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NMR kinetic analysis of photochromic quinolone photoproducts
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Abstract—The whole photochromic reaction, photocolouration, thermal bleaching and photodegradation, of a quinolone derivative
has been kinetically monitored by product-by-product NMR spectroscopy. The mechanism of reactions has been established from
quantitative kinetic data analysis.
� 2006 Elsevier Ltd. All rights reserved.
The reversible photoenolization of ortho-alkyl sub-
stituted aromatic ketones1–4 is an example of photo-
chromism.5 Among the heteroaromatic ketones, photo-
chromism has been observed with 2-benzyl-3-benz-
oylchromones and 2-benzyl-3-benzoyl-4-quinolones.6,7

In the framework of the photochromism involving
hydrogen transfer/cyclization sequence,8,9 we recently
reported10 the complete NMR structural elucidation of
the photoproducts of the photochromic 3-benzoyl-2-
benzyl-6,7-difluoro-1-propyl-1H-quinolin-4-one P0. It
was shown that UV irradiation of this new photochro-
mic quinolone led to the formation of two reversible
photoenols P1 and P2 together with several other cyc-
lized permanent photoproducts P3, P4 and P5 which
have been assigned to photodegradation. On the basis
of structural elucidation and qualitative observation of
their photochemical and thermal evolution, a plausible
mechanism was assumed, but the details of the thermal
and photochemical pathways were not investigated
quantitatively.

The purpose of this work is to provide a quantitative
analysis of the whole photochromic and photodegrada-
tion processes based on a NMR product-by-product
monitoring followed by a numerical modelling of the
recorded kinetics. After UV irradiation in degassed
toluene-d8,11 quinolone P0 gives rise to the formation
of two photoenols, P1 and P2 which were attributed,
respectively, to the ZE and ZZ configurations and
to three other cyclized photoproducts, 2,3-difluoro-
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6,6a-dihydro-11-hydroxy-6-phenyl-5-propyl-5H-benzo[b]-
acridin-12-one (P3), 2,3-difluoro-6,11-dihydro-11-hydr-
oxy-11-phenyl-5-propyl-5H-benzo[b]-acridin-12-one
(P4) and 2,3-difluoro-11-hydroxy-6-phenyl-5-propyl-
5H-benzo[b]-acridin-12-one (P5) (see Scheme 1).
The reaction was followed by irradiating the sample
at 273 K for 10 min by UV periods of 30 s. After each
UV period, the sample was rapidly transferred into
the probe of the NMR spectrometer and 19F NMR
spectrum was recorded. Then, another irradiation
period was added. After 20 periods (cumulative time
of irradiation = 600 s), the thermal evolution of the
sample was monitored. By measuring the peak intensi-
ties of each resonance, the time-evolution concentra-
tions were plotted taking into account the duration of
irradiation, the duration of transfer and the duration
of 19F NMR acquisition (Fig. 1). From this plot,
homemade software12–14 was used to perform the quan-
titative kinetic analysis aimed to establish the detailed
mechanism.

The dark relaxation kinetics were analyzed first to reach
the thermal part of the mechanism. Except the acridi-
none P4 which remains strictly constant, it has been
shown that all the other compounds P0, P1, P2, P3

and P5 are involved in the thermal relaxation process.
From the kinetic analysis,15 the back-conversion of the
metastable photoenol P1!P0 (k10 = 1.6 · 10�4 s�1)
and the very slow process P3!P5 (k35 = 5.55 ·
10�7 s�1) were clearly demonstrated. In order to deter-
mine the fate of P2, that is, if P2!P1 or P2!P0 (k21

or k20 = 6.8 · 10�5 s�1) it was necessary to consider
the residual quadratic error which nevertheless sugg-
ested a slight preference for the second one: P2!P0.16
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Scheme 1. Photochromic processes of P0 (the widths of the arrows are a visual indication of the relative values of the corresponding apparent rate
constants; k: thermal processes; hm: photochemical processes).
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In order to analyze the photochemical part of the mech-
anism, all the previously determined thermal relaxation
paths need to be taken into account as there always
occur spontaneous processes.

Among all possible, we found the presence of six signi-
ficant photochemical processes. Irradiation of P0 gives
rise to the ZE enol P1 with an apparent photochemical
rate constant hP0!P1 = 3.18 · 10�4 s�1. The other ZZ
enol, P2 does not arise from P0 but results from a
reversible photoisomerization of P1 whose respective
apparent photochemical rate constants are hP1!P2 =
2.92 · 10�4 s�1 and hP2!P1 = 3.20 · 10�3 s�1. Note that
no (E)-enols have been detected as H-bonding in P0

favours the Z-isomerism. A possible interpretation or
the prior formation of the photoenol ZE (P1) is the pres-
ence of a triplet biradical intermediate [bZE], provided
by the c-hydrogen abstraction by the triplet-excited
carbonyl.17 This intermediate undergoes fast internal
rotations around single bonds, thereby relaxing to ener-
getically favourable conformations.18,19 Hence the pri-
mary formation of ZE leads us to conclude that the
preferential conformation of biradical is the precursor
of ZE. Another interesting feature is the ratio between
the two rates of photoisomerization. The conversion
P2!P1 is about 10 times higher than the reverse, con-
firming that the triplet biradical (= triplet enol) has a
configuration closer to P1 than P2.

On the contrary, the faster regeneration of P0 by a ther-
mal 1,5-sigmatropic rearrangement of the photoenol ZE
(P1) is not surprising as the ZE conformation is steri-
cally more crowded than the ZZ. On the other hand, it
is noteworthy that the photoenol ZE (P1) is highly
photoreactive as it is the precursor of all ways of degra-
dation through photocyclization. According to Wood-
ward–Hoffman’s rules, a single-step conrotatory
process leads to the dihydro-structure with protons in



Figure 1. Evolution of the concentrations of the quinolone P0 and of the five photoproducts (P1–P5) during the photocolouration under UV
irradiation and the thermal relaxation in the dark of a 8.5 · 10�3 M degassed toluene solution of P0. Signs are the experimental concentrations from
19F NMR measurements, continuous lines are best fit from the model (see text). Insert: magnification of the P2 and P5 kinetics.
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syn position,10 P3 (hP1!P3 = 8.11 · 10�5 s�1). The for-
mation of P4 is supposed to pass through a not-detected
intermediate, here X, which undergoes rapid 1,3-sigma-
tropic shift to generate P4 (hP1!P4 = 3.41 · 10�5 s�1).

P5 came from P3 by a loss of two hydrogen atoms,
then by oxidation. Comparison of the photochemi-
cal (hP3!P5 = 1.42 · 10�5 s�1) and the thermal rates
(kP3!P5 = 5.55 · 10�7 s�1) indicates that this reaction
is photochemically favoured. Nevertheless, if oxygen is
present, the thermal disappearance of P3 is highly accel-
erated. This was nicely confirmed by the aeration of
solution at the end of thermal relaxation. Indeed, the
NMR tube was opened and 19F NMR spectra were
recorded. This affected only P3 which oxidized sponta-
neously to give P5.

Consequently, the present work gives precise details
about the exact location of processes in the photochemi-
cal and thermal reactions of P0.10 Indeed, only one
photoenol (ZE) can be produced by irradiation of initial
compound and it is reversibly photoisomerized into the
second enol, ZZ. Moreover, kinetic analysis has under-
lined the existence of photochemical transformation of
P3 into P5.
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Mécanismes, Modèles’, GDR CNRS no. 2466. We
thank Professor A. Samat and Doctors V. Lokshin
and M. Vales (GCOM2, Université de la Méditerranée,
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