, increment, 2048 complex points were collected along
the acquisition (isotropic) dimension. Depending on the signal-
to-noise ratio, either 256 or 512 scans were coadded; 32 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 7, and £,
dimensions prior to Fourier transformation. Subsequently,
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TABLE 1: Principal Values of the >*C Chemical-Shift Tensors of the Polymorphs of Piroxicam and Piroxicam Monohydrate®

P; Pu PM
Oiso” Oiso” Oiso”
O (25 033 Oiso (MAS) O Om 033 Oiso (MAS) O 25 033 Oiso (MAS)
C#  (ppm) (ppm)  (ppm)  (ppm)  (ppm)  (ppm) (ppm)  (ppm)  (ppm)  (ppm)  (ppm) (ppm)  (ppm)  (ppm) (ppm)
1209 (202)° 149 (157) 43 (49) 134 (136) 133.6 212(204) 152 (159) 36 (55) 133 (139) 133.3 207 (202)¢ 156 (161) 43 (55) 135(139) 135.0
2 227 (214) 141 (140) 5(8) 124 (121) 124.1 222(214) 157 (141) =3 (8) 125(121) 125.0 220 (214) 149 (138) 4 (9) 124 (120) 1242
3 223(226) 152(145) 30(5) 135(125) 134.8 245(229) 124 (147) 30(4) 133(127) 133.3 253(227) 149 (143) —4(6) 133 (125) 132.6
4 235(225) 156 (142) 6(5) 132 (124) 1323 ©(229)  “(144) °(4) ¢ (126) 230 (225) 153 (140) 3 (7) 128 (124) 128.4
5 229(216) 159(149) —7(4) 127 (123) 127.2 223 (218) 156 (149) —2(3) 126 (123) 125.7 237 (220) 152(149) 1(3) 130 (124) 130.2
6 216(201) 163 (158) 5(27) 128(129) 127.9 218(201) 164 (158) 6(28)  129(129) 129.2 213 (209) 165 (163) 20 (31) 133 (135) 132.6
7 248 (234) 162 (169) 65(81) 158 (162) 158.5 247 (231) 161 (167) 62 (77) 157 (158) 156.5 255(249) 186 (182) 67 (78) 169 (169) 169.4
8 176 (165) 104 (108) 56 (63) 112(112) 112.1 176 (167) 103 (115) 60 (66) 113 (116) 113.4 160 (154) 98 (107) 69 (73) 109 (111) 109.0
9 245(228) 173 (160) 83 (102) 167 (163) 167.0 244 (231) 164 (161) 90 (104) 166 (165) 165.7 242 (226) 163 (151) 96 (112) 167 (163) 167.0/168.4
11 252(237) 145 (136) 54 (67) 150 (147) 1504 241 (239) 138 (138) 67 (66) 148 (148) 148.0 224 (197) 175 (162) 50 (64) 149 (141) 149.4/147.8
12 200 (195) 138 (128) 4 (8) 114 (111) 113.9 201 (196) 129 (128) 10(9) 113 (111) 113.4 218 (191) 137(121) —6(22) 116(111) 116.4
13 245(234) 170(151) —6(2) 136 (129) 136.4 245(237) 164 (154) 3 (3) 137 (131) 137.2 232(240) 168 (158) 41 (3) 147 (134) 147.1/148.5
14 228 (216) 128 (120) 3 (6) 120 (114) 119.5 229 (218) 128 (122) 7 (6) 121 (121) 121.4 213 (206) 135(122) 7 (7) 118 (112) 118.2
15 245(245) 142(151) 55(36) 147 (145) 1472 261 (248) 148 (152) 35(39) 148 (147) 148.0 237 (221) 154 (155) 26 (35) 139 (137) 138.8/137.2

“The uncertainty of chemical shift tensor components

is estimated to be +3 ppm. ? Isotropic values from CP/MAS experiments with a

uncertain of 0.1 ppm. ¢ Data in parentheses are calculated results using the ADF package, as described in text. ¢ ADF calculations for PM are
based on CIDYAPOI structure file with proton transfer. ¢It is difficult to obtain accurate tensor components for C4 of Py because of its

multiple-resonance characteristics.

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 CST 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.

When isotropic chemical shifts of two resonances were
sufficiently close that the patterns overlapped (such as C1/C3,
C8/C12, and C11/C15 in Py), DD-SUPER*' was used to isolate
the patterns of the unprotonated carbons. Fitting of the *C
powder pattern of an unprotonated carbon allowed us to fix the
parameters of this contribution when fitting the full 2D-SUPER
powder pattern of the same sample. During this latter fitting,
only the CST parameters of the protonated carbons were
variables, which allowed precise determination of the overlapped
powder patterns.

Computational Methods. The crystal structures of the
polymorphs of piroxicam (BIYSEH'® for Py, BIYSEH05' for
Py, and CIDYAPO1'® for PM) from the Cambridge Structure
Database (CSD) were used in the GIAO/DFT calculations
without further geometry optimization, except that we optimized
the hydrogen positions. The principal values of the NMR CSTs
and the total molecular energies were determined with the
Amsterdam Density Functional (ADF) software package,*~*
using a valence double-¢ Slater-type basis set with polarization
functions. In the ADF calculations, the local density approxima-
tion and the generalized gradient approximation were used in
the SCF procedures.

Similar calculations were also performed with the Gaussian
03 software package*® at the B3PW95 level of theory with the
6-311++G(2p, d) basis set, which gave similar results. A
comparison of the principal values of the NMR CSTs between
ADF and Gaussian 03 for piroxicam is given in Table S1 in
the Supporting Information. The calculated '3C chemical-shift
parameters were referenced to the isotropic position of TMS,
obtained at the same level of theory and with the same basis
sets.

Powder X-ray Diffraction. X-ray diffraction patterns of
powdered Py, Py, and PM were recorded for 26 between 5°
and 50° with a Rigaku D/Max 2400 powder-diffraction system,
using Cu Ko radiation at 298 K. The PXRD data are given in
Figure S1 in the Supporting Information.

Results and Discussion

Isotropic 3*C NMR Spectral Assignments. The isotropic
13C chemical shifts of Py, Py, and PM in deuterated chloroform
solution are identical (data not shown). The conformation of
the piroxicam moiety in solution is therefore independent of
the structure and molecular conformation of the solid form from
which the solution is made. The isotropic '*C chemical shifts
of the solutions are close to those of solid Py determined with
CP/MAS spectroscopy. This similarity between solution and
solid-state NMR parameters suggests that the average solution
conformation and the conformation of solid Py are similar, and
that this is the lowest-energy conformation.

The regions of the CP/MAS *C NMR spectra between 100
ppm and 180 ppm of solid Py, Py, and PM are shown in Figure
2. The '’C isotropic chemical shifts of the three forms of
piroxicam indicate that the materials vary in structure, with the
spectrum of PM deviating significantly from those of the two
polymorphs. There are also systematic differences between the
spectra of Py and Py, suggesting the influence of structure on
the NMR parameters.

Because of severe overlap of resonances in the spectra of Py
and PM, only partial resonance assignments have been previ-
ously reported.!® Figure 2 indicates that there is substantial
overlap of at least three pairs of *C resonances (C11/C15, C1/
C3, and C8/C12) of Py. The complete assignments in Table 1
for Py and PM are possible through a comparison of the CP/
MAS spectra with the CP/MAS spectra obtained with suppres-
sion of signals from nonquaternary carbons. (Figures S2 and
S3 in the Supporting Information).

A distinguishing feature of these spectra is the deshielding
of the resonance of C7 in PM relative to the resonances of C7
in Py and Py;. Sheth et al. attribute this difference to a change
in structure due to proton transfer."> A further difference is the
noticeably broader resonances of certain carbon sites (C7, C9,
C11, C13) in PM. This broadening is not likely to be the result
of the presence of amorphous phases because it is well-known
from PXRD measurements that PM is predominantly crystalline.
As we discuss later, such broadening is more likely evidence
of the existence of more than one molecule in the asymmetric
unit in PM, giving a slight dispersion to the chemical shift.

A measure of the difference between the spectra of two
similar compounds is the total combined root-mean-squared
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deviation (rmsd) of the isotropic chemical shifts. A comparison
of the monohydrate to the two polymorphs gives rmsd’s of 1.4,
5.2, and 5.6 ppm for Py/Py, P/PM, and Py/PM, respectively.
These deviations indicate that the electronic environments of
P; and Py are, on average, quite similar, whereas both are
noticeably different from the electronic environment of the
monohydrate. A closer examination of the isotropic chemical
shifts of specific carbons indicates that the rmsd’s reflect changes
in chemical shifts of sites such as C7, C13, and C15.

The differences in isotropic rmsd’s may result from differ-
ences in conformation, differences in ionization state, or
differences in molecular packing. As such, they reflect the
contributions of differences in conformational energies, ioniza-
tion behavior, and lattice energies. One might therefore reason-
ably assume that measures of these quantities correlate with
the rmsd’s.

The conformational energy is readily obtained from DFT
calculations on known crystallographic structures.*’ We carried
out calculations to obtain qualitative conformational energies
of structures of Py, Py, and PM (BIYSEH, BIYSEHO0S5, and
CIDYAPO1) obtained from the CSD, using the ADF software
package. (Some calculations with Gaussian 03 showed analo-
gous results.) For the PM structure, because there are no
hydrogens reported in CIDYAPO1, hydrogens were added to
the structure, and their positions were optimized using the ADF
software package.

The results predict that Py is the lowest-energy structure, with
Py being only slightly higher. The monohydrate is significantly
higher in energy. (Eapr(Pn) — Eapr(Pr) ~ 1.5 kJ/mol and
Expr(PM) — Eapr(P1) ~ 36 kJ/mol; Egos(Pm) — Egos(Pr) ~ 0.95
kJ/mol and Ego3(PM) — Ego3(Pr) ~ 40 kJ/mol.) These results
are comparable in magnitude to previous calculations of the
conformational energy differences in other polymorphic
systems.?'*748 At least for the three piroxicam structures, the
13C isotropic chemical shift rmsd’s do seem to be correlated
with conformational-energy differences, suggesting that the
differences in isotropic NMR chemical shifts are the result of
conformational differences.

Structure of the Asymmetric Unit of Piroxicam Mono-
hydrate. X-ray crystallographic structures of PM indicate that
the asymmetric unit contains two piroxicam molecules (Z" =
2)."8 To date, the 3C NMR CP/MAS spectra of PM have been
interpreted in terms of a single piroxicam molecule (or sym-
metrically related molecules) in the asymmetric unit. The line-
broadening observed in the CP/MAS spectrum of PM (Figure
2c) is suggestive of overlap of resonances from molecules at
sites that have slightly different local electronic environments.
To investigate the line broadening further, *C—'H HETCOR
spectra of PM were acquired as a function of contact time (100
us < t. < 1000 wus). Figure 3 shows the *C—'H HETCOR
spectrum of PM taken with a contact time of 500 us, in which
the cross-peaks are labeled. The proton resonance assignments
for N2H and N3H™ follow the work of Vogt et al.'> The peak
at 15.4 ppm is assigned to N2H, and the peak at 14.3 ppm, to
N3H". These assignments are in reasonable agreement with the
predicted trend of isotropic chemical shifts by the ADF
calculations (17.3 ppm for N2H and 16.6 ppm for N3H™).

Once the isotropic proton chemical shifts of N2H and NH3*
are fixed, the resonance at 12.7 ppm can be assigned to the
protons of the water of hydration. An isotropic chemical shift
of 12.7 ppm may seem higher than shifts commonly reported
for water. However, the isotropic shift of water in hydrogen-
bonded hydrates ranges for 4.8 ppm to 10.4 ppm, depending
on the strength of the hydrogen bonding in which the water is
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Figure 3. A portion of *C—'H HETCOR spectrum of PM. Contact
time: 500 us. The labeled cross-peaks are explained in the text. The
unlabeled cross-peaks with 'H chemical shifts between 4 and 10 ppm
and with *C chemical shifts <150 ppm arise from aromatic carbon
and proton correlations.

involved.* In the case of zwitterionic piroxicam monohydrate,
it is conceivable that these hydrogen-bonded water protons may
be subject to strong deshielding, resulting in the appearance of
these protons at the edge of this range. A 2H MAS spectrum of
the sample PM-d (Figure S4 in the Supporting Information),
prepared by dripping D,O on piroxicam, shows centerband
resonances ranging only from 10.8 to 16.6 ppm. No signal with
positions at chemical shifts less than 10.8 ppm was observed,
supporting the assignment of the water resonance. The cross-
peaks in the correlation spectrum in Figure 3 are somewhat tilted
toward the shielded end in both the 'H and '*C directions. This
may also be a result of the inhomogeneity due to the anisotropy
of the bulk magnetic susceptibility of the sample.’*!

The *C projections of the 2D-HETCOR spectra are given in
Figure 4, where the '*C signals represent carbons coupled to
protons through dipolar interactions. At short contact times, only
signals of carbons directly bonded to hydrogen (such as in a
C—H bond) appear in these projected spectra. At longer contact
times, particularly for contact times of 1000 us or more, spin-
diffusion may result in HETCOR projections that resemble the
CP/MAS spectrum of Figure 2c. For PM, spectra taken with
contact times less than 200 us show two pairs of resonances
having nearly equal intensities for C13/C13” (148.5/147.1 ppm)
and C15/C15” (138.8/137.2 ppm). For a contact time of 300
us, a pair of cross-peaks of C9/C9” appears at 169.4/167.0 ppm
in the 2D-HETCOR spectrum. A similar splitting of the C11
resonance is seen in the CP/MAS spectrum (Figure S3 of the
Supporting Information) taken with suppression of nonquater-
nary carbons. This doubling of resonances is clearly suggestive
of the existence of two piroxicam molecules in the asymmetric
unit of PM, in agreement with X-ray data, something that is
only hinted at by broadening in the CP/MAS spectra.

The appearance of signals in the 2D-HETCOR spectra at
longer contact times implies the existence of weaker dipolar
couplings to protons at greater distances. At 300 us, the signal
of the resonance of the unprotonated C1 appears as a shoulder
on the C15 resonance. We attribute the appearance of this feature
to dipolar coupling between C1 and H2, even though C1 and
H2 are not directly bonded. Although not unambiguously
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Figure 4. '*C projections of 2D HETCOR spectra of PM as a function of contact time. The top trace (contact time: 3000 us) is a CP/MAS

spectrum, presented for comparison.

resolved in the 2D-HETCOR spectrum, a C1” signal underlies
the resonances of C15 and C15". The growth of this Cl’
resonance with contact time is reflected in the deviation of the
C15-to-C15’ intensity ratio from 1 as the contact time increases.
The C1 and C1’ resonances can be more clearly discerned in
the CP/MAS spectrum of PM obtained with nonquaternary-
spin suppression (Figure S3 in the Supporting Information).

Not all carbons of piroxicam show detectable splitting of the
resonance in the '*C 2D-HETCOR projections. Most doubled
resonances (C9, C11, and C15) are in regions of the molecule
one expects to be affected by intermolecular and intramolecular
hydrogen bonding. The doubled resonances of C9 and C11 are
separated by only ~1 ppm, but they correspond to different
HETCOR cross-peak patterns, indicating different hydrogen
bonding and stereochemistry around these carbons sites.

NMR Evidence for Zwitterionic Piroxicam in the Mono-
hydrate. The conformation of PM, as determined by X-ray
diffraction, is different from those of Py and Py;. The significant
difference in the isotropic shift of C7 of PM relative to Py or
Py has been attributed to this conformational difference.!® In
addition, the piroxicam in PM is zwitterionic, the result of a
net proton transfer from the hydroxyl group on C7 to the
pyridine nitrogen (N3H™) on the oxicam group, which also
affects the NMR shift of C7.

The 2D-HETCOR spectrum of PM acquired with a contact
time of 500 us (Figure 3) contains cross-peaks between the
resonances of C15 and C15” at 138.8/137.2 ppm and the proton
resonance at 14.3 ppm, which is consistent with the assignment
of the peak at 14.3 ppm to a labile hydrogen such as N3H'.!°
From models, one sees that the pyridinium center (N3H™) is
~2.0 A from C15/C15". On the other hand, C15/C15" is ~4.3
A from N2H, a distance too great to show significant coupling
in the 2D-HETCOR experiment. These results suggest that
protonation occurs at N3, further evidence of zwitterionic
behavior in PM. The increased isotropic shielding of C15/C15
of PM (138.8/137.2 ppm) relative to that of Py (147.2 ppm) or
Py (148.0 ppm) is also consistent with this assignment.

These couplings involve a labile hydrogen. A sample (PM-d)
of PM, made by dripping D,O on piroxicam, was also examined
with the 2D-HETCOR experiment. The labile hydrogens should

be replaced by deuterons via this procedure. The 2D-HETCOR
spectrum of PM-d (Figure S5 in the Supporting Information)
shows no cross-peaks between C15/C15" and the proton
resonance at 14.3 ppm, confirming that the resonance at 14.3
ppm is from a labile hydrogen. The observation of HETCOR
cross-peaks between C7 and the hydroxyl proton on C7 in Py
and Py (data not shown), and the lack of such a cross-peak in
the PM spectrum also implies that the local structure of PM is
quite different from those of Py and Py;. All of these observations
and others'> support the assignment of the resonances at 138.8
and 137.2 ppm to C15 and C15".

Hydrogen Bonding in Piroxicam Monohydrate. The X-ray
structure of PM shows two prioxicam molecules per asymmetric
unit, but it does not show the hydrogen positions.'® The structure
with a high R-factor reported by Bordner et al.!” was obtained
at room temperature, limiting its ability to accurately locate
hydrogen positions. A model of the hydrogen bonding in PM
has been proposed by assuming a maximum H-+++A distance of
3.0 A and a minimum D—H-+*A angle of 90°.>** The model
has four piroxicam molecules arranged as two dimers connected
in a relatively planar structure through intermolecular hydrogen
bonding to waters of hydration in a centrally located tetrameric
structure. In this model, the hydrogen bonding occurs at the
oxygen atom on C7 in the piroxicam structure.

NMR is particularly efficient at determining relative hydrogen
positions from the magnitudes of dipole—dipole couplings. It
qualitatively establishes structure by the appearance of dipolar
couplings, which implies that the two nuclei are within ~3 A.
The 2D-HETCOR spectrum in Figure 3 shows a number of
cross-peaks due to dipolar coupling that qualitatively establish
maximum distances in the hydrogen-bonding network of PM.
For example, a cross-peak at Oc = 149.4 ppm, oy = 15.4 ppm
indicates an intramolecular dipolar coupling between C11 and
N2H, which have an internuclear distance of ~1.98 A in the
model. As another example, the cross-peak at Oc = 147.8 ppm,

u = 12.7 ppm reveals an intermolecular coupling between C11”
of one molecule and a water proton. The cross-peak at Oc =
169.4 ppm, 0y = 12.7 ppm implies a dipolar coupling between
C7 and the water protons, as a result of hydrogen bonding
between the oxygen on C7 and a water molecule. The assign-
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Figure 5. A model of hydrogen bonding in PM based on the analysis
of ¥*C—'H HETCOR data. Red arrows indicate through-space correla-
tions observed in the HETCOR spectra with contact time > 200 us.
Dashed lines represent hydrogen bonds. C9 in P1 and P1’ differ from
C9” in P2 and P2’ because of the involvement of water in hydrogen
bonding to the carbonyl oxygens.

ment of C7 is reconfirmed by the existence of the cross-peaks
linking C7 to HS and to N2H, which have proton resonances
of 6.9 ppm and 15.4 ppm, respectively.

The cross-peak between C9” (0c = 166.8 ppm) and the water
resonance at Oy = 12.7 ppm shows that the oxygen on C9” must
also be involved in hydrogen bonding with the water tetramers.
These data show that the two piroxicam dimers are connected
by the water tetramers in different ways, as suggested by Sheth
et al.?*

The HETCOR data, in conjunction with the X-ray data,
produce a somewhat refined model of the hydrogen-bonding
network in PM. A nonplanar model consistent with these data
is given in Figure 5. In this model, there are two types of C9
(C9 and C9’) in the dimer. The oxygen on C9 participates only
in intramolecular hydrogen bonding to form the dimer. The
second oxygen (C9’) also participates in hydrogen bonding with
water. The validity of this structure is reinforced by the
observation of separate resonances for C11 and C11” in PM,
which are similar to those observed for C9 and C9'.

The primary difference between Sheth’s model and the model
in Figure 5 is how the two dimers are connected. In Sheth’s
model, only the oxygen on C7 is involved in the hydrogen
bonding to the water tetramers. In the proposed model, the NMR
parameters suggest additional hydrogen bonding to the water
through the oxygen at C9’. The diversity in the hydrogen-
bonding structure is the key to stabilizing the hydrate structures
in PM.

The 3C Chemical-Shift Tensors of Piroxicam. The iso-
tropic NMR chemical shift is an average of the three principal
values of chemical shift tensor. The principal values, 01, 022,
and 033, of the symmetric second-rank chemical-shift tensor
(CST) provide more details about the electronic structure in three
dimensions. There are a number of techniques for obtaining the
principal values of the CST.33-373852 We used the 2D-SUPER?®
and DD-SUPER*! techniques in this work. The experimental
and predicted principal values of the CSTs of all the carbons
of Py, Py, and PM are given in Table 1, along with the isotropic
shifts as determined in CP/MAS experiments. The principal
values for Py recently reported by Vogt et al.'> agree, at worst
within 5 ppm, with the principal values for the carbons of Py in
Table 1.

The isotropic shifts of the carbons of Py and Py are quite
close (rmsd = 1.4 ppm). On the other hand, the differences in
the principal values of the CSTs for these two forms are
significantly larger, with an rmsd of the entire set of principal
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values of 9.1 ppm. From X-ray analysis, the principal difference
between Py and Py is packing within the crystal, which suggests
that the principal values of the chemical-shift tensor are more
sensitive to crystal packing than the isotropic values.

One cannot, in principle, generally determine the orientation
of the principal axes in the molecular frame from NMR
experiments on powders.”> However, the orientations of the
principal axes of the chemical-shift tensors of carboxyl and
carbonyl carbons in the molecular frame are consistently
observed to be related to the molecular frame. The 22 axis is
nearly collinear with the direction of the double bond (C=0),
and the 33 axis is perpendicular to the plane containing the C=0
bond.>*7% The 11 axis is perpendicular to the plane of these
two axes.

The large rmsd of the isotropic chemical shifts of the carbons
of Py and PM must be attributed in part to the large isotropic
deshielding of C7 in PM relative to C7 of P;. That large
isotropic deshielding of C7 of PM relative to the others arises
mainly from the fact that d,, of C7 in PM is deshielded by
~25 ppm relative to dy of C7 in either Py or Pyy. This shift
results from the effects of deprotonation of the oxygen and the
possibility of hydrogen bonding at this oxygen on C7, as
depicted in Figure 5. In addition, a number of other carbons
(C11, C13, Cl14, and C15) have differences in d =10 ppm,
when comparing PM with Py or Py;. These differences are most
likely due to differences in the aromatic structure of the pyridine
ring when it is protonated.

The 05, of C9 of PM is 10 ppm more shielded than C9 of Py
(Table 1), which we ascribe to hydroxyl characteristics of C—O
group in C9 in PM.*® What is more interesting is that d,, of C9
of Py is shifted by almost the same amount from C9 in Py,
even though the isotropic values for these two sites differ by
only 1.4 ppm. This NMR observation suggests that hydrogen
bonding at this site in Py is more like that in PM than in Py. If
so, then Py and Py are different principally as a consequence of
subtly different hydrogen-bonding patterns.

Density Functional Theory Calculations of Piroxicam. The
X-ray structures of piroxicam show that the monohydrate exists
in a conformation very different from the two polymorphs.'#1618
One may interconvert the conformation of an unhydrated form
to the hydrated form by a change of each of two dihedral angles
by approximately 180°, as shown in Figure 6. For example, the
conformation of Py can be converted into that of PM by a
change of the dihedral angle C7—C8—C9—01 from 354.7° to
181.0° and by a change of the dihedral angle C9—N2—C11—N3
from 184.9° to 7°. One can envision numerous pathways to
realize this change. We calculate the change in NMR parameters
and energies along a particularly simple pathway to demonstrate
how the CST depends on conformation.

A series of ADF DFT calculations were performed on
conformations having various values of the dihedral angles, by
systematically changing the angle incrementally by 10° along
the pathway shown in Figure 6. Along this pathway, the dihedral
angle C7—C8—C9—O01 of Py was initially changed while
holding the second dihedral angle fixed. Once the first dihedral
angle reaches the value found for PM, subsequent systematic
changes of the dihedral angle C9—N2—C11—N3 were made
until it also achieved the value for PM. For each point along
the pathway, the positions of the carbons, nitrogens, and oxygens
were held constant as the hydrogen positions were optimized,
with subsequent calculation of the NMR parameters.

The calculated isotropic *C chemical shifts of C6 (black),
C7 (blue), C8 (red), and C9 (green) along the pathway are given
in Figure 7. In this figure, solid symbols indicate the experi-
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Figure 6. Dihedral rotations of piroxicam. The conformation of Py is transformed into a PM-like conformation by a rotation around C8—C9,

followed by a second rotation around N2—C11.
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Figure 7. The variation of the isotropic *C chemical shifts as a
function of dihedral angle for C6, C7, C8, and C9. The solid squares
are the experimentally determined chemical of Py and PM. The open
circles represent the chemical shifts calculated from a conformer
obtained by rotation of the Py structure and hydrogen transfer to the
nitrogen on the pyridine ring. Note the predicted strong variation of
the isotropic shift of C7 as a function of the dihedral angle.

mental isotropic chemical shifts of Py and PM. The open circles
indicate the isotropic chemical shifts for conformers formed
from Py by the two dihedral rotations and by moving the
hydrogen from the oxygen on C7 to protonate the pyridine at
N3.

The calculated '3C isotropic shifts of Py agree well with the
experimental shifts. On the other hand, change of conformation
alone does not produce agreement between the calculated shifts

and those of the monohydrate, PM. However, ADF calculations
on a structure that includes a hydrogen transfer to N3 give much
better agreement with experimental values for all carbon sites
of PM. From these results, one concludes that conformational
change alone does not account for the chemical-shift differences
between the polymorphs and the monohydrate and that proton-
ation at N3 has a major effect.

The change in the relative total energy of a conformation
along this pathway is shown in Figure 8. The open square and
the solid square represent the calculated relative energies of Py
and PM, respectively, using the X-ray structural parameters.
For the energy of PM, the hydrogen transfer from the C7
hydroxyl group to N3 was carried out prior to the calculation
of the energy. The open triangles show the change in the total
energy as a function of the rotational angles that converts the
structure of Py to that of Py without proton transfer. Once again,
conformational changes alone do not account for the energy of
the PM conformer. However, change of conformation and
hydrogen transfer (shown as the solid triangle) produce an
energy that is in much closer agreement with the prediction of
PM determined with its experimental conformation. The energy
difference between the PM and Py rotamers (Figure 8) may be
ascribed to crystal structure differences between PM and Py;.

We point out that the relative energies in Figure 8 only
represent changes in conformation and hydrogen transfer. This
calculated energy does not reflect the energy benefit from
hydrogen bonding due to the formation of the hydrate. In
general, the hydrated forms of a drug are more stable than the
anhydrates.

These calculations suggest the net transfer of a proton from
the hydroxyl group on C7 to pyridine N3. This transfer stabilizes
the piroxicam structure and promotes a significant redistribution
of charge in piroxicam, which is reflected in the NMR chemical-
shift parameters. For another polymorphic material, 5-methyl-
2-[(2-nitrophenyl)amino]-3-thiophene carbonitrile (ROY), the
chemical-shift variations of polymorphs are almost exclusively
due to conformational changes.25 In that case, the NMR shift
variation does not require proton transfer, as for piroxicam.
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Figure 8. The calculated energy relative to Py of piroxicam as a
function of the two dihedral angles, starting from the structure of Py.
The calculated relative energies of PM shown at the arrow are B, based
on the crystal structure of PM assuming proton transfer to the
pyridinium center; abd A, based on the rotated structure of Py with
proton transfer.

The variation of the relative principal values of the '3C CST
with the dihedral angles indicates how the electronic structure’s
geometry affects the chemical shielding. For example, a steric
restriction appears when the dihedral angle, C7—C8—C9—01,
is ~270°, as shown in Figure 8. This particular conformation
corresponds to the point in Figure 9 at which the resonance of
C7 is most isotropically shielded. For this situation, the C=0
bond is perpendicular to the C7—C8 double bond. For this
conformation, the p-orbital electron conjugation is destroyed,
and the intermolecular hydrogen bonding between the hydroxyl
group and the carbonyl oxygen is dramatically weakened,
resulting in the significant shielding of C7. Indeed, the three
principal values of C7 vary with conformation similarly, each
having the maximal shielding when that dihedral angle is ~270°.
This joint variation of the chemical sift is reflected in the strong
variation of the isotropic shift of C7 with conformation.

The principal values of the tensor for C8 and C9 show a
dependence different from that of C7. The principal values
of the tensor of these two sites often vary in the opposite sense.
The net effect of this variation of the principal values is that
the isotropic shift does not appear to change greatly with
dihedral angle for C8 and C9. In particular, two principal values
of the C9 CST vary strongly, but the isotropic shift changes
little. These calculations suggest the importance of evaluating
the principal values of chemical-shift tensors as a means to study
the effect of structure on NMR properties.

Conclusions

Polymorphic piroxicam has been studied with solid-state
NMR spectroscopy, X-ray diffraction, and DFT calculations.
The isotropic *C chemical shifts of Py, Py, and PM have been
completely assigned from CP/MAS spectra determined with and
without suppression of signals of nonquaternary carbons. The
principal values of the '*C chemical-shift tensors of all the
carbons of Py, Py, and PM have also been determined using
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Figure 9. The calculated relative principal values of the '*C chemical-
shift tensors of C7, C8, and C9 as a function of the first dihedral angle
(C7—C8—C9—O01), indicating that small changes in isotropic shifts
are often the result of the cancellation of larger changes in the principal
values. The exception to this is C7. The solid symbols show the isotropic
chemical shift; the open symbols A, O, <, represent the principal values
011, 022, and O33, accordingly.

the 2D-SUPER and DD-SUPER techniques. *C—'H HETCOR
spectra of PM indicate the appearance of two resonances for
certain carbons (Cl1, C9, C11, C13, C15), which is NMR
evidence that the asymmetric unit of the monohydrate contains
two unique molecules.

The NMR analysis and DFT calculations demonstrate that
the formation of PM from neutral piroxicam (Py/Pp) must
involve a proton transfer from the oxygen on C7 to the nitrogen
N3 on the pyridine ring. Through-space dipolar correlations in
the 2D-HETCOR NMR spectra suggest a structural model that
involves hydrogen bonding of the oxygen at C9 to the water
protons, as well as the previously proposed hydrogen bonding
at the oxygen on C7. Alternatively, as suggested by Vogt et
al.,’” a combination of "N CP/MAS and "N dipolar-dephasing
CP/MAS can be used to detect the protonation of the nitrogen
atoms.

Calculations suggest that the principal values are more
sensitive to changes of conformation than the isotropic chemical
shifts. Evaluation of these parameters may provide a more
detailed picture of the electronic structure and conformation in
polymorphic materials.
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