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Modeling the Photochemistry of the Reference Phototoxic Drug
Lomefloxacin by Steady-State and Time-Resolved Experiments, and DFT
and Post-HF Calculations
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Introduction

In situ activation of drugs is an emerging research area and
may open the way to new therapeutic applications, in partic-

ular for highly active and usually cytotoxic compounds, for
which restricting the action to specific targets is of primary
importance, as in the case of DNA-targeting antitumor
drugs.[1a,b] Among the possible activation methods, photo-
chemistry is distinguished by its ability to generate highly re-
active intermediates under peculiarly mild conditions, pro-
vided that transmission of light to the desired target can be
achieved and a suitable photoactivable moiety is present.
Until now, photoinduced DNA alkylation has been obtained
for a limited number of compounds, in most cases pertaining
either to the group of psoralens[1c] or to that of quinone me-
thides.[1d,e] Thus, it would be useful to devise further classes
of molecules that can be photoactivated and damage selec-
tively a cell component, in particular DNA. Inspiration for
this search may be obtained by reviewing literature cases of
the phototumorigenic effect of xenobiotics, in particular of
drugs, because in this case the mechanism of action, and
thus, the location in the cell, is known. Understanding how
the noxious effect is caused may suggest a way for using
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Abstract: The irradiation in water of 1-
ethyl-6,8-difluoro-7(3-methylpiperazi-
no)3-quinolone-2-carboxylic acid (lo-
mefloxacin), a bactericidal agent whose
use is limited by its serious phototoxici-
ty (and photomutagenicity in the
mouse), leads to formation of the aryl
cation in position eight that inserts into
the 1-ethyl chain. Trapping of the
cation was examined and it was found
that chloride and bromide straightfor-
wardly add in position eight, but with
iodide and with pyrrole the 1-(2-io-
doethyl) and the 1-[2-(2-pyrrolyl)ethyl]
derivatives are formed. Flash photoly-
sis reveals the triplet of lomefloxacin, a
short-lived species (lmax =370 nm, t=

40 ns) that generates the triplet cation
(lmax =480 nm, t�120 ns). The last in-
termediate is quenched both by halides
and by pyrrole. DFT and post-HF
methods have shown that the triplet is
the lowest state of the cation (DGST =

13.3 kcalmol�1) and intersystem cross-
ing (ISC) to the singlet has no role be-
cause a less endothermic process
occurs, that is, intramolecular hydrogen
abstraction from the N-ethyl chain
(9.2 kcalmol�1) that finally leads to

cyclization. The halides form weak
complexes with the triplet cation (kq

from 4.9B108 for Cl� to 7.0B109
m
�1 s�1

for I�). With Cl� and Br� ISC occurs in
the complex along with C8�X bond for-
mation. However, this latter process is
slow with bulky iodide and with neutral
pyrrole, and in these cases moderately
endothermic electron transfer (ca.
7 kcalmol�1) yielding the 8-quinolinyl
radical occurs. Hydrogen exchange
leads to a new radical on the 1-ethyl
chain and to the observed products.
These findings suggest that the muta-
genic activity of the DNA-intercalated
drug involves attack of the photogener-
ated cation to the heterocyclic bases.
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that compound or some derivative for the selective attack
on a tumor.

A case in point is that of the fluoroquinolone lomefloxa-
cin (1), an inhibitor of bacterial gyrase[2,3] effective against a
variety of infections, but presently less often used because
of negative side effects, including significant phototoxicity.
In fact, this drug is known to cause single-strand DNA
cleavage and tumorigenesis in animals.[4,5] Indeed, the activi-
ty of 1 is so remarkable that this molecule has been pro-
posed as a standard of photomutagenic action.[4] This distin-
guishes 1, a 6,8-difluoro derivative, from most fluoroquino-
lones (bearing a single fluorine in position six) that do not
exhibit such activity, although being somewhat phototoxic.
The reason of this enhanced activity is unclear at present, al-
though it has been ascertained that this is not due to a
higher skin concentration after administration of the drug.[5a]

Interestingly, the mechanism underlying the photomuta-
genic effect of 1 seems to be peculiar. In fact, reactive
oxygen species (ROS) have most often been suggested to be
the active species in drug-photoinduced DNA damage
[Eq. (1)]:

drug þ hn! 1drug! 3drug þ O2 ! 1O2 or O2
C� ð1Þ

However, in vitro experiments showed that oxygen activa-
tion yielding either 1O2 or O2C

� is modest in the case of 1,
but more efficient with other fluoroquinolones.[6a,b] Further-
more, photobiological studies showed that with this drug not
only formation of 8-oxoguanine, the typical mark of oxida-
tive damage,[6c,d] but also cyclobutane pyrimidine dimeriza-
tion occurred[5b] and the latter phenomenon was correlated
with UVA-induced tumorigenesis. The occurrence of pyrimi-
dine dimerization suggests a different mechanism, that is,
the initiating step is energy transfer from the drug in the
triplet state[7] to the pyrimidine chromophore [Eq. (2)] and
that this causes the damage:

drug þ hn! 1drug! 3drug þ DNA base!
3DNA base! dimers

ð2Þ

Evidence has been reported that this mechanism is in-
volved in the phototoxic effect of monofluoroquinolones,[8]

in agreement with the fact that such molecules exhibit a
long-lived triplet (tT�1 ms), as indicated by flash photolysis
studies in water.[9] However, once again lomefloxacin be-
haves differently, as only a weak absorption is observed in
the place of the intense transient triplet signal of the mono-
fluoro derivatives,[9] suggesting that triplet 31 is short lived
and the photophysical pathway of [Eq. (2)] is less likely. A
final possibility is that irradiation causes a chemical reaction
of the excited drug itself (or of a photoproduct of it) with
DNA,[6e] possibly establishing a covalent bond [Eq. (3]:

drug þ hn! 1,3drug þ DNA! products

or 1,3drug! products

products þ DNA! products

ð3Þ

On the basis of the foregoing, it appears that searching
for a mechanism of the photomutagenic and genotoxic
effect by lomefloxacin has a more general interest than as-
sessing a limitation in the therapeutic use of this molecule.
An unusual mechanism may be involved, based on a photo-
reaction of the drug with a biomolecule [Eq. (3)], which
may be the model for a new class of photoactivated drugs.
However, it is difficult to guess from literature reports
which bimolecular reaction may be involved, because irradi-
ation of 1 in water[10a] (as well as in plasma)[10b] causes an ef-
ficient (F =0.55) unimolecular reaction to give pyrroloqui-
nolone 3. Evidence that this process involves heterolysis of
the C8�F bond to form carbocation 2+ that inserts into the
b position of the N-ethyl group (see Scheme 1) was presen-
ted.[10a] Furthermore, a transient attributed to this cation has
been detected by flash photolysis (see below).[11] Thus, a
highly reactive intermediate, such as aryl cation 2+ ,[12,13] is
generated by photolysis, but is consumed intramolecularly,
with no interference even by solvent water (no 8-hydroxy-
quinolone 3’ is formed).[14]

Results

Photochemical studies : In view of the above, an in-depth
study of the photochemistry of lomefloxacin appeared
worthwhile. As shown in the following, intriguing results
were obtained and elaborated computational work was re-
quired for the rationalization. In previous work, we had
identified an intermolecular reaction via cation 2+ , that is,
Cl/F exchange at position eight leading to compound 4a by
irradiation of 1 in the presence of NaCl (Scheme 2).[15] The
efficiency of chloride trapping was determined by measuring
the ratio of the cyclization yields in the presence vs in the
absence of Cl�. According to Scheme 2, the ratio of the cy-
clized product 3 in the presence vs in the absence of the
anion was expected to depend linearly on the Cl� concentra-
tion, [3]/[3]0 =1 + (kCl/ki) [Cl�]. This was indeed observed
with Cl� (under constant ionic strength, obtained by adding
a suitable amount of NaClO4, see Experimental Section)
and the rate-constants ratio for chloride addition versus in-
tramolecular insertion could be calculated, kCl/ki =60m

�1.

Scheme 1. Photoreaction of 1 in water.
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We now further tested the irradiation in the presence of
halides, and found that with bromide the analogous bromo-
quinolone 4b was formed (70% vs 3% 3 with 0.05m NaBr
at 35% conversion of 1; further irradiation caused a signifi-
cant reductive debromination of 4b, a secondary photoreac-
tion as proven by separate irradiation of pure 4b). Trapping
was more efficient than with chloride (kBr/ki =520m

�1). As
for fluoride, an effect was obtained only when a large
amount was added and involved a slowing of the photocon-
version of 1 to 3, reasonably because fluoride intercepted
the cation to give back the starting compound. By treating
the data as above, the rate ratio was measured as kF/ki =

5m
�1.
When iodide was considered, a faster reaction was ob-

served (kI/ki =915m
�1), but the striking fact was that the

product structure was different. The main product did result
from overall F/I exchange, but position eight was reduced
and the iodine atom was located on the N-ethyl chain in the
b position (structure 5), as indicated by spectroscopic analy-
sis (see Experimental Section). The expected 8-iodo deriva-
tive (4c) was only a minor
product (62% 5, 7% 4c, traces
of 3 with 0.05m NaI at 25%
conversion).

Recalling that phenyl cations
are known to react with p nu-
cleophiles,[13] fluoroquinolone 1
was irradiated also in the pres-
ence of pyrrole. Indeed, a new
product was formed that incor-
porated the heterocycle, char-
acterized by reductive defluori-
nation in position eight and in-
sertion of pyrrole into the
ethyl side chain (product 6,
Scheme 3).

Thus, a diagnostic trapping
of cation 2+ occurred in the
presence of both halide anions
and of a neutral p nucleophile
such as pyrrole (not of a neu-
tral n nucleophile such as
water, though). However, two

different reaction paths were involved, with attack either at
C8 or at the side chain b position. We further checked that
quenching of the fluorescence of 1 was modest (KSV =3m

�1

for pyrrole).

Detection of transients : Laser flash photolysis experiments
at lexc =355 nm have been carried out both by ourselves[9]

and, more recently, by Cuquerella et al.[11] We reported a
weak shortlived absorption (lmax ca. 500 nm), that the latter
authors evidenced to be quenched by chloride and bromide
(kCl =4.1B108, kBr =3.6B109

m
�1 s�1). However, an accurate

reexamination of the evolution of the spectra now revealed
that there were actually two short-lived transients. The dif-
ference spectrum taken at 25 ns from pulse end was charac-
terized by two main bands peaking at 370 and 480 nm (see
Figure 1). Time evolution occurred by biexponential kinet-
ics, the absorbance profiles clearly exhibiting a growing
phase followed by a decay at 480 nm and a monotonic de-
crease toward a constant value at 370 nm. Neither of the
two bands was appreciably quenched by O2 or N2O.

A kinetic model with three species involved in two con-
secutive reactions with rate constants k1 and k2 proved to
suit perfectly the whole spectral range. The separated spec-
tra of these species (difference spectra with respect to the
ground state of 1) were reconstructed by means of the

Scheme 2. Photoreaction of 1 with halides.

Scheme 3. Photoreaction of 1 with pyrrole.

Figure 1. Transient absorption spectra upon excitation at 355 nm of an N2O saturated 1.4B10�3
m solution of 1

in 1B10�3
m NaHCO3 buffer of pH 6.9 at 25 8C at various delays from pulse end. Insets: A) reconstructed abso-

lute spectra and B) kinetics at 370 nm (black) and 490 nm (grey).
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SPECFIT/32 program, using
the time constants k1 = (2.5�
0.3)B107 s�1 and k2 = (8.3�
0.2)B106 s�1 and are shown in
inset A of Figure 1.

The above-mentioned
quenching by chloride and
bromide was confirmed, but
this involved only the 480 nm
band. The same applied to
iodide, as can be appreciated
in Figure 2. Particularly in-
structive were experiments at
a low concentration of the
quencher. With iodide at 5B
10�4

m it could be clearly dis-
tinguished that the 370–380 nm
band was not quenched,
whereas the 480–490 nm was
(see insets A and B). Further-
more, the 490 nm band in turn
evolved toward a much longer-
lived absorption evidenced at
345 nm (compare the forma-
tion profile shown in inset C
with the decay in inset A).

Figure 3 shows the results
obtained in the presence of
pyrrole. With 5B10�2

m of
quencher, the formation of an
absorption in the region 450–
520 nm was barely observable,
whereas the 365 nm absorption
disappeared with practically
unchanged kinetics (see inset).
At 5B10�3

m, pyrrole had little
effect on the observed transi-
ents.

The above experiment show
that the first-formed transient,
absorbing more strongly in the
near UV region (lmax =365 nm,
tffi40 ns), was not quenched by
either halides or pyrrole and
was the precursor of the fur-
ther transient in the visible
region (lmax =480 nm and life-
time ca. 120 ns), the one that was quenched. Besides con-
firming the quenching constants already reported for Cl�

and Br�, we further measured the constant for iodide (kI =

7.0B109
m
�1 s�1) and estimated a lower limit for that for pyr-

role (kpy>2B109
m
�1 s�1). [The rate constant for the trapping

of the second intermediate by pyrrole was estimated as kpy>

2B109
m
�1 s�1, considering that this intermediate did not ap-

preciably accumulate at [Py] of 5B10�2
m and thus, the

decay rate in the presence of a quencher (k’2) must be mark-
edly larger than its rate of formation (k1 =2.5B107 s�1).

Thus, for a k’2/k1 ratio > �4, it resulted that kpy [py]> �1B
108 s�1.]

Computational Studies

Geometry and energy of the cation spin states : The forma-
tion of products 5 and 6 and the change in product distribu-
tion in going from bromide to iodide were quite puzzling.
This fostered computational work, aimed to model the prop-

Figure 2. Transient absorption spectra upon excitation at 355 nm of an N2O saturated 1.4B10�3
m solution of 1

in the presence of 0.5B10�3
m NaI in 1B10�3

m NaHCO3 buffer of pH 6.9 at 25 8C at various delays from pulse
end. Insets: kinetics at A) 380 nm, B) 490 nm, and C) 345 nm in the absence (black) and presence of NaI (grey
[NaI]=1B10�3

m for 490 nm).

Figure 3. Transient absorption spectra upon excitation at 355 nm of an N2O saturated 1.4B10�3
m solution of 1

in the presence of 0.05m pyrrole in 1B10�3
m NaHCO3 buffer of pH 6.9 at 25 8C at various delays from pulse

end. Insets: kinetics at 370 nm and 490 nm in the absence (black) and presence (grey) of 0.05m pyrrole.
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erties and the reactivity of the suggested intermediate cation
2+ and to test whether the experimentally observed two
modes of trapping were reproduced. This was done in gas
and condensed phases by using DFT and post-HF methods.

A somewhat simplified model
structure that incorporated the
essential features of 2+ was
used, namely, 7-amino-1-ethyl-
4-oxo-1,4-dihydro-quinolin-8-yl
cation (7+ , see Scheme 4).

DFT and MP2 calculations
were performed at
U(R)B3LYP/6-31+GACHTUNGTRENNUNG(d,p) and
MP2/6-31+GACHTUNGTRENNUNG(d,p) levels of
theory. Solvation effects on ge-
ometries and energies were
computed by means of the po-
larizable continuum model
(PCM) using both UA0 and
UAHF radii (see Supporting
Information for details). Of
the two spin states of the
cation, both DFT and post-HF
methods predicted in good
agreement a planar geometry

for triplet 37+ and a puckered aromatic ring for singlet 17+

(Figure 4). Both methods predicted the triplet to be more
stable than the singlet, but the MP2 method seemed to over-
estimate the stability of the open-shell species. At the
U(R)B3LYP/6-31+GACHTUNGTRENNUNG(d,p) level of theory DET�S =13.6 kcal
mol�1 was predicted in the gas phase, with a minimal solva-
tion effect (13.3 kcalmol�1 in water, see Table 1).

Monomolecular reactivity of singlet and triplet aminoquino-
linyl cations : Next, the potential energy surface (PES) of
the unimolecular reactions involving the singlet and triplet
aminoaryl cations 17+ and 37+ was explored to locate a
viable path for the observed intramolecular attack on the N-
ethyl chain. The stationary points (minima and transitions
states, TSs) were searched for both in the gas phase and in
aqueous solution (by using the PCM solvation model).

A path involving intramolecular insertion into the
carbon–hydrogen bond was characterized for the singlet
cation (see Scheme 4 and Table 1). This was an almost bar-
rierless process in water, with an early transition state
TS-17+ (DG�

H2O =0.6–1.1 kcalmol�1, depending on solvent-
cavity definition, see Figure 5).[16] From this TS the system
evolved along the reaction coordinate toward a much more

stable (DG�
H2O =�78.9 kcal

mol�1) intermediate, a benzeni-
um (Wheland) cation (8+), and
hence to pyrroloquinoline 11.

On the other hand, hydro-
gen abstraction was the viable
path from the most stable state
of the cation, triplet 37+ , and
led to a triplet diradical cation,
9+ , by passing through TS-37+ .
This required an activation

Scheme 4. Calculated intramolecular paths from quinolinyl ion 7+ .

Figure 4. Geometries of singlet and triplet aminoaryl cations 1,37+ in gas phase at the B3LYP/6-31+G ACHTUNGTRENNUNG(d,p)
level.

Table 1. Electronic energies (E, in Hartree), relative electronic energies (DEgas, in kcalmol�1), thermal contri-
bution to free energy (dG), free energy in the gas phase relative to 17+ (DGgas), free energy in aqueous solu-
tion (Gsol), free energy in aqueous solution relative to 17+ (DGH2O), reaction free energy (DG�

H2O) for quinolin-
yl cations 7+ and some of their derivatives.

Stationary points �E DEgas dG DGgas �Gsol DGH2O DG�
H2O

17+ 610.2013657[a] 0.0 100.4 0.0 610.282163[a,c] 0.0 –
(606.386342015)[b]

ACHTUNGTRENNUNG(0.0) ACHTUNGTRENNUNG(0.0) 610.290864[a,d] 0.0
(606.476167)[b,c]

(606.484550)[b,d]

37+ 610.2233267[a] �13.8 100.2 �13.6 610.303710[a,c] �13.3[a,c] –
(606.450723523)[b]

ACHTUNGTRENNUNG(�40.4) 610.312659[a,d] �13.5[a,d]

(606.550972)[b,c] �46.9[b,c]

(606.559549)[b,d] �47.1[b,d]

TS-17+ –[f] 99.8[g] 610.280461[a,c,e] 1.1 1.1
610.289827[a,d,e] 0.6 0.6

TS-37+ 610.2063026[a] �3.1 98.3 –5.2 610.290895[a,c,e] �8.8[a,c] 9.2
610.294337[a,d,e] �4.3[a,d]

8+ 610.3227159[a] �76.1 106.1 �70.4 610.417001[a,c] �78.9 �78.9
9+ 610.2404845[a] �24.5 99.6 �25.5 610.323023[a,c] �26.4 �13.1

610.330062[a,d] �25.4 �11.9

[a] U(R)B3LYP/6-31G+ ACHTUNGTRENNUNG(d,p). [b] U(R)MP2/6-31G+ ACHTUNGTRENNUNG(d,p). [c] UA0 radii. [d] UAHF radii. [e] Adding a sphere
to the hydrogen that is going to be transferred. [f] TS-17+ not located at the RB3LYP/6-31G+ ACHTUNGTRENNUNG(d,p) level of
theory in the gas phase. [g] In water solution at the RB3LYP/6-31G+ ACHTUNGTRENNUNG(d,p) level.
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free energy of 9.2 kcalmol�1 in water. In turn, cation 9+

could undergo intersystem crossing and cyclize to the above
isomer 8+ . As seen above, cyclization to 11 (Scheme 4) was
indeed the experimentally observed process in the irradia-
tion of lomefloxacin in water and calculations revealed that
both the singlet and the triplet ions could be the intermedi-
ates in it, through a non-activated and activated path, re-
spectively (see below).

Bimolecular reactivity of singlet and triplet aminoquinolinyl
cations : As intuitively expected, singlet cation 17+ collapsed
to the corresponding eight-halo derivative (see structure 10,
Scheme 4) when in the vicinity of a halide anion. In con-
trast, computation evidenced that approaching of a chloride,
bromide, or iodide anion to triplet cation 37+ did not lead to
bond formation, but to electrostatic pairing with the anion
close to the 7-amino group, which bore most of the positive
charge (see Figure 6).

The complexes were marginally stabilized in water, the
net stabilization resulting from the opposite contributions of
ion pairing and of loss of the solvation of the halide anion,
respectively decreasing and increasing with the atomic

weight of the halide (see
Table 2). This was an impor-
tant point because triplet
cation 37+ would have to un-
dergo intersystem crossing
(ISC) to 17+ before coupling
with the halide to give prod-
ucts 10, and the previous for-
mation of a complex might
provide this opportunity, fa-
vored by the heavy-atom effect
in the decreasing series I�!
Br�!Cl� (see Discussion).

As mentioned above, the experiments showed that prod-
ucts of type 10 were formed with Cl� and Br�, but of type
12 with iodide (see Scheme 5). This changed path must be
rationalized. Because it involved the side chain, just as cycli-

zation to 11, a possibility was
that 12 arose from the same in-
termediate as cyclization,
namely, from cation 8+ . It may
be thought that this reacted in
two ways. Thus, in the conver-
sion of 8+ to 11 water acted as
a base. Should it act as a nucle-
ophile, ring opening to give a
product of structure 12 would
indeed result. The viability of
these mechanisms was tested
computationally, by locating
the transition state from 8+ to
11 in water [TS-8+-11 ACHTUNGTRENNUNG(H2O)]
and toward 12 with either
water [TS-8+-12 ACHTUNGTRENNUNG(H2O)] or I� as
the nucleophile [TS-8+-12(I�)].
At the B3LYP level of theory,
using both 6-31G(d) and 6-
31+ACHTUNGTRENNUNG(d,p) basis sets, the ring-

Figure 5. Calculated transition states TS-17+ and TS-37+ . Reaction activation free energies (in kcalmol�1) and
distances (in M) are shown for both the gas phase and aqueous solution (in parentheses), at the B3LYP/6-
31+G ACHTUNGTRENNUNG(d,p) level.

Figure 6. Side and upper views of the complexes 37–X at the B3LYP/6-31+G ACHTUNGTRENNUNG(d,p) level with CEP-31G basis
set for Br� and I�, in the gas phase and in aqueous solution (in parenthesis). LAN2DZ basis set for Br� gives
very similar geometries.

Table 2. Reaction free energy (DGcomplex) for the complexation of triplet
cation 7+ by Cl�, Br�, and I� in the gas phase (DGcomplex-gas) and in aque-
ous solution (DGcomplex-aq).

Complex 37+-X� DGcomplex-gas DGcomplex-aq DGsol X�

37+-Cl� �112.1[a] �0.2[a] �74.6
37+-Br� �119.3[b] �11.1[b] �68.6

�106.9[c] +0.6[c]

37+-I� �102.7[c] �2.3[c] �60.7

[a] At the B3LYP/6-31+G ACHTUNGTRENNUNG(d,p) level of theory. [b] At B3LYP/6-31+G-
ACHTUNGTRENNUNG(d,p) with LAN2DZ basis set for Br�. [c] At B3LYP/6-31+GACHTUNGTRENNUNG(d,p) with
CEP-31G basis set for Br� and I�.
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opening processes induced by water and iodide anion were
largely endothermic in aqueous solution, with an activation
free energy greater than 37 kcalmol�1. In contrast, the de-
protonation of the Wheland cation 8+ to give 11 was a bar-
rierless process (Table 3).

Thus, this mechanism did not explain the reaction with
iodide (and the analogous process with pyrrole), which must
involve interaction of the nucleophile directly with ion 7+ ,
and yet differ from simple coupling that would give product
11. An alternative we considered was that an electron-trans-
fer process was occurring, rather than an electrophile–nucle-
ophile combination. The thermochemistry of the monoelec-
tronic reduction of both spin states of the cation (1,37+) to
quinolinyl radical 7C by iodide anion and by pyrrole was
evaluated in aqueous solution. The free-energy change for
the vertical oxidation of pyrrole to its radical cation and the
vertical reduction of ions 7+ were computed at B3LYP/6-
31G+ ACHTUNGTRENNUNG(d,p) level of theory, and that for the reduction of
iodide radical to iodide anion at B3LYP/CEP-31G and
B3LYP/Lan2DZ by using the PCM solvation model. It was
gratifying to find that the computational results were close
to the experimental data where available. Thus, the calculat-
ed free-energy change for the IC/I� process and that obtained
from the measured redox potential through a thermochemi-
cal cycle [E ACHTUNGTRENNUNG(IC+e!I�) +1.33 V vs normal hydrogen elec-
trode (NHE),[17a] calculated by taking Ggas,H+ =�6.28 kcal
mol�1, Gsolv,H+ =�262.23 kcalmol�1,[17b] and DHf(H2)=

104.1 kcalmol�1] were very similar, and the same held for
pyrrole (experimental Eox 1.31 V).[18]

The results are gathered in Table 4 and suggest that the
monoelectronic reduction of both cations 1,37+ by iodide
anion was slightly endoergonic (5 to 7 kcalmol�1, see foot-
notes of Table 4) and virtually identical data were obtained
for pyrrole.

Electron-transfer path : It appeared unlikely that electron
transfer was important for singlet 17+ , for which a barrier-
less intramolecular process was available to give 8+ (al-
though coupling with a paired anion to give 10 may com-
pete). However, in the case of the triplet cation, reduction
to radical 7C by iodide (or pyrrole) confronted a lower barri-
er than hydrogen abstraction (7.2 vs 9.2 kcalmol�1). The en-
suing chemistry of the radical was explored and this was
found to convert, after thermal relaxation, to the alkyl radi-
cal 13C (Scheme 6) by intramolecular hydrogen abstraction
from the ethyl side chain. The first-order saddle point TS-7C
connecting 7C to 13C lay only 3.8 kcalmol�1 above the reac-
tant in water, therefore, it did not represent the rate-deter-
mining step of this reaction (Figure 7).

Scheme 5. Possible reactions of cation 8+ with bases/nucleophiles.

Table 3. Activation free energy in the gas phase (DG�
gas in kcalmol�1)

and in aqueous solution (DG�
H2O), relative to the complexes 8+–H2O and

8+–I�, for the transition states involved in the deprotonation and ring-
opening reactions of benzenium cation 8+ .

Stationary points DG�
gas DG�

H2O

TS-8+-11 ACHTUNGTRENNUNG(H2O) 32.8[a] (32.2)[b] –[c]

TS-8+-12 ACHTUNGTRENNUNG(H2O) 61.9[a] (61.8)[b] 48.2[d]

TS-8+-12(I�) 34.0[e] 37.5[f]

[a] B3LYP/6-31G(d) [b] B3LYP/6-31+G ACHTUNGTRENNUNG(d,p). [c] No TS was located in
water, deprotonation occurred with no barrier in the presence of an an-
cillary water molecule. [d] PCM-B3LYP/6-31+G ACHTUNGTRENNUNG(d,p). [e] B3LYP/6-
31G(d) and CEP basis set on I�. [f] PCM-B3LYP/6-31G(d) and CEP
basis set on iodide anion.

Table 4. Computed (vertical) reduction potentials of triplet (37+) and sin-
glet (17+) quinolonyl cations, of cation 9+ , iodine atom, and pyrrole radi-
cal cation in aqueous solution, compared to experimental values (for
iodine and pyrrole).

Redox reaction E [V] (vs NHE)

IC!I� +1.33,[a] 1.30[b]

17+!7C(v) +1.12[c]

37+!7C(v) +1.02[c]

pyrroleC+(v)+e!pyrrole +1.31,[a] 1.35[c]

9+!13C +1.12[c]

[a] Experimental value. [b] Computed at B3LYP/LAN2DZ with solva-
tion effects evaluated by the PCM solvation model using UA0 radii, and
taking into account Ggas,H+ =�6.28 kcalmol�1, Gsolv,H+ =�262.23 kcal
mol�1, DHf(H2)=104.1 kcalmol�1. [c] Calculated from the computed acti-
vation free energy in water [at PCM-U(R)B3LYP/6-31G+ (d,p) using
LAN2DZ for I�] for the reactions: 17+ + I�!7C(v)+ IC+4.9 kcalmol�1;
37+ + I�!7C(v)+ IC+7.2 kcalmol�1; pyrroleC+(v)+ I�!pyrrole+ IC�0.4
kcalmol�1; 9+ + I�!13C+ IC+4.9 kcalmol�1; taking into consideration the
experimental redox potential for the couple IC/I� (1.33 V, vs NHE) by
DG=�nF[DE ACHTUNGTRENNUNG(17+/7C)�DE ACHTUNGTRENNUNG(IC/I�)].

Scheme 6. Electron-transfer path from cation 37+ .
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In turn, this alkyl radical could react with I� or co-formed
iodine atom (or, respectively, with pyrrole or its radical
cation) to generate the final products 12 (Scheme 6). Fur-
ther calculations showed that distonic diradical cation 9+

was also reduced to radical 13C at an accessible potential and
electron transfer from iodide and pyrrole was likewise
slightly endothermic (4.3 and 6.6 kcalmol�1, respectively),
thereby offering a further path to 12 (Table 5).

Discussion

Previous evidence indicated that the photochemistry of lo-
mefloxacin (1) in water involved release of fluoride selec-
tively from position eight and the process was unimolecular
with a reaction quantum yield Fr of 0.55, much higher than
that exhibited by 6-monofluoroquinolones, not undergoing
unimolecular cleavage (e.g., 0.06 for norfloxacin). Because
the fluorescence quantum yields and lifetimes of 6,8-difluor-
oquinolones such as 1 and 6-monofluoroquinolone deriva-
tives are similar (e.g., FF =0.08 for 1 and 0.11 for norfloxa-
cin, with tF =1 and 1.5 ns, respectively), photofragmentation
should not occur from the singlet excited state.

On the other hand, the large increase in reaction quantum
yield was accompanied by a dramatic change in the T–T ab-
sorption. Monofluoroquinolones exhibit an intense and rela-
tively long-lived triplet absorption (t=1 ms) with lmax in the
range 500–620 nm.[8] In the case of 1, careful examination of
the time-resolved spectra evidences a short-lived (ca. 40 ns)
transient absorbing at around 370 nm (Figure 1), unaffected
by the additives tested, that fits well with the expectation of
a triplet undergoing a fast monomolecular fragmentation. In

fact, comparing the lifetime of this state (31, 40 ns) with that
of the monofluoroquinolones (ca. 1 ms), suggests that frag-
mentation occurs with an efficiency of around 95%, well in
accord with the high quantum yield of the photoreaction;
the short lifetime explains the lack of O2 quenching. The re-
constructed spectra show that 31 has no absorption in the
visible region and is the precursor of a further transient with
lmax =480 nm (Figure 1). The latter is again unaffected by
O2, but is quenched by halides (rate increases to diffusion-
controlled with iodide) and by pyrrole. If this were the sin-
glet cation, one would expect that coupling with any anion,
with no spin barrier, would occur at the same rate. The ob-
served difference supports that the latter transient is triplet
cation 32+ (see below), which is the expected state from the
cleavage of triplet 31.

The computational study on the simplified model 7+

showed that the two spin states of the cation are quite dif-
ferent in structure and chemistry. As far as the structure is
concerned, the difference mirrored that found with 4-amino-
phenyl cation, with the planar triplet lowest in energy and
the singlet (ca. 13 kcalmol�1 above it) characterized by a
puckering out of plane of C8. Again, as with phenyl cations,
the singlet is a localized cation with an empty s orbital at
C8, whereas the triplet has one electron in the s orbital and

one unpaired electron in the
aromatic p system. This
endows the aromatic moiety
with radical-cation character,
with strong donation from the
amino group (see the simpli-
fied structures in Scheme 4).

Examination of the potential
energy surface (PES) for the
reactions of the two states of
the cation evidenced a well-
differentiated chemistry. In the

case of singlet 17+ , intramolecular insertion in the b C�H
bond is facile, with an early (and barely observable) transi-
tion state. The detailed mapping of this process highlighted
a close resemblance with insertion reactions via singlet car-
benes,[19] with simultaneous rotation of the ethyl group and
bond formation. The triplet quinolinyl cation, on the other
hand, has no non-activated path available. The most favora-
ble reaction channel, hydrogen abstraction to give distonic
diradical cation 9+ , confronts a 9.2 kcalmol�1 barrier. With
two unpaired electrons in two orthogonal orbitals, 37+ re-
sembles a triplet carbene or a radical at C8. Indeed, compar-
ison of the structures of cation 37+ and radical 7C, as well as
the almost identical transition states for hydrogen abstrac-
tion, TS-37+ and TS-7C (see Figures 5 and 7) demonstrates
that the triplet cation has a well-defined sp2 radical charac-
ter at C8.

To summarize, intermediate 37+ is formed first, but has
only activated paths available, leading either to diradicalic
9+ or to 17+ through ISC, both paths finally reaching cy-
clized 11. The latter path, however, confronts a markedly
higher (by more than 5 kcalmol�1) barrier and thus, it ap-

Figure 7. Structure of transition state TS-7C. Reaction activation free
energy (in kcalmol�1) and distances (in M) are shown for both the gas
phase and aqueous solution (in parentheses), at the B3LYP/6-31+G ACHTUNGTRENNUNG(d,p)
level.

Table 5. Electronic energies (E, in Hartree), relative electronic energies (DEgas, in kcalmol�1), thermal contri-
bution to free energy (dG), relative (to 7C) free energy in the gas phase (DGgas), free energy in aqueous solu-
tion (GH2O), relative (to 7C), free energy in aqueous solution (DGH2O) for radicalic intermediates and transition
states.

Stationary points �E DEgas dG DGgas �GH2O DGH2O

7C 610.4958393[a] 0.0 101.2 0.0 610.508769[a,b] 0.0
TS-7C 610.4763145[a] 12.3 99.0 10.1 610.499151[a,b] 3.8
13C 610.51024[a] �9.0 99.9 �10.3 610.527240[a,b] �12.9

[a] U(R)B3LYP/6-31G+ (d,p). [b] UA0 radii.
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pears unlikely that the singlet is formed even as a secondary
intermediate and, if it were formed, the steeply descending
path leading to 8+ and entropic factors would make trap-
ping difficult.

As for intermolecular processes, these do not involve the
excited states, as the quenching of both the fluorescence and
the T–T absorption is unimportant under the conditions
used. Indeed, experiments showed that both types of prod-
ucts, the 8-substituted quinolones 10 and products 12 bear-
ing the substituent at the b-ethyl position, arise from a
single intermediate, the transient detected at 480 nm in flash
photolysis and identified as the triplet cation, as supported
by the correspondence of the rate-constants ratio from flash
photolysis (Cl�/Br�/I� 1:11.2:14.0) with those from steady-
state experiments (F�/Cl�/Br�/I�=0.08:1:8.7:15.3). No fur-
ther common intermediate is involved, as a thorough search
for a nucleophile-driven ring opening in cation 8+ gave no
result, proving that this path leads only to cyclized 11.

The different quenching rates of the 480 nm transient sup-
ports, as mentioned, the triplet multiplicity. Furthermore,
the observed fast increase as the atomic weight of the halide
quencher increases confirms that heavy-atom-induced ISC
has a role. Thus, it seems reasonable to conclude that ISC
from 37+ to 17+ is insignificant in neat water because of the
high endothermicity. In the weakly stabilized 37+–X� com-
plex (see Figure 6) the barrier is much lower, as ISC in the
cation occurs simultaneously with the highly exothermic
coupling with the anion to give the 8-halogeno derivatives
10 (Scheme 6). However, when passing from Cl� and Br� to
bulky I� bond formation at position eight, flanked by
branched substituents at both sides, is expected to slow
down. The other path individuated by computation is elec-
tron transfer that is favored with a good oxidant, such as
iodide, which is in fact active at very low concentrations
(Figure 2). Likewise, a neutral nucleophile such as pyrrole is
not sufficiently reactive for attacking the hindered electro-
philic site in cation 7+ , but being a good donor it reacts
through electron transfer to give a product of type 12, just
like iodide. Electron transfer is an activated process, but
with a smaller barrier than hydrogen abstraction, and occurs
according to the sequence 37+!7C!13C (with activation
energy of the first, and rate-determining, step, of 6–7 kcal
mol�1), or, less likely, after hydrogen abstraction (37+!9+!
13C, activation energy of the first step, 9.2 kcalmol�1). Final-
ly, the change in mechanism is characterized by the appear-
ance of a new transient that arises from 37+ (see inset C in
Figure 2); this may correspond to radical 7C.

Thus, the two different intermolecular reactions arise
from the triplet cation 37+ , either through ISC in the com-
plex and ionic coupling or through electron transfer, respec-
tively, the choice between the two paths being determined
by the bulk and the oxidation potential of the quencher.

The rationalization of the photochemistry of fluoroquino-
lone 1 presented above suggests a mechanism for the ob-
served mutagenic effect that fits with the experimental re-
sults. Photolysis of lomefloxacin in solution generates the
highly reactive, but short-lived, cation 32+ , the only fate of

which is intramolecular insertion to give 3. However, fluoro-
quinolones are known to insert into the distorted DNA seg-
ment bound to the gyrase active site, either by intercalating
between the bases on both sides of the double helix or by
replacing cytosine and forming hydrogen bonds with a gua-
nine on the opposite strand.[20] Thus, when photoexcitation
involves a molecule of 1 intercalated with DNA, the likeli-
hood of an attack by 2+ on a neighboring biomolecule is
high. The model reaction with pyrrole in solution suggests
that electrophilic attack on a DNA base could occur in that
case ([Eq. (4)], compare [Eq. (3)]). Another possibility, in
view of the accessible reduction potential of the quinolinyl
cation, is that electron, rather than energy, transfer occurs
[Eq. (5)] and causes pyrimidine dimerization.[6,21]

1 þ hn! 32þ ð4aÞ

32þ þ DNA base! products ð4bÞ

1 þ hn! 32þ ð5aÞ

32þ þ DNA base! 2C þ DNA baseCþ ð5bÞ

DNA baseCþ ! dimers ð5cÞ

Conclusion

Fluoroquinolones, and in particular 8-fluoro derivatives such
as lomefloxacin, are distinguished for their high photo-
ACHTUNGTRENNUNG(geno)toxic potential, which must be related to their charac-
teristic photoreaction: C�F bond heterolysis to give an aryl
cation. In this work, photoproduct studies and time-resolved
techniques were exploited for characterizing bimolecular re-
actions, and DFT and post-HF calculations were used for
the first time for the detailed rationalization of the chemis-
try of the cation, which has proven to be particularly in-
volved. The triplet quinolinyl cation 32+ formed from 31
(both intermediates identified by flash photolysis) is a viable
precursor of all the observed processes. Theoretical model-
ing reproduced intramolecular cyclization of the cation, as
well as its trapping by nucleophiles (when charged or good
donors), giving two different products types, either with the
entering group at C8 or, when electron transfer intervenes,
at the b position in the ethyl chain.

The chemical study suggests that the genotoxic effect of 1
involves either addition of the corresponding triplet aryl
cation onto a DNA base or electron-transfer-induced dime-
rization of the bases. More generally, the above discussion
suggests that chemical studies of phototoxic drugs may
concur to the understanding of their action on DNA, and
possibly help to devise new models for light-activated anti-
tumor drugs.

Experimental Section

Preparative photochemical reactions : A solution of lomefloxacin 1
(140 mg, 5B10�4

m) in bidistilled water (800 mL) containing the appropri-
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ate amount of additive was placed in an immersion-well apparatus,
stirred, and flushed with nitrogen for 30 min and then irradiated by
means of a 125-W high-pressure mercury lamp at 20 8C while maintaining
the nitrogen flux. Monitoring by HPLC (Hypersil ODS2, 250B4.6 mm,
5 mm, pH-3 phosphate buffer/MeCN 8:2 as eluant, flux 0.6 mLmin�1, l=

275 nm) showed that the starting material was consumed after 60 min.
The solution was stirred for 2 h with 2B400 mL 1% ethyl chloroformate
in chloroform. The organic layers were reunited, dried, concentrated and
when required treated with ethereal diazomethane. The solution was
evaporated and the residue subjected to chromatography on silica gel
eluting with chloroform/methanol mixtures of 98:2!95:5. The products
from the photolysis of lomefloxacin were thereby isolated as the respec-
tive urethanes (in some case also methyl esters by treatment with diazo-
methane). The structure assignment was based on elemental analyses and
spectroscopic characterization, in particular by 1H, 13C NMR (in CDCl3,
300 MHz with TMS as internal standard), and appropriate bidimensional
techniques. Key spectroscopic data of new compounds are reported
below.

8-Bromo-1-ethyl-6-fluoro-7-[1-(3-methyl-4-ethylaminocarbonylpiperazi-
no)]-4-quinolone-3-carboxylic acid methyl ester (14a): 1H NMR
(300 MHz, CDCl3): d =1.3 (t, J=7 Hz, 3H), 1.4 (d, J=7 Hz, 3H), 1.5 (t,
J=7 Hz, 3H), 2.95, 3.45 (2Bm, 2H), 3.15, 3.65 (2Bm, 2H), 3.2, 4.0 (2B
m, 2H), 3.9 (s, 1H), 4.15 (q, J=7 Hz, 2H), 4.4 (m, 1H), 4.65 (m, 2H), 8.2
(d, J=12 Hz, 1H), 8.75 ppm (s, 1H); 13C NMR (75 MHz, CDCl3): d=

14.6 (CH3), 15.8 (CH3), 15.9 (CH3), 38.9 (CH2), 47.4 (CH), 51.6 (CH2),
51.9 (CH2), 52.1 (CH2), 55,4 (CH2), 61.5 (CH2), 109.1 (C), 113.3 (d, JC�F =

24 Hz, CH), 126.2 (C), 129.5 (C), 137.4 (C), 143.7 (C, d, J=15 Hz), 152.5
(CH), 155.5 (C), 157.0 (d, JC�F =260 Hz, C), 166.1 (C), 172.2 ppm (C); el-
emental analysis calcd (%) for C21H25BrFN3O5 (498.34): C 50.61, H 4.97,
N 9.86; found: C 50.4, H 5.0, N 9.5.

8-Iodo-1-ethyl-6-fluoro-7-[1-(3-methyl-4-ethylaminocarbonylpiperazino)]-
4-quinolone-3-carboxylic acid methyl ester (14b): 1H NMR (300 MHz,
CDCl3): d (at 458C)=1.3 (t, J=7 Hz, 3H), 1.4 (t, J=7 Hz, 3H), 1.5 (d,
J=7 Hz, 3H), 2.9, 3.25 (2Bm, 2H), 3.1, 4.05 (2Bm, 2H), 3.2, 3.8 (2Bm,
2H), 3.9 (s, 3H), 4.2 (q, J=7 Hz, 2H), 4.4 (m, 1H), 4.7 (m, 2H), 8.2 (d,
J=10 Hz, 1H), 8.8 ppm (s, 1H); 13C NMR (75 MHz): d=14.5 (CH3),
15.5 (CH3), 16.8 (CH3), 39.1 (CH2), 47.3 (CH), 51.8 (2CH2), 52.1 (CH3),
55.1 (CH2), 61.3 (CH2), 91.8 (d, JC�F =18 Hz, C), 115.2 (d, JC�F =24 Hz,
CH), 125.9 (C), 140.8 (C), 146.0 (d, JC�F =16 Hz, CH), 152.2 (CH), 155.4
(C), 156.4 (d, JC�F =250 Hz, C), 165.6 (C), 172.3 ppm (C); elemental anal-
ysis calcd (%) for C21H25FIN3O5 (545.34): C 46.25, H 4.62, N 7.71; found:
C 46.5, H 4.8, N 7.7.

1-(2-Iodoethyl)-6-fluoro-7-[1-(3-methyl-4-ethylaminocarbonylpiperazi-
no)]-4-quinolone-3-carboxylic acid methyl ester (14c): 1H NMR
(300 MHz, CDCl3): d =1.3 (t, J=7 Hz, 3H), 1.4 (d, J=7 Hz, 3H), 3.0, 3.4
(2Bm, 2H), 3.15, 3.6 (2Bm, 2H), 3.5, 4.15 (2Bm, 2H), 3.55 (t, J=7 Hz,
2H), 4.2 (m, 2H), 4.5 (m, 1H), 4.65 (t, J=7 Hz, 2H), 6.7 (d, JH�F =4 Hz,
1H), 8.0 (d, JH�F =10 Hz, 1H), 8.7 ppm (s, 1H); 13C NMR (75 MHz): d=

2.5 (CH2), 14.5 (CH3), 15.5 (CH3), 38.4 (CH2), 46.9 (CH), 49.45 (CH2),
54.4 (CH2), 55.9 (CH2), 61.6 (CH2), 103.1 (CH), 108.3 (C), 113.2 (d, J=

22 Hz, CH), 120.4 (d, JC�F =15 Hz, C), 136.6 (C), 146.6 (d, JC�F =12 Hz,
C), 147.6 (CH), 153.3 (d, JC�F =250 Hz, C), 155.1 (C), 166.6 (C),
167.0 ppm (C); elemental analysis calcd (%) for C20H23FIN3O5 (531.32):
C 45.21, H 4.36, N 7.91; found: C 45.5, H 4.0, N 8.1.

1-[2-(2-Furanyl)-ethyl]-6-fluoro-7-[1-(3-methyl-4-ethylaminocarbonylpi-
perazino)]-4-quinolone-3-carboxylic acid methyl ester (14d): 1H NMR
(300 MHz, CDCl3): d=1.3 (t, J=7 Hz, 3H), 1.4 (t, J=7 Hz, 3H), 2.9,
3.35 (2Bm, 2H), 3.1, 3.55 (2Bm, 2H), 3.35 (m, 2H), 3.4, 4.15 (2Bm, 2H),
3.8 (s, 3H), 4.2 (m, 2H), 4.4 (m, 1H), 4.45 (m, 2H), 6.0 (br s, 1H), 6.15

(br s, 1H), 6.5 (d, JH�F =7 Hz, 1H), 6.7 (br s, 1H), 7.75 (d, JH�F =13 Hz,
1H), 8.35 (s, 1H), 9.2 ppm (br s, 1H); 13C NMR (75 MHz): d =15.1
(CH3), 15.85 (CH3), 28.6 (CH2), 39.1 (CH2), 47.5 (CH), 49.8 (CH2), 51.9
(CH3), 54.9 (CH2), 55.8 (CH2), 61.9 (CH2), 105.1 (CH), 106.7 (CH), 108.8
(CH), 109.5 (C), 112.9 (d, JC�F =22 Hz, CH), 118.6 (CH), 121.0 (C), 123.2
(d, JC�F =6 Hz, CH), 127.8 (C), 137.2 (C), 145,5 (d, JC�F =10 Hz), 149.1
(CH), 153.0 (d, JC�F =250 Hz, C), 155.8 (C), 165.5 (C), 173.4 ppm (C); el-
emental analysis calcd (%) for C25H29FN4O5 (484.52): C 61.97, H 6.03, N
11.56; found: C 62.1, H 6.0, N 11.9.

Small-scale irradiations : Small-scale photochemical irradiation for deter-
mining the relative rate of reactions with additives were carried out on
10-mL portions of aqueous solution of 1 in serum-capped quartz tubes.
These were irradiated in a merry-go-round apparatus by means of two
15-W phosphor-coated lamps (center of emission 313 nm). Deoxygena-
tion of the solution was obtained by flushing for 30 min with argon. The
experiments in the presence of halides were conducted with a total salt
concentration of 0.2m by adding the appropriate amount of NaClO4. The
substrate conversion and product yields were determined by HPLC (see
above) on the basis of appropriate calibration curves.

Computational methods : All calculations were carried out by using the
C.02 version of the Gaussian 03[22] program suite.

The geometric structures of the reactants and transition states were fully
optimized both in the gas phase and in aqueous solution by using the
hybrid density functional (U)B3LYP[23] with the 6-31+G ACHTUNGTRENNUNG(d,p) basis set.
Optimization of both singlet and triplet aryl cations was also performed
at the MP2/6-31+G ACHTUNGTRENNUNG(d,p) level of theory in the gas phase. The use of dif-
fuse functions is mandatory for a reliable evaluation of energies in anion-
ic systems such as TS-8-Nu.

The basis-set functions specifically used for Br and I atoms have been
the effective core potentials (ECP) CEP/31G[24] and LANL2DZ[25] with
comparable results. With these basis sets only valence electrons for Br
and I atoms are treated explicitly.

Thermal contributions (dG) to free energy (DG) were computed from
B3LYP/6-31+GACHTUNGTRENNUNG(d,p) structures and harmonic frequencies by using the
harmonic oscillator approximation and the standard expressions for an
ideal gas in the canonical ensemble at 298.15 K and 1 atm.

The optimization of the stationary points in the solvent bulk were calcu-
lated by means of the self-consistent reaction field (SCRF) method using
the PCM (polarizable continuum model)[17b] as implemented in the C.02
version of Gaussian 2003. The cavity is composed by interlocking spheres
centered on non-hydrogen atoms with radii obtained by the HF paramet-
rization by Barone known as the united atom topological model
(UAHF).[27] Such a model includes the non-electrostatic terms (cavita-
tion, dispersion and repulsion energy) in addition to the classical electro-
static contribution. We remind readers that the energies resulting from
PCM computations have the status of free energies, as they take implicit-
ly into account thermal and entropic contributions of the solvent. Howev-
er, because they do not include the thermal contributions (dG) of solute
molecular motions to the free energy (DG), gas-phase thermal contribu-
tion of solute molecular motions were added to evaluate the correspond-
ing free energy in water (DGsol). UAO parametrization of the cavity has
been also used and has yielded almost identical results in geometries and
very similar data on energies.

Nanosecond laser flash photolysis : The laser beam (a JK-lasers Nd/YAG
operated at 355 nm, pulse FWHM 20 ns) was focused on a 3 mm high
and 10 mm wide rectangular area of the cell and the first 2 mm in depth
were analyzed at a right angle geometry. The incident pulse energies
used were <17 mJcm�2 (5 mJ per pulse). The minimum response time of
the detection system was of ca. 2 ns. The bandwidth used in the spectro-
kinetic measurements was typically 2 nm. The sample absorbance at
355 nm was typically 0.2 over 1 cm. Oxygen was removed by vigorously
bubbling the solutions with a constant flux of N2O. The solution, in a
flow cell of 1 cm path, was renewed after few laser shots. The tempera-
ture was 295�2 K. The detector system was perturbed from 390 nm to
480 nm by the intense emission of 1, generated by the laser excitation.
These problems were minimized by using neutral density filters at the en-
trance slit of the monochromator and pulsing the 150 W high pressure
Xe lamp at high currents (�200 mA for 1 ms) to increase the intensity of
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the analyzing light. In spite of this, transient spectra were not significant
before 10–30 ns from pulse end. Acquisition of absorption signals were
performed by a home made program using Asyst 3.1 (Software Technolo-
gies, Inc.).
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