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The presence of a benzophenone-like moiety in many phar-
maceutical compounds, including non-steroidal anti-inflama-
tory drugs (NSAID), has been related to their phototoxicity due
to the generation of reactive intermediates upon drug photo-
decomposition.'” For example, the main pathway for ketopro-
fen photodegradation upon UVA light exposure, at physiological
pH, is photodecarboxylation.' Such decarboxylation has been
related to the generation of free radicals and the formation of
hemolytic holes.* Further, formation of methemoglobin free
radicals has been also reported upon UVA exposure of erythro-
cyte suspensions containing ketoprofen.® Thus, both processes
are believed to play key roles in the photohemolysis of human
erythrocytes mediated by ketoprofen. Ketorolac, on the other
hand, is a powerful analgesic commonly administrated after
dental procedures, including root canals and tooth extractions,
as well as in eye-drops for glaucoma pain control.® Although this
NSAID is commonly prescribed and shares a benzoyl group with
ketoprofen, see Scheme 1, there have been documented studies
on its toxicity in humans, see for example ref. 7 & 8, and little is
known of its photophysics and photochemistry. The following
presents our findings on the photohemolysis, cell phototoxicity,
photophysics, and photochemistry for ketorolac.
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radiative deactivation of the triplet and singlet excited states of ketorolac are believed to be responsible

Interestingly, when red blood cell suspensions (=3.3 x 10°
cells per ml) containing 10, 30, or 60 uM ketoprofen, ketorolac,
or their corresponding decarboxylated photoproducts are
exposed to UVA light for 15 min varying degrees of photo-
hemolytic activity are observed (see Fig. 1). For example, while
ketoprofen shows photohemolytic activity in the whole range of
concentrations, ketorolac displays only a 20% hemolysis at its
highest concentration. Noticeably, the ketoprofen photo-
product showed a dose dependent behaviour in its hemolytic
activity. In contrast, the ketorolac photoproduct did not show
any toxicity even at the highest concentration tested.

In addition, phototoxicity experiments carried out on skin
fibroblasts cultures revealed non-toxicity of ketorolac and rela-
tive phototoxicities for the other compounds as follows: keto-
profen photoproduct > ketoprofen = ketorolac photoproduct,
see Fig. 2. Although a direct comparison between the hemolysis
and fibroblasts toxicity data is not possible due to differences in
uptake and metabolism between the two cell lines, our cumu-
lative data suggests that ketorolac is not toxic upon UVA expo-
sure. Differences in the decarboxylation quantum yield between
ketorolac and ketoprofen are likely responsible for the differ-
ences in toxicity data.

In fact a decarboxylation quantum yield as low as 8.0 x 10>
was measured for ketorolac (Fig. 3). This value is almost five
orders of magnitude smaller than that reported for ketoprofen.*
However, the reason for the difference in the photoreactivity of
these two compounds is not yet clear. Therefore, further pho-
tophysical and photochemical characterization of ketorolac was
carried out.

The absorption spectrum of ketorolac presents a high
intensity band around 300 nm (Fig. S1%). According to theo-
retical CASPT2 computations (see ESI; Fig. S2-S4 and Tables S1-
S47), the lowest-energy band can be ascribed to an excited state
featuring a transfer of electron density from the pyrrole moiety
to the keto group (see Fig. 4).
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Scheme 1 Chemical structures of Ketorolac, Ketoprofen, and their corresponding decarboxylated photoproducts identified as “photo”.
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Fig. 1 Photohemolytic activity for ketorolac, ketoprofen and their respective
decarboxylation products (Scheme 1).
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Fig. 2 Phototoxicity experiments carried out on skin fibroblasts. Results
obtained using an MTS viability assay. The parental drugs and their corresponding
decarboxylated photoproduct were added as 1 mM solutions in FCS supple-
mented DMEM containing 10% DMSO. See SI for complete details (plate P6).

A red-shift (14 nm) is observed in aqueous solutions proving
the polarizability of the singlet state (Fig. S1). This agrees with
its charge transfer nature and the theoretical analysis of solvent
effects (see ESIf). Moreover, no fluorescence emission was
detected for this compound in acetonitrile or buffer solution.

Upon laser excitation (266 nm) of deareated ketorolac in
acetonitrile, the presence of two intermediate species was
observed (Fig. 5). The first one has a lifetime of 2.5 ps with
absorption maxima at 350 and 620 nm, and is readily quenched
by oxygen (2.0 x 10° M~ " s ") (Table 1). Quenching experiments
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Fig.3 Time evolution profile for the photodecomposition of 10 uM ketorolac to
afford its corresponding decarboxylated photoproduct, see experimental. All
measurements were carried out in nitrogen-saturated solutions at RT.

Fig.4 CASSCF electron-density difference between the ground and the lowest-
lying excited singlet states at the CASSCF optimized gas-phase structure of the
later. Regions with an excess and deficiency of electron density are in yellow and
blue, respectively.

carried out using 1-methyl naphthalene rendered a rate
constant of 1.5 x 10° M~ " s, fully compatible with an energy
transfer mechanism®*® (Fig. S5).T Thus, the 620 nm transient
species was assigned to the ketorolac triplet with a quantum
yield of only 0.18. Also a singlet oxygen quantum yield of 0.06
was obtained when ketorolac was employed as sensitizer, cor-
responding to a singlet oxygen efficiency of =0.33 (Fig. S67).
This value is in full agreement with those observed for singlet
oxygen efficiency of other *n,m* systems such as acetophe-
none."* Further, low temperature phosphorescence measure-
ments indicate that the ketorolac triplet state shows a *n,m*
character with 2.73 eV energy; Fig. S7.1 A similar conclusion is
drawn from the bimolecular rate constants measured using
several triplet quencher molecules (Table 1) and CASPT?2 results
(even though the presence of a triplet *m,7* state is also esti-
mated at close energies and might contribute to the band at
higher wavelengths, Tables S5-S67).

Interestingly, activation energies for the ketorolac triplet
state as low as 1.0 and 1.5 kcal mol " for acetonitrile and PBS
buffer, respectively, were obtained from Arrhenius plots
(Fig. S81), with pre-exponential factors in the order of ~10°s™".
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Fig.5 (A) Ketorolac (50 uM) transient absorption spectra at different times after
266 nm laser excitation. (B) 370 nm and 620 nm decay profiles at short time scale.
(Q) Inset: 370 nm transient time profile.

Table 1 Bimolecular quenching rate constants for Ketorolac triplet state with
different quenchers

Quencher kg M s x 10°
Oxygen 2000 + 100
1,4-Cyclohexadiene 4.80 + 0.10
2-Propanol” 0.47 £ 0.01
2-Propanol” 0.65 £+ 0.05
L-Tryptophan methyl ester 1500 £ 100
L-Tyrosine methyl ester 3000 £ 100
2'-Deoxyguanosine 270 £ 10

@ Measured in acetonitrile. > Measured in dichloromethane.

Thus, the presence of an adiabatic deactivation route where
spin multiplicity is conserved seems to be the pathway
responsible for triplet deactivation.

The second intermediate observed upon laser excitation
(Fig. 5B and C) showed a rise time of =260 ns with a strong
absorbance at 370 nm. This species has a lifetime of =86 us and
is readily quenched by oxygen at a diffusion-controlled rate
constant of 1 x 10" M~* s, A similar intermediate was detec-
ted for ketorolac ester and 2-benzoylpyrrole (Fig. S9 and S107),
indicating that the origin of this intermediate is directly related
to the benzoylpyrrole moiety. Further, although time-resolved
experiments for ketorolac in buffer solutions also led to similar
intermediates, the triplet lifetime was only 0.2 ps. Note that
under these conditions HCI addition produced a 60% quenching
of the long-lived transient (data not shown). This result suggests
the formation of an enolate-like intermediate for ketorolac as the
most likely responsible for this long-lived intermediate.
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Theoretical analyses point out to the population of the anti-
bonding 7* orbital of the ketone group of ketorolac in the lowest-
lying singlet and triplet excited states. As a consequence, the
relaxation of the ®n,* state to the corresponding equilibrium
structure results in an enlargement of the CO bond distance from
1.22 to 1.36 A (Table S61), thus increasing the basicity of the keto
group as explained elsewhere.">*

The formation of an enollike intermediate is in good
agreement with the reported oxidation products in litera-
ture."»" The reason why the enol intermediate for ketorolac
appears in time scales where the triplet is still decaying (Fig. 5B)
is probably due to the presence of mixing states for the ketor-
olac triplet as revealed from computational calculations (Tables
S5 and S61). In this case only the short-lived *n,* would lead to
the enol formation.

Finally, we have addressed how the ketorolac triplet-
excited state is competitively deactivated but have not dis-
cussed its lack of fluorescence as well as its low triplet
quantum yield. From our modest computational approach,
we expect that the corresponding radiationless decay mech-
anism will be initially driven by the intra-molecular charge
transfer, ICT, nature of the singlet-excited state (see Fig. 4).
An enlargement of the CO bond distance and a rearrange-
ment of the relative orientation between the benzoyl and
pyrrole moieties might bring the system to an internal
conversion process, as it happens in other molecules such as
the cytosine DNA base.'®'” More advanced computational
strategies shall, however, be required in future studies to
accurately determine the deactivation channel of the bright
state of ketorolac.

Conclusions

In summary, our findings show a lack of fluorescence and low
triplet quantum yield and decarboxylation efficiency for
ketorolac. The formation of an enol intermediate is proposed
to be responsible for the formation of a long-lived interme-
diate from the triplet-excited state and an ICT excited state
may be expected to initiate the radiationless decay of the
molecule on the singlet manifold. Such a complex photo-
physical pathway helps explain the low photohemolytic
activity and reduced phototoxicity of ketorolac. These results
open a new paradigm on the, until now, well-known photo-
physical behavior of NSAIDs.
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