
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
M

ar
ch

 2
01

5.
 D

ow
nl

oa
de

d 
on

 7
/1

9/
20

25
 1

1:
24

:5
9 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Tautomeric trans
aInstitute of Organic Chemistry with Centre

Sciences, Acad. G. Bonchev str., bldg. 9, BG-1

orgchm.bas.bg
bFaculty of Pharmacy, Medical University

Bulgaria
cDepartment of Science, Systems and Model

4000 Roskilde, Denmark
dTokyo Institute of Technology, Department o

O-okayama, Meguro-ku, Tokyo 152-8552, Ja

† Electronic supplementary information
c5ra03653d

Cite this: RSC Adv., 2015, 5, 31852

Received 1st March 2015
Accepted 24th March 2015

DOI: 10.1039/c5ra03653d

www.rsc.org/advances

31852 | RSC Adv., 2015, 5, 31852–3186
formations of piroxicam in
solution: a combined experimental and theoretical
study†

D. Ivanova,ab V. Deneva,a D. Nedeltcheva,*a F. S. Kamounah,c G. Gergov,b

P. E. Hansen,c S. Kawauchid and L. Antonova

Piroxicam tautomerism was studied in solution by using UV-Vis spectroscopy, NMR measurements and

advanced chemometrics. It has been found that in ethanol and DMSO the enol-amide tautomer is

present mainly as a sandwich type dimer. The addition of water leads to distortion of the aggregate and

to gradual shift of the equilibrium towards the zwitterionic tautomer. Quantitative data for the

aggregation and the tautomeric equilibria are presented. Quantum chemical calculations (M06-2X/TZVP)

have been used to explain stability of the tautomers as a function of the solvent and concentration.
Introduction

Non-steroidal anti-inammatory drugs (NSAIDs) exert their
pharmacological effect chiey by inhibition of the enzyme
cyclooxygenase, which catalyzes the rate-limiting step of pros-
taglandin synthesis.1 Piroxicam (Px), which effectiveness
against various inammatory conditions such as osteoarthritis,
rheumatoid arthritis and ankylosing spondylitis2 is well docu-
mented, belongs to the oxicam group of NSAIDs. In recent years
Px has been subject to renewed interest due to accumulation of
experimental data about potential chemoprevention properties
against colorectal cancer.3 However, in addition to these ther-
apeutic actions, Px causes certain characteristic undesirable
reactions, of which gastrotoxicity and photosensitivity have
been the most frequently observed.4 Such a wide spectrum of
physiological effects and their correlation to the structural
characteristics of the drug molecule establish the importance of
investigating the variations in the chemical structure in
different environments.

In addition, Px exhibits rich tautomeric behavior attracting
attention from both fundamental and practical viewpoints.5–7 As
seen from Fig. 1, Piroxicam can exist in 7 different tautomeric
forms and the conversion between them is important for its
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delivery and action8 since only the neutral form of oxicam drugs
is suggested to be biologically active.9 Resulting from the Px
poor water solubility,10 it is worth mentioning that Px tautom-
erism has been mainly investigated in the light of forming
soluble co-crystals with carboxylic acids and other pharmaceu-
tically acceptable organic compounds aimed towards increased
bioavailability.11,12 There is scattered information about Px
tautomerism in neutral state in solution: in solvents without
hydrogen bonding abilities the enol (PxA) dominates13,14 and
clear concentration and pH behavior has been reported in
alcohols.6 The experimental ndings have been supported by
theoretical studies showing the importance of the solvent
environment.15

In most of these cases there are no quantitative data for the
position of the tautomeric equilibrium obtained from the
spectral data. One possibility to obtain quantitative information
about the tautomers is the use of advanced chemometric
procedures that allow extraction of individual spectra of the
tautomers from the complicated spectral envelopes.16 Another
option is to use low temperature NMR spectra.17 Geckle et al.
found in DMF-d7 at 205 K that the main form is the PxA in slow
exchange with a minor form, 19% at that temperature. They
assigned the minor form to be the zwitterionic form (PxZw)
based on comparison with solid state NMR spectra. The later
may also provide 13C NMR chemical shi values of different
polymorphisms.18 Furthermore, NMR, especially the use of
deuterium isotope effects on 13C chemical shis, provides a
strong tool for determining the presence of a tautomeric equi-
librium and the structure of the equilibrating species.19,20 The
aim of the current study is to provide quantitative information
about the Px tautomerism as a function of solvent and
concentration and to connect this data with the quantum
chemical calculations.
This journal is © The Royal Society of Chemistry 2015
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Fig. 1 The most stable conformations of the tautomeric forms of Px according to the quantum-chemical results (M06-2X/TZVP).
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Results and discussion

As mentioned above, seven neutral Px tautomers are generally
possible, each of them existing as a number of isomers stabi-
lized by a combination of intramolecular hydrogen bonds.
According to the quantum-chemical calculations in ethanol and
water, both solvents presented as a continuum, the enol-amide
form PxA is the most stable one. The other energetically similar
tautomers are presented in Fig. 2 and information on the most
stable isomers of the corresponding tautomers is compiled in
Table 1. The energies in gas phase, ethanol and water for all
possible isomers are presented in Tables S1–S3.† In Fig. S1–S3†
the data are summarized graphically.

According to Fig. 2, the zwitterionic structure PxZw is
strongly stabilized by water environment, but not enough to be
considered actually present in solution. The enol-imide
tautomer PxB and the keto-amino form PxC are the other two
most stable structures. It is interesting to point out that these
three forms exhibit the same stabilizing hydrogen bonding
network, which limits interactions with proton acceptor
solvents and intermolecular hydrogen bonding as a whole.

The absorption spectra of Px in ethanol as functions of the
concentration are shown in Fig. 3. Evidently, the spectral
changes are strongly concentration dependent: upon dilution
the maximum at 325 nm decreases and absorption rises in the
region 350–400 nm. This behavior assumes an aggregation
process and the presence of a clear isobestic point suggests
This journal is © The Royal Society of Chemistry 2015
that a monomer–dimer equilibrium (2M% D) is at play, where
the monomer is the PxA tautomeric form as proven above by
the theoretical calculations and previous experimental
studies.5 The spectral data were analysed by using the meth-
odology, previously developed by us,21 and the obtained
dimerization constant is shown in Table 2. It is clear that the
dimer is dominating (almost 97%) in the most concentrated
solution (5 � 10�4 M), while upon dilution a weak monomer
peak at 363 nm appears. However, the dimerization is very
strong and even aer dilution three orders of magnitude
(8.0 � 10�7 M) the monomer fraction is only around 60%. The
spectrum of the dimer exhibits two symmetric, with respect to
the monomer, bands22 – intensive H-band at 325 nm and very
weak J-band at 395 nm. According to the exciton theory21,22 this
spectral structure suggests a sandwich-type dimer and the
calculated angle between monomers transition dipole
moments in the dimer (a in Table 2) shows almost an unidi-
rectional arrangement.

A very similar concentration dependent spectral behavior
was observed in DMSO (Fig. S4† and Table 2), where the
aggregation is one order of magnitude weaker, but the structure
of the dimer is essentially the same. Taking into account the
nature of these two solvents (ethanol – proton acceptor and
proton donor; DMSO – strong proton acceptor) and the stability
of the dimer it could be expected that in the dimer structure the
amide NH groups are available for interactions with the solvent
molecules.
RSC Adv., 2015, 5, 31852–31860 | 31853
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Fig. 2 Relative energies and Gibbs free energies (M06-2X/TZVP, in kcal mol�1 units) of the most stable structures in ethanol (black) and in water
(red). The solvent is described by using the PCM model.
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The theoretically predicted types of PxA dimers are presented
in Fig. 4. It is worth emphasizing that the stabilization energies
shown here are only rough estimations because the structures
were optimized in an ethanol environment, which excludes basis
set superposition error correction. In addition each of these three
types of dimers exists as isomers, dened by the mutual position
of the NMe group, whose energies are similar. Considering the
structures from Fig. 4 and comparing them with monomeric PxA
it could be suggested that D(NH/N) and D(SO/HN) do not
provide conditions for intermolecular interaction with the
solvent and they could be a priori destroyed by proton acceptor
Table 1 Dipolemoments (in D) and relative energies (in kcal mol�1) of the
Fig. 1) according to the quantum-chemical calculations (M06-2X/TZVP)

Tautomer

Gas phase Ethanola

m DE DG m

PxA 4.29 0.00 0.00 6.09
PxB 9.19 9.52 9.57 12.83
PxC 7.94 7.74 6.98 10.84
PxD 3.64 13.30 13.70 6.25
PxE 5.24 9.67 9.57 7.33
PxF 5.24 17.75 17.34 7.72
PxZw 11.45 13.42 11.68 16.12

a Solvent effect is described by using the PCM model.

31854 | RSC Adv., 2015, 5, 31852–31860
solvents such as DMSO. The D(SO/HO) dimer, where the NH
groups are available for interactions with the solvent similarly to
PxA itself, corresponds to the sandwich structure proven by the
spectral data analysis as well. Additional arguments for its exis-
tence arise from the predicted spectral data given in Table 3. Only
in the case of this structure two peaks are predicted, red and blue
shied, in respect to the PxA long-wavelength band and their
relative intensity allows to calculate the angle a ¼ 12�, which
corresponds well with the experimentally obtained value.

The discussion about D(SO/HO) existence has unexpected
support coming from the ESI.† The analysis of the crystal
most stable isomers of the corresponding tautomers of Px (as shown in

Watera

DE DG m DE DG

0.00 0.00 6.22 0.00 0.00
4.35 4.27 13.04 4.06 3.89
4.51 4.03 10.99 4.33 3.80

11.82 11.29 6.45 11.73 11.18
8.07 7.43 7.47 7.96 7.27

12.13 11.91 7.82 11.80 11.54
3.18 2.76 16.32 2.65 2.22

This journal is © The Royal Society of Chemistry 2015
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Fig. 3 Absorption spectra of Px in ethanol at various concentrations,
keeping concentration � optical path length constant (5 � 10�5

M cm). The concentrations are as follows (solid lines) in black:
5.0 � 10�4 M (most concentrated); in gray (following arrow direction):
5.0 � 10�5 M, 5.0 � 10�6 M, 1.6 � 10�6 M, 1.2 � 10�6 M, 1.0 � 10�6 M,
8.0 � 10�7 M. Molar fractions of the monomer [%] are as follows: 4, 12,
31, 48, 53, 56, 60. Calculated spectra of dimer (black dashes) and of
monomer (gray dashes).

Table 2 Parameters characterizing the monomer–dimer equilibrium
as defined by the exciton theory,22 estimated according to the
procedure described in ref. 21

Solvent log KD
a Ab [�] Rc [Å] lM

d [nm] lH
e [nm] lJ

e [nm]

Ethanol 5.86 17 3.4 363 325 395
DMSO 4.51 28 3.2 376 328 396

a Dimerization constant, dened as: KD ¼ CD

CM
2 :

b Angle between the

transition dipole moments of the monomer molecules in the dimer.
c Distance between monomer molecules in the dimer. d Position of
the absorption maximum of the monomer. e Absorption maxima of
the dimer (H and J denote blue and red shied bands in respect of lM).

Fig. 4 Representative types of dimers of PxA (M06-2X/TZVP) in
ethanol (PCM model) shown as the most stable isomers. Following
values are shown below each structure: dipole moment, stabilization
energy (2EPxA � ED) and stabilization Gibbs free energy (2DGPxA �
DGD).

Table 3 Predicted (TD-DFT, M06-2X/TZVP) absorption maxima of the
tautomers and dimers of Px. Solvent effect is described by using the
PCM model

Structure

Ethanol Water

lmax [nm] f a lmax [nm] f a

PxA 294 (295)b 0.777 (0.792)b 294 0.771
PxB 317 0.798 317 0.791
PxC 322 0.606 322 0.600
PxD 341 0.528 340 0.527
PxE 238 0.510 237 0.509
PxF 284 0.430 284 0.430
PxZw 327 0.583 326 0.533
D(NH/N) 294 (295)b 1.046 (1.066)b — —

292 (292)b 0.370 (0.380)b

D(SO/HN) 298 (298)b 0.000 (0.000)b — —
294 (295)b 1.396 (1.432)b

D(SO/HO) 302 (305)b 0.014 (0.019)b — —
292 (297)b 1.340 (1.391)b

a Oscillator strength. b In DMSO.
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structures deposited in the ESI† has shown three polymorphs
(I–III)‡ depending on the type of the formed hydrogen bonding
networks: SO/HN§,23,24 SO/HO{23,25,26 and SO/HC,23 respec-
tively. Structure I is practically identical with the D(SO/HN)
dimer but as discussed above there is no proof of its presence in
ethanol solution since, as described, it usually crystalizes from
nonpolar solvents26 or can be obtained by heating of electro-
sprayed piroxicam.27 Structure II (Fig. 5), crystallizing from
absolute ethanol solutions,26 is very similar to D(SO/HO), but
with a different relative position of the N-methyl groups. This
difference is caused by the simplicity of the quantum chemical
model, which considers only two PxA molecules without taking
into account the hindrance of themethyl groups, while maximal
packing is targeted in the crystal. It is worth noting that the
optimized isomer with NMe groups positions as in the poly-
morph II is less stable compared to D(SO/HO) by only 0.08 kcal
mol�1, which is much below the frame of computational error.
The predicted absorption spectrum of this isomer is essentially
‡ Recently a new polymorph was reported to be obtained by using
electrospraying,27 which recrystallizes completely into form I as a result of heating.

§ Called also b-piroxicam.

{ Called also a-piroxicam.

This journal is © The Royal Society of Chemistry 2015
the same: lH¼ 292 nm (f¼ 1.332) and lJ¼ 303 nm (f¼ 0.019). In
this way, both quantum-chemistry and the experiment agree
almost perfectly, showing that the PxA exists mainly as an
aggregate in solution.
RSC Adv., 2015, 5, 31852–31860 | 31855
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Fig. 5 Schematic presentation of the intermolecular interactions in
polymorph II.23,25
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The addition of water to the ethanol solution, as seen from
Fig. 6, leads to spectral changes that require specic explana-
tion. On the one hand, the absorption at 325 nm decreases
suggesting a lowering of the dimer concentration in the solu-
tion. On the other hand, there is no clear isosbestic point to lead
to conclusion that this process causes simple distortion of the
dimer. The nal spectrum, obtained at 80% water content
differs substantially from the monomer spectrum. The deriva-
tive spectra also show complicated spectral behavior in the area
between 350 and 400 nm. According to the quantum chemical
Fig. 6 Absorption spectra of Px in ethanol with addition of water:
(a) zero order spectra from 0% water (black solid line) to 80% water
(dots); (b) corresponding second derivative spectra. The water content
is given in Table 4, the curve with 5% water is omitted. The spectra of
the monomer (gray dashes) and dimer (black dashes) of PxA are given
for comparison.

31856 | RSC Adv., 2015, 5, 31852–31860
calculations PxZw could be this new species, as will be shown
below, stabilized by specic solute–solvent interactions with the
water molecules. Additionally, the ESI† clearly shows that PxZw
crystallizes from water-containing solutions.25,28 In such a case,
the dimer is not directly transformed into PxZw but through the
initial generation of the enol monomer PxA, which is logical
taking into account that the tautomeric transformation needs
substantial structural re-arrangement:

D(SO/HO) % PxA % PxZw

The chemometric analysis of the spectral data16,29 from Fig. 6
yields molar fractions of the species collected in Table 4. As
seen, initial addition of water leads to shi of the equilibrium to
the monomer. However, this change is not dramatic and even-
tually leads to almost constant dimer/monomer ratio in
response of the changed environment. The water molecules
probably do not destroy directly the dimer, but gradually replace
ethanol ones at the possible interaction sites. At the same time,
the increased water content leads to stabilization of the PxZw
and the gradual increase in its concentration in the solution
(Fig. S5†), which nally shis the equilibrium from the dimer to
the zwitterionic species. Similar spectral behavior has been
observed in DMSO–water mixtures (Fig. S6 and S7†). Owing to
the lower stability of the dimer in DMSO the PxZw in this case
appears at much lower water content but similarly the dimer/
monomer ratio reaches stabilization. The tautomeric
constants are higher compared to the ethanol–water mixtures,
which can be attributed to the higher dielectric constant of
DMSO in addition to the lower dimer stability.

The transformation of PxA to PxZw nds evidence in the
obtained NMR results. Due to low solubility of Px in most of the
solvents, three types of NMR experiments have been performed
in this study: (i) addition of water to solutions of Px in DMSO-d6;
(ii) measurement of deuterium isotope effects on 13C chemical
shis by addition of small amounts of D2O to solutions in
DMSO-d6 or (iii) attempts to measure deuterium isotope effects
on 13C chemical shis of partially deuterated Px in DMF-d7 at
low temperature.

The latter experiment gave no resolvable results as the lines
are broad. Addition of 5 mL D2O respectively 5 mL H2O gave the
isotope effects as seen in Table 5. The isotope effects are plotted
vs. the difference in 13C chemical shis between PxA and PxZw
as taken from ref. 17. The results for C-7, C-9, C-11 and C-12
(atom numbering as in ref. 17, Fig. 7) are seen to fall off the
correlation line. This can be interpreted in the following way. If
an equilibrium exists between the PxA and the PxZw forms, then
isotope effects will be a combination of an intrinsic and an
equilibrium part and the difference in chemical shis will be
proportional19,20 for carbons close to the sites of deuteriation the
intrinsic effect exist, whereas for those carbons far from the site
of deuteriation the intrinsic effects will be small and the equi-
librium effect will dominate. This means that the isotope effect
will be proportional to the difference in 13C chemical shis of
the two tautomers.19,20 This picture is clearly seen in Fig. 7.
Carbons C-7, C-9, C-11 and C-12 are close to the sites of deu-
teriation and are falling off the correlation line. For the two
This journal is © The Royal Society of Chemistry 2015
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Table 4 Molar fractions [%] of the mixture components as function of the water content

Water [%]v

Ethanol DMSO

Molar fraction

KT
a log KD

Molar fraction

KT
a log KDD(SO/HO) PxA PxZw D(SO/HO) PxA PxZw

0 89 11 0 — 5.86 84 16 0 — 4.51
5 78 22 0 — 5.20 58 37 5 0.05 3.62
10 66 33 1 0.01 4.78 47 38 15 0.17 3.51
20 47 41 12 0.13 4.44 33 39 28 0.38 3.33
40 26 46 28 0.38 4.08 14 25 61 1.56 3.25
60 14 36 50 1.00 4.03 5 15 80 4.00 3.34
80 4 18 78 3.54 4.09 0 4 96 24.0 —

a Dened as [PxZw]/[PxA + D(SO/HO)] ratio.

Table 5 Deuterium isotope effects on 13C chemical shifts of piroxicam

Carbon
atom

In DMSO-d6 +
5 mL H2O

In DMSO-d6 +
5 mL D2O

C-9 166.92 166.70 0.22
C-7 160.32 159.79 0.53
C-11 150.13 150.02 0.11
C-15 145.60 145.89 �0.29
C-13 140.06 139.82 0.24
C-1 134.77 134.73 0.04
C-4 133.24 133.27 �0.03
C-3 132.70 132.75 �0.05
C-6 129.48 129.31 0.17
C-5 126.59 126.50 0.02
C-2 123.89 123.93 �0.04
C-14 120.04 120.14 �0.1
C-12 116.33 116.19 0.14
C-8 110.82 110.87 �0.05

Fig. 7 Plot of difference in 13C chemical shifts between the PxA and
PxZw forms (see text) vs. deuterium isotope effects on 13C chemical
shifts (the data for C-7, C-9, C-11 and C-12 are given in red squares).
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latter the intrinsic effects are smaller as the proportion of the
other form is small. However, the fact that C-11 and C-12 are
involved clearly shows that the pyridine nitrogen is protonated
and that the other tautomer is PxZw.

By addition of water we nd a linear correlation between the
13C chemical shi and the amount of water (Fig. S8†). The
chemical shis move in the direction of the PxZw form.
This journal is © The Royal Society of Chemistry 2015
A correlation between the difference in chemical shis of the
13C chemical shis of the PxA and PxZw forms (see previously)
and the difference between in chemical shis between no water
and 40 mL water added. This again shows that the PxZw form is
at play. The outlier is C-6, which is close to C-7 which in the
PxZw form is substituted with O�. The deviation can be
understood as a water molecule binding to the O� site.

An attempt for a detailed picture of how water interacts with
PxA and PxZw forms comes from the possible specic water–PxA
and water–PxZw interactions following a bottom-up procedure
starting from isolated tautomers (Table S4†). Initially, the rst
water molecule interacts with the N–H and pyridine N sites in
PxA, a result that conrms the conclusions about the
D(SO/HO) dimer interaction with water. The zwitterionic
tautomer forms a stable cyclic complex through C]O and
O]SO groups interaction. The relative energy decreases
comparing to the isolated tautomers. However, the stepwise
water addition does not lead to substantial changes in the case
of 2 and 3 water molecules, where complexes in both tautomers
are built through hydrogen bonding of the solvent with SO2

oxygen atoms. Finally aer addition of the fourth water mole-
cule the relative stability is reversed, showing PxZw more stable
and describing the experimentally observed situation (Fig. 8 up).

Looking at the Px–water complexes, shown in Fig. 8 up, one
should observe that the supramolecular structures are largely
unbalanced. The –SO2 and pyridine N-sites are hydrated, but the
O–H/O] (PxA) or the O�/H–N (PxZw) sites at opposite site of
the solute remain without explicit water(s). A possible reason
could be found in the steric hindrance coming from the
neighbor aromatic hydrogen atoms and the fact that in both
cases strong intramolecular hydrogen bonding is available.

Of course, this is a very simplied description of the solvent
effect, which contains several problematic points: the stepwise
procedure of water addition, which does not cover all possible
variants at each step and, most importantly, the limited number
of water molecules, which leads to neglecting solvent–solvent
interactions and, therefore, forces them to interact with the
solute attempting to form cyclic complexes.

In order to compensate the inborn defects of the bottom-up
solvent effect description, a QM/MM procedure (as described in
the Experimental part) was applied starting from 202 water
RSC Adv., 2015, 5, 31852–31860 | 31857
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Fig. 8 Water complexes in water environment (M06-2X/TZVP, PCM
solvent model) of PxA (left) and PxZw (right): top, bottom-up proce-
dure (Table S4†), 4 water molecules; down, QM/MM based procedure,
8 water molecules.
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molecules are solvent environment. Finally, the number of the
solvent molecules was reduced to 10. At this solvent complex the
PxZw is more stable with appr. 2 kcal mol�1. The reduction of
the water molecules to 8 and using only M06-2X/TZVP level of
theory (Fig. 8 down) leads to relative energyk of �1.85 kcal
mol�1. This value is very near to the predicted in Table S4,†
from one side, and to the value of Gibbs free energy extrapolated
for pure water from the experimental data (�1.35 kcal mol�1,
Fig. S5†) and can be considered as an rough estimate of reality.
A careful evaluation of complexes with 8 water molecules (Fig. 8
down) show that generally it is more difficult to hydrate the enol
form, where the potentially strongly water attracting groups
(C]O group and COH) are at the same side, while the zwitter-
ionic form has two separated carbonyl groups, which makes
them easier accessible for the surrounding water molecules. In
fact, in the 8 water molecules complexes, shown in Fig. 8 down,
the enol form directly interacts only with 7 of them, while the
PxZw is bound directly to all. This fact, actually, can suggest that
the description of the water effect needs separate investigation.
Experimental

Piroxicam was purchased from Fluka as European Pharmaco-
poeia reference standard and was used without additional
purication.

Spectral measurements were performed on Jasco V-570
UV-Vis-NIR spectrophotometer, equipped with a thermostatic
cell holder (using Huber MPC-K6 thermostat with precision
1 �C), in spectral grade solvents at 25 �C. The derivative spectra
were calculated using the “step-by-step lter” as previously
described.30 The monomer–dimer equilibrium was studied
according to ref. 21. The spectra in the binary ethanol–water
k Everywhere in the paper a positive relative energy means PxA more stable and
vice versa.

31858 | RSC Adv., 2015, 5, 31852–31860
and DMSO–water mixtures were analyzed by a quantitative
procedure based on resolution of overlapping bands, which
yields tautomeric molar fractions in each solution and the
individual spectra of the single tautomers.16,29

The NMR spectra were recorded at a Varian Mercury 300 at
300 MHz for 1H using ambient or low temperature. The solvents
were both DMSO-d6 and DMF-d7. The solvent signals were used
for internal referencing in such a way that it corresponded to
the use of TMS.

Quantum-chemical calculations were performed by using
the Gaussian 09 program suite31 using M06-2X tted hybrid
meta-GGA functional32 with TZVP basis set.33 It is worth
mentioning that this method has been recently demonstrated
as very suitable for describing tautomeric behavior in azo-
naphthols and related Schiff bases34 as well as for prediction of
the absorption spectra of organic dyes.35,36

The tautomeric forms of Px, their dimers and water
complexes were optimized without restrictions in gas phase and
in solvent medium under normal optimization conditions by
using ultrane grid in the computation of the two-electron
integrals and their derivatives. The optimized structures were
then characterized as true minima by vibrational frequency
calculations. In all cases the solvent medium was described by
using the PCM model, namely IEFPCM,37 as implemented in
Gaussian 09. The water box and the following molecular
dynamics simulations (MM+ force eld) were performed by
using of HyperChem 8 Professional (Evaluation version).38

The specic effect of the water was modeled by two different
procedures:

Bottom-up procedure: starting from isolated solute and then
a stepwise addition of water molecules and optimizations of the
overall complex in water medium without any restrictions. In
this case, in order to reduce the computational efforts the next
water molecule has been added to the most stable water–solute
complex from the previous step. For instance, the complexes
with two water molecules are based on the most stable structure
with one water molecule (as shown in Table S4†) and the second
water molecule has been added on all possible interacting sites
looking for the most stable optimized structure.

Top-down approach: placing the solute in a water box (18 �
13 � 27 Å), containing 202 water molecules. Following the
energy minimization procedure molecular dynamic simula-
tions were performed by heating to 300 K and then equalization
for 2 ns was carried out at constant pressure periodic boundary
conditions. The complex was optimized by using QM/MM
calculations39 as implemented in Gaussian 09 (ONIOM40)
using two layers, namely M06-2X/TZVP for the solute and UFF41

for the water cloud. Then the number of the water molecules
was reduced to 25, keeping only solvent molecules in near
proximity of the solute, again optimized by QM/MM (the same
conditions as above), but in water environment. In this complex
only water molecules directly interacting with the solvent (now
ten) remain in the next step, followed by consecutive M06-2X/
TZVP:UFF and M06-2X/TZVP:M06-2X/SVP33 optimization.
From the resulting complex were removed these water mole-
cules which do not interact directly with the tautomeric func-
tion sites and the oxygen atoms from SO2 group and the
This journal is © The Royal Society of Chemistry 2015
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complex was optimized by using M06-2X/TZVP level of theory.
In all cases the water medium was approximated by using PCM
solvent model.
Conclusions

Quantum-chemical calculations of the possible tautomers of
Piroxicam have shown that two tautomers have potential to exist
in solution: an enol-amide form and the zwitterion. The
experimental investigations in solution by using UV-Vis and
NMR spectroscopy have conrmed that the enol-amide
tautomer is present in ethanol and in DMSO in both cases
stabilized as sandwich type dimer. The corresponding dimer-
ization constants have been determined as well. Upon addition
of water the dimer is partially destroyed and the tautomeric
equilibrium is shied to the zwitterionic tautomer. The effect of
the water environment in this process has been modeled by
quantum chemical calculations showing good agreement with
the experiment and stressing the importance of specic solute–
solvent interactions.
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