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Abstract

Detection of O,( ’Ag} phosphorescence emission, Amax=1270 nm, following laser excitation and steady state methods were employed
to determine the total rate constant, k., for the reaction between the non-steroidal anti-inflammatory drug piroxicam (PRX) and singlet
oxygen in several solvents. Values of k. ranged from 0.048+0.003x10° M™' s™' in chloroform to 712%22%10° M~' s-' in
N.N-dimethylformamide. The chemical reaction rate constant, k,, was determined by using thermal decomposition of 1.4-di-
methylnaphthalene endoperoxide as the singlet oxygen source. In acetonitrile, the 4, value is equal to 5.0204Xx10° M ™' s, very close
to the & value. This result indicates that, in this solvent, the chemical reaction corresponds to the main reaction path. Dependence of total
rate constant on the solvent parameters 7* and 8 can be explained in terms of a reaction mechanism that involves the formation of a
perepoxide intermediate. Rearrangement of the perepoxide to dioxetane followed by ring cleavage and transacylation accounts for the
formation of N-methylsaccharine and N-(2-pyridyl)oxamic acid, the main reaction products. Data obtained in dioxane—water (pH 4)
mixtures with neutral enolic and zwitterionic tautomers of piroxicam in equilibrium show that the zwitterionic tautomer reacts with sin glet
oxygen faster than the enolic tautomer.. © 2001 Elsevier Science BV, All rights reserved.
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1. Introduction : O,( lAE) with very low quantum yields [8], then, phototox-
: . ic effects due to the products of the reaction between
Piroxicam (PRX) is a non-steroidal anti-inflammatory piroxicam and singlet oxygen would be relevant only for
drug (NSAID) that causes adverse light-induced biological systems undergoing oxidative stress. Several questions
effects [1-8]. Its phototoxicity has been ascribed to singlet must be answered to account for this possibility: how
molecular oxygen (Oz(l&g)] preduction by 2-methyl-4- reactive is PRX towards Oz{lAg)? How different are the
oxo-2H-1,2-benzothiazine-1,1-dioxide, a metabolite that rates of chemical and physical quenching of singlet oxygen
could be synthesized preferentially and that accumulates in by PRX? What is the dependence of reaction rate between
human skin [8]. In addition, piroxicam photoproducts PRX and 02(11&;} on the tautomeric form of PRX that
could be involved in its photosensitizing reactions %1, predominates in a given medium?
mainly those arising from reactions of piroxicam with In this paper we report the kinetic results obtained from
singlet molecular oxygen {10]. Miranda et al. [10] have the sensitized photo-oxidation of PRX in several solvents
found that the same products, N-(2-pyridyl)oxamic acid and solvent mixtures. The main objective of this work was
and N-methylsaccharine, are formed both by direct irradia- to explain the media effect on PRX reactivity towards
tion of PRX in oxygen-saturated solutions or by photo- singlet oxygen.

sensitized oxidation of the drug with tetraphenylporphine.

This distribution is explained in terms of a plausible

mechanism that involves a dioxetane intermediate. PRX is 2. Experimental

photostable in anaerobic conditions [10-12] and generates : B
Piroxicam (Sigma), rubrene, 5,10,15,20-tetraphenyl-

21H,23H-porphine (TPP), methylene blue (MB), 1,4-di-

% - = methylnaphthalene  (DMN) and 1 3-diphenylisoben-
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zofurane (DPBF) (Aldrich) were used without further
purification. 1,4-Dimethylnaphthalene endoperoxide was
synthesized according to a previously described method
[13,14]. Rose Bengal (Fluka) was recrystallized from
ethanol prior to use. All solvents (Merck) were of spectro-
scopic or HPLC quality.

Time-resolved experiments were carried out by measur-
ing the phosphorescence of O,('A,) at 1270 nm. TPP and
MB were irradiated by the 500-ps light pulse of a PTI
model PL-202 dye laser (414 or 655 nm, ~200 il per
pulse). A PTI model PL-2300 nitrogen laser was employed
to pump the dye laser. When Rose Bengal was used as the
sensitizer, samples were excited with the second harmonic
(532 nm, ~15 mJ per pulse) of the 6-ns light pulse of a
Quantel Brilliant Q-Switched Nd:YAG laser. The singlet
oxygen emission was detected by using liquid nitrogen
cooled North Coast model EO-817P germanium photo-
diode detector equipped with a built-in preamplifier.
Further experimental details have been reported elsewhere
[15,16]. Total rate constants were also determined by
steady state competitive experiments measuring the rub-
rene autoxidation rate [16]. In these experiments irradia-
tion was performed with a visible Par lamp, 150 W, using a
Shott cut-off filter at 450 nm.

The chemical reaction rate constant in acetonitrile was
determined by using thermal decomposition of 1,4-di-
methylnaphthalene endoperoxide as the singlet oxygen
source. The reaction rate was obtained by measuring
spectrophotometrically the PRX consumption. The rate of
singlet oxygen production in the same experimental con-
ditions was measured using DPBF as actinometer [18].

Fluorescence experiments were carried out in a Spex
Fluorolog Tau 2 spectroflucrimeter with a sample holder
thermostated at 22 °C. UV-visible absorption experiments
were performed on a thermostated Unicam UV-4 spec-
trophotometer. A Fisons Plattform II mass spectrometer
interfaced with a Hewlett-Packard 1050 liquid chromato-
graph was used to perform the HPLC—MS experiments.

Equation coefficients and statistical parameters of LSER
correlations were obtained by multilinear correlation analy-
sis with STATVIEW 5.0 (SAS Institute). Results agreed with
the #-statistic of descriptors.

3. Results and discussion

3.1. Reaction of PRX with singlet oxygen in neat
solvents

Total (physical and chemical quenching) rate constants,
kr, for the reaction of 02('Ag) with PRX in several
solvents were obtained from experimentally measured first-
order decays of O,('A,) in the absence (7,) and in the
presence of PRX (7) according to Eq. (1). In the same
solvents, triplet decay of sensitizer, TPP, was not affected
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Fig. 1. Stern—Volmer plots for singlet oxygen deactivation by piroxicam.
A, Acetonitrile; [, dioxane; O, acetone; @, methylene chloride.

by the addition of higher concentrations of PRX than those
used to quench excited oxygen.

1

7' =7 + k. [PRX] (1)

Linear plots were obtained for all the solvents employed
(Fig. 1). Values of &, calculated from the slope of these
plots are given in Table 1. Quenching was more efficient in
polar solvents and decreased considerably in less-polar
solvents such as chloroform or dioxane. Because of the
low solubility of PRX in benzene, the rate constants in this
solvent were obtained from competitive steady-state inhibi-
tion of the rubrene autoxidation rate [17] by addition of
PRX. In other solvents, such as acetonitrile or dioxane, the
kr values determined in steady-state experiments were
similar to those obtained from O,('A,) luminescence
decays (Table 1). Besides, in these steady-state experi-
ments, quenching of the sensitizer excited states by PRX

Table 1
Values of k; for the reaction between PRX and O,('A,) in different
solvents

Solvent kL (10°M7's™h)

1 Chloroform 0.0480.003°

2 Methylene chloride 0.115x0.005"
3 Dioxane 0.166+0.009"

0.189+0.010°

4 Benzene 0.709£0.035"
5 Acetone 1.19+0.07*
6 Tributylphosphate 3.80+0.13°
7 Acetonitrile 4.81x0.26"
6.58+0.34"
8 N,N-Dimethylformamide 220152

* Sensitizer: TPP or MB, time-resolved method.
® Sensitizer: rubrene, steady-state method.
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can be disregarded since &, values were independent of
rubrene and PRX initial concentrations (up to 40 mM).

The total quenching rate constants increased by more
than three orders of magnitude when the solvent changed
from chloroform to N,N-dimethylformamide. However, the
k. increase cannot be associated only with changes in the
macroscopic parameter dielectric constant. For instance, in
chloroform (€ =4.81) or methylene chloride (e =8.93), &
values are smaller than those determined in dioxane (€=
2.21) or benzene (€=2.27). This may indicate the occur-
rence of specific solute—solvent interactions. Thus, in order
to have an insight into the solvent effect on singlet oxygen
interaction with PRX we analyzed the quenching rate
constant dependence on microscopic solvent characteristics
using the semiempirical-solvatochromic equations of Taft,
Kamlet and co-workers [19,20]. Data correlation obtained
from a limited set of solvents due to the low PRX
solubility, led to Eq. (2) which gives the dependence of k.
on solvent parameters

Log k, =2.703+3.4157* +2.5168 (2)

The dependence of k; on both parameters, dipolarity-
polarizability, 7*, and solvent ability as hydrogen bond
acceptor, B, can be understood in terms of the formation of
an exciplex intermediate with charge separation. A mecha-
nism involving a dioxetane intermediate has been proposed
to explain product distribution in the reaction between
singlet oxygen and PRX [10]. However, dioxetane forma-
tion via 2+2 cycloaddition is not compatible with the
large increase of k; in polar organic solvents and its
dependence on 7* and S parameters. Our data supports a
reaction mechanism (Scheme 1) in which a perepoxide
intermediate forms prior to dioxetane. The formation of a
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Scheme 1.

perepoxide from the interaction between singlet oxygen
and PRX, explains the increase of &, in solvents with the
largest * values due to stabilization of the complex, in
which an important degree of charge separation occurs.
Similarly, dependence of k. on S parameter may be
explained in terms of solvent interactions with the enolic
proton of substrate. This interaction increases charge
density on double bond promoting the electrophyllic attack
of excited oxygen. Rearrangement of perepoxide to diox-
etane, subsequent ring cleavage and the transacylation
process could explain N-methylsaccharine and N-(2-
pyridyl)oxamic acid formation. These were the main
products detected by HPLC-MS analysis of reaction
products in both, photochemically (TPP as sensitizer) or
thermally generated singlet oxygen (1,4-di-
methylnaphthalene endoperoxide as source) oxidation of
PRX in acetonitrile and methylene chloride. This mecha-
nism is compatible with proposition of Nascimento et al.
[21], who observed direct and sensitized light emission
during the peroxidative metabolism of the nonsteroidal
anti-inflammatory tenoxicam, both by horseradish peroxi-
dase and by  polymorphonuclear  leukocytes.
Chemiluminescense detected in these processes involves
electronically excited metabolites of oxicam produced by
thermal cleavage of a dioxetane intermediate.
Furthermore, piroxicam behavior in solution should be
considered to support the mechanism depicted in Scheme
1. It may be possible that several tautomeric forms of
piroxicam (see Table 2) are present in different solvents
[22], which would affect the interpretation of the solvent
effects. Experimental results indicate that the neutral enolic
form predominates largely in non-polar and moderately-
polar organic solvents. In addition, the formally zwit-
terionic tautomer corresponding to structure C in Table 2 is
the most probable tautomer in equilibrium with the enol in
highly-polar organic solvents as predicted by the properties
obtained from simplest molecular orbital calculations. For
these calculations, geometries were fully optimized at the
SCF-level with the PM3 method of Gaussian. Absorption
spectra were obtained with ZINDO/S method followed by
configuration interaction calculations, which include only
single excitations. Theoretical data obtained for enolic
tautomer (structure A in Table 2) are in fair agreement
with both the data of Bicca et al. [23] and with the
experimental spectrum (A_., =325 nm in several sol-
vents). Moreover, data in Table 2 indicate that the zwit-
terionic tautomer B contribution to the equilibrium could
be disregarded because no absorption above 400 nm was
observed in polar and/or non-polar solvents. Furthermore,
the low intensity of the absorption bands predicted for
tautomer D are not compatible with experimental behavior.
On the other hand, Geckle et al. [24] have estimated that
about 10% zwitterionic tautomer is present in dimethyl-
formamide at room temperature. Assuming a rate constant
in the order of 10° M ™' s™" for singlet oxygen quenching
by the zwitterionic tautomer in dimethylformamide, not
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Table 2
Formation heat and spectral parameters of several tautomers of piroxicam
Structure AH, AL A, (dioxane) Oscilator
(kcal mol ™) (nm) (nm) strength, f
0, -0
A st/
| |
VQ(J\W/“ Na ~69.06 309.0 326 0.518
Ligl coin| A
B - /
H
—50.73 4452 366 0.131
366.0 0.363
B
0, -0
| o S\N/
P 0]
+lH —47.07 3392 366 0.490
O NN C
o 1 SN
P
OQS,/O
L 8
H
- N N —34.08 368.1 366 0.078
\t/_ \[/ ] £ 3379 0.025
0 0 = D

more than 4% of the total quenching will be caused by the
ionic form. A minor contribution of the zwitterionic
tautomer will be expected in all the other solvents em-
ployed in our experiments, then, the observed solvent
effect essentially reflects changes in reactivity of the
neutral enolic form towards singlet oxygen.

The chemical reaction rate constant for the reaction
between PRX and singlet oxygen was not obtained by
means of photosensitization employing MB or TPP as
sensitizers. Both, sensitizer consumption and dependence
of experimental rate constant on initial concentration of
PRX were observed in those experiments that involve
long-term irradiation, probably due to side electron-trans-
fer and/or quenching processes. Reliable values were
determined in acetonitrile using the initial rate method and
thermolysis of 1,4-dimethylnaphthalene endoperoxide as
excited oxygen source. The mean value obtained from
several experiments (5.0£0.4X10° M™' s7') is very close
to the total reaction rate constant, k., which implies that, at
least in acetonitrile, product formation is the main path for
the reaction between singlet oxygen and PRX.

3.2. Reaction of piroxicam with singlet oxygen in solvent
mixtures

Excited-state intramolecular proton transfer of PRX has
been studied in dioxane—water mixtures [25]. To quantify
reactions rate constant of both PRX tautomers, enolic and
zwitterionic, for the reaction of this drug with singlet
oxygen, we employ a similar approach measuring the total
deactivation rate constant, k., in several dioxane—water
(pH 4) mixtures as a function of composition. In these
experiments, MB and TPP were used as sensitizers.

The contribution of enolic and zwitterionic tautomers to
the total reaction rate constant, can be evaluated according
to Eq. (3)

ke =f ky T 12k, (3)

where £, and f, are the fraction of enolic and zwitterionic
forms present at equilibrium and k and &, are the reaction
rate constants for enol and zwitterion, respectively. Then,
k, can be calculated according to Eq. (4) from k, and &,
values determined separately.
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K+1
K
where X is the equilibrium constant between the enolic and
zwitterionic tautomers. Additionally, to calculate k, em-
ploying Eq. (4), independent determinations of K in the

same solvent mixtures are necessary.

Microscopic protonation—deprotonation equilibria of
PRX in dioxane—water mixtures have been studied by
Takacs-Novak et al. [22]. They found that the equilibrium
constant for the enol zwitterion depends on the dioxane
fraction in the mixture according to Eq. (5)

LogK= —0.032C +1.57 5)

k, =(ky — ky) + ky (4)

dioxane

where Cy; ... 15 the wt.% of dioxane.

Table 3 shows values of (K + 1)/K calculated from Eq.
(5) for several dioxane—water mixtures.

Values of k in dioxane—water mixtures could be
predicted using Eq. (2) if the solvent parameter values in
these mixtures are known. Probes of different structures
and chemical nature, that yield convergent results have
been used to overcome preferential solvation in aqueous
mixtures and to obtain approximate values of the solvent
properties in solvent mixtures valid for LSER treatments
[26]. From the data of Marcus [26], we found that in
dioxane—water mixtures values of 8 and #* depend on the
molar fraction of water according to Egs. (6) and (7),
respectively

B =0.419 + 1.613x,, ,-4.095x;; , +4.019x;
— 1.486x3 (6)

R=0.999; S.D.=0.0026; n=11; P<<0.0001
7* = 0.387 + 2.299x, o — 9.988xy; o +22.284x}
— 257785 +12.018%5 4 (7

R=0.996; S.D.=0.0182; n=11; P<0.0001
Table 3 provides values of &y, calculated by using Egs.
(2), (6) and (7) and k, values obtained from Eq. (4).
The results listed in Table 3 show that & values are
almost constant between x(H,0)=0.34 and 0.84. This
independence of k; value on water composition can be due

to the following reasons: (i) between x(H,0)=0.2 and 0.6
solvent microscopic parameters, 7* and B, are almost
constant and quite close; (ii) for x(H,0)>0.6 the increase
in 7* is compensated by the decrease in 8. The larger k,,
at x(H,0)>0.9 can be explained by both larger #* value
for this solvent mixture and/or preferential solvation at
this water composition. Table 3 also shows that &, values
are about a factor of 100 larger than k,, values. Enhanced
reactivity of the zwitterionic tautomer can be explained by
the increase of charge density on reactive site, the carbon—
carbon double bond neighbor to the keto group, which
facilitates the electrophylic attack of singlet oxygen. This
result could be taken into account to explain in vivo PRX
photosensitizing effects. Piroxicam exists in several proto-
tropic species with the anionic one dominating at neutral
biclogical pH [25]. Then, under in vivo like conditions, the
enolic tautomer should be solubilized preferentially in
non-polar microenvironments whereas zwitterionic and/or
anionic tautomers should be located in more polar mi-
crodomains. Also, it is expected that anionic PRX reacts
with 02(1A8) faster than zwitterionic PRX due to the
formal negative charge in the vicinity of the reactive
center. This concept is supported by our experimental data.
Values of k. in dioxane—water mixtures at pH 9.2 were
equal to 2.7+0.11 and 2.8+0.12x10°* M~' s~ at molar
fractions of water of 0.34 and 0.67, respectively. Values of
k. obtained in these solvent mixtures are one order of
magnitude larger than &, values in mixtures dioxane—water
at the same x(H,0) but at acidic pH, suggesting that
anionic PRX is more reactive towards singlet oxygen than
enolic and zwitterionic species. In view of these results, it
is reasonable to assume that adverse photobiological
effects of PRX mediated by its photo-oxidation products,
could be very dependent on the PRX microlocation, with
reactions of neutral enolic form predominating in hydro-
phobic microdomains and processes involving the more
polar zwitterionic and anionic tautomers dominating in
hydrophilic microenvironments.

In conclusion, PRX is a moderate quencher of singlet
oxygen, and is a more effective quencher in polar solvents.
A reaction mechanism involving a perepoxide intermediate
that evolves to dioxetane from which products arise seems
to be the main reaction path. The zwitterionic tautomer that

Table 3

Values of &, k, and k; for the reaction between piroxicam and singlet oxygen in dioxane—water mixtures

x i k, by K+ 1)/K
(water) (10°M~'s™h (10° M~ 's™h (10°M™'s7")

0.34 1.76 2.62 1.35 222
0.54 1.22 1.93 1.84 11.2
0.67 0.88 2.53 435 5.92
0.76 0.91 1.37 4.16 3.36
0.78 0.99 1.67 5.75 2.93
0.84 1.67 1.18 6.18 1.93
0.91 6.58 1.51 11.80 1.30
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predominates in polar medium reacts about 100 faster than
neutral enolic form. This may be relevant to account for
the observed in vivo photobiological effects of PRX, when
they are due to photo-oxidation products.
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