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ies of visible light-induced CO
release from a 3-hydroxybenzo[g]quinolone†

Marina Popova,a Tomasz Borowski, *b Josiah G. D. Elsberg, a C. Taylor Dedericha

and Lisa M. Berreau *a

Organic compounds that can be triggered using light to release CO in biological environments are of

significant current interest to probe the role of CO in biology and as potential therapeutics. We recently

reported that a 3-hydroxybenzo[g]quinolone (5) can be used as a CO delivery molecule to produce

anticancer and potent anti-inflammatory effects. Herein we report mechanistic studies of the visible

light-induced CO release reaction of this compound. In wet CH3CN under aerobic conditions, 5 releases

0.90(2) equivalents of CO upon illumination with visible light (419 nm) to give a single depside product.

Performing the same reaction under an 18O2 atmosphere results in quantitative incorporation of two

labeled oxygen atoms in the depside product. Monitoring via 1H NMR and UV-vis during the illumination

of 5 in CH3CN using 419 nm light revealed the substoichiometric formation of a diketone (6) in the

reaction mixture. H2O2 formation was detected in the same reaction mixtures. DFT studies indicate that

upon light absorption an efficient pathway exists for the formation of a triplet excited state species (5b)

that can undergo reaction with 3O2 resulting in CO release. DFT investigations also provide insight into

diketone (6) and H2O2 formation and subsequent reactivity. The presence of water and exposure to

visible light play an important role in lowering activation barriers in the reaction between 6 and H2O2 to

give CO. Overall, two reaction pathways have been identified for CO release from a 3-hydroxybenzo[g]

quinolone.
Introduction

Organic carbon monoxide (CO)-releasing molecules are of
current interest for use in evaluating the roles of CO in bio-
logical systems and as potential therapeutics.1,2 Of particular
interest for biomedical applications are compounds that can be
triggered so as to enable spatial and temporal control of CO
release.3,4 Toward meeting this need, ve general types of metal-
free, visible-light induced CO releasing molecules have been
reported (Scheme 1(a–e)).5–9 As a step toward advancing frame-
works that are suitable for further applications (e.g., for
subcellular targeting), it is important to have a detailed mech-
anistic understanding of the CO release reaction of each motif.

Compound 1 (Scheme 1(a)) exhibits visible light-induced CO
release at pH ¼ 5.7–7.4 in its monoanionic form to give a single
organic product.5 The overall yield for CO release from 1 has not
been reported. 18O-labeling studies provide evidence that the
carboxyl group is the source of the CO oxygen atom (C18O). A CO
release reaction pathway involving a putative a-lactone
y, Utah State University, 0300 Old Main
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the Royal Society of Chemistry
intermediate (Scheme 1(a), 1-int) has been proposed for 1.
Notably, the CO release reaction of 1 is not affected by the
presence of O2, suggesting that the photoinduced pathway
either does not involve a triplet state, or if present, its lifetime
must be very short.

CO release from the BODIPY derivatives 2a and 2b (Scheme
1(b)) also occurs most readily from the monoanionic form,
which is present at physiological pH.6 The overall yield of CO
from 2b is reduced from 87% to 45% in the presence of oxygen,
suggesting the involvement of a triplet excited state in the
reaction pathway. Transient absorption spectral features of 2a
and heavy atom-substituted analogs provide evidence that an
excited state singlet is initially formed that undergoes rather
inefficient intersystem crossing (ISC) to give a triplet state. From
this triplet state, photoinduced electron transfer (PET) from the
carboxylate to the BODIPY is proposed to give a triplet diradical
species which undergoes ISC to give an a-lactone on the singlet
energy surface. Release of CO from the a-lactone then occurs via
non-photochemical fragmentation. Evidence for the proposed
a-lactone intermediate in this system was put forth based on
DFT studies involving a truncated analog.

The 1,2-diketone-type compounds 3a–3c (Scheme 1(c))
undergo fast double decarbonylation, but only under condi-
tions wherein water is excluded, as the formation of carbonyl
hydrates prevents CO release.7 The CO release reaction from 1,2-
RSC Adv., 2022, 12, 2751–2758 | 2751
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Scheme 1 Metal-free CO releasing molecules. Red coloration indi-
cates the results of 18O labelling studies.
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diketones such as 3a–3c occurs via Strating-Zwanenburg pho-
todecarbonylation.10,11 This reaction occurs from both singlet
and triplet manifolds via an initial step that involves either
bond cleavage between a carbonyl and a methylene carbon, or
homolytic cleavage between the carbonyl units, to give a dir-
adical species. It is unclear whether CO release then occurs in
a stepwise or concerted fashion, or whether 2 eq. CO or the CO
dimer are initially released.11

Our recent research has focused on investigations of the 3-
hydroxybenzo[g]avone framework 4 (Scheme 1(d)) as a light-
triggered CO-releasing molecule.4,8,12,13 This compound
exhibits quantitative CO release upon illumination with visible
light (lill ¼ 419 nm). An 18O-labeling study showed quantitative
incorporation of both atoms of 18O2 into the depside product.
Klán and coworkers performed additional mechanistic investi-
gations of the O2-dependent CO release reactivity of 4.14 They
identied three visible-light induced reaction pathways leading
to CO release: (1) reaction of a neutral triplet excited state
tautomer of 4 with 3O2; (2) reaction of the ground state conju-
gate base of 4 with 1O2, which is produced via self-sensitization;
and (3) inefficient photorearrangements of the triplet excited
states of both 4 and its monoanion.

We recently reported light-induced CO delivery using the 3-
hydroxybenzo[g]quinolone 5 (Scheme 1(e)).9 A key feature of 5 is
its tight binding to bovine serum albumin protein (Ka ¼ 2.9 �
106) which is �900 fold higher than that of 4 and enables the
use of a protein:5 complex for CO delivery to cells. Additionally,
an oxidized prodrug form of this molecule (6, Scheme 1(e)), is
2752 | RSC Adv., 2022, 12, 2751–2758
reduced by thiols, providing an approach toward activation in
the reducing environment of some cancer cells. Use of the
protein:5 complex produced cytotoxicity values among the
lowest reported to date for CO delivery to cancer cells. Addi-
tionally, the protein:5 complex is the rst CO delivery molecule
to be reported to produce signicant anti-inammatory effects
at nanomolar concentrations. Based on these results, and its
non-toxic properties in cells, 5 is particularly attractive for
further development as a light-triggered CO releasing molecule
for biological and biomedical applications.

Herein we report combined experimental and computational
studies of the mechanistic pathway of the visible light-induced
CO release reaction of 5. Interestingly, these studies revealed
two pathways for CO release, with one pathway involving initial
oxidation of the quinolone framework to 6 prior to CO release.

Materials and methods

Compounds 5 and 6 have been synthesized according to liter-
ature procedures.9,15 All other reagents were purchased from
common vendors and used as received unless otherwise noted.

Physical methods
1H NMR spectra were collected using a Bruker Avance III HD
Ascend-500 spectrometer. UV-vis spectra were recorded at
ambient temperature using a Cary 50Bio or a Hewlett-Packard
8453A diode array spectrophotometer. Fluorescence emission
spectra were recorded using a Shimadzu RF-530XPC spec-
trometer using 1.0 cm quartz cells. The excitation and emission
slit widths were set at 3.0 nm. Mass spectral data were collected
at the Mass Spectrometry Facility, University of California,
Riverside. CO gas was detected and quantied using an Agilent
3000A micro gas chromatograph with molecular sieve and Plot
U columns and a thermal conductivity detector. H2O2 formation
in the conversion of 5 to 6 was detected using commercial H2O2

test strips.

Computational methods

All computations were performed employing the uB97XD16

exchange-correlation functional and the Def2-TZVP17 basis set.
The only exception is T1TSOO, which was fully optimized with
the def2-SVP basis set, but despite many various attempts we
were not able to re-optimize it with the def2-TZVP basis set.
Hence, the activation energy connected with this transition
structure was computed with the def2-TZVP basis using geom-
etries of T1INTC2P and

T1TSOO optimized with the def2-SVP basis
set. Lowest lying triplet and broken symmetry singlet spin states
were described with the unrestricted formalism. Excited singlet
and triplet states were described with the TD-DFT18 method
using a closed-shell ground state singlet as a reference.
Minimum energy crossing points (MECP) between various
potential energy surfaces (PESs) were optimized with the use of
the meta-program crossing obtained courtesy of Prof. J. Har-
vey.19 The polarizable continuum model (PCM) using the inte-
gral equation formalism variant (IEFPCM) was used in all
calculations to model the solvent (acetonitrile). All electronic
© 2022 The Author(s). Published by the Royal Society of Chemistry
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structure computations were done with the Gaussian 16
program.20
Treatment of 6 with H2O2 (30%) in acetonitrile

H2O2 (30%, 5 ml) was added to a solution of 6 (1.5 � 10�4 M, 3
ml) in acetonitrile. The absorption spectral features of the
solution were monitored in the absence or presence of illumi-
nation (419 nm). The same reaction under illumination condi-
tions was also examined using 1H NMR.
CO quantication from the reaction of 6 with H2O2

The diketone 6 (10�5 mol) was dissolved in acetonitrile (5 ml) in
a 50 ml round bottom ask. Excess H2O2 (30%, 0.1 ml) was
added and the ask was then sealed with a septum. The solu-
tion was stirred for 48 hours with or without illumination at
419 nm. A 10 ml sample of the headspace gas was used to
determine the CO generated using gas chromatography.
Approximately 0.6 eq. (illuminated) and 0.3 eq. of CO (non-
illuminated), respectively, were produced. As a control for CO
quantication under these conditions, light induced CO release
from 4 produces 0.99 eq.
Results
Spectroscopic studies of the CO release reaction of 5

Illumination of a wet CH3CN solution of 5 under aerobic
conditions results in the formation of 7 (Scheme 1(e)) and the
release of 0.90(2) eq. of CO as determined using 1H NMR and
gas chromatography. To gain further insight into this reaction,
a solution of 5 in CD3CN was illuminated using 419 nm light at
�35 �C and was monitored periodically using 1H NMR as shown
in Fig. 1. Aer 15 min of illumination (Fig. 1(b)), in addition to
Fig. 1 1H NMR features of a solution of 5 in wet CD3CN with illuminatio
30 min; (d) 1 h and (e) 2 h. The combined integrations of the indicated res
over the course of illumination.

© 2022 The Author(s). Published by the Royal Society of Chemistry
starting material, two species are present, the CO release
product 7 and the diketone 6 (Scheme 1(e)).15 The formation of
the diketone 6 indicates that upon illumination at least some of
the reactant (5) undergoes two-electron oxidation with the
release of H2O2. The formation of H2O2 was conrmed by
examining the reaction mixture using H2O2 test strips (Fig. S1†)
which turned blue indicating formation of a peroxide species.
We note that an analogous experiment involving illumination of
the extended avonol 4 did not produce the change in the
peroxide strip color (Fig. S1†), indicating the unique formation
of H2O2 in the illumination of 5. Continuing with the reaction of
5, aer 30 min (Fig. 1(c)), the 1H NMR resonances associated
with the starting material 5 are gone, and only the resonances
for 6 and the carboxylic acid-containing CO release product 7
remain. Aer 2 h the integrated intensity for the signals for 6
diminished further while those of 7 increased suggesting
a second reaction pathway wherein 6 may react with H2O2 to
give 7. Notably, use of 18O2 in the reaction results in quantitative
incorporation of two labelled oxygen atoms in 7 (Fig. S2†). This
provides evidence that the reaction pathway involving 6 results
in the incorporation of labelled oxygen atoms derived from O2.
Illumination of 5 using 465 nm lamps produces similar results
(Fig. S3†). A mixture of 6 and 7 is formed in the rst few hours of
illumination followed by the disappearance of the resonances
associated with 6 at long illumination times (24 h) to give
resonances only associated with 7.

The visible light-induced CO release reaction of 5 (at 419 nm)
in wet acetonitrile was also monitored using UV-vis absorption
spectroscopy. As shown in Fig. 2, loss of the absorption features
of 5 over the rst �12 min of illumination coincides with the
appearance of a new broad absorption band at �480 nm, which
is consistent with the formation of a substoichiometric amount
of the diketone 6 based on the individual absorption spectral
n (419 nm) at �35 �C under O2: (a) Prior to illumination; (b) 15 min; (c)
onances of 5, 6 and 7 are consistent versus the internal standard CHPh3

RSC Adv., 2022, 12, 2751–2758 | 2753
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Fig. 2 Changes in the absorption spectrum of 5 in acetonitrile upon
illumination with 419 nm light.
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features of the compounds.9 Two isosbestic points at �380 and
465 nm suggest clean conversion of 5 to 6. Aer �20 min of
growth of the band at �480 nm, this feature begins to decay.

Reactivity of 6 with H2O2

To evaluate the reactivity of 6 with H2O2, independent experi-
ments were performed. Treatment of the diketone 6 dissolved in
acetonitrile with excess aqueous H2O2 (30%) under ambient
conditions results in the disappearance of its absorption band
at 480 nm over 8 h in absence of illumination and within 45 min
with illumination at 419 nm (Fig. 3(a) and (b), respectively).
Compound 7 is formed in the illuminated sample as deter-
mined by 1H NMR (Fig. S4†). CO gas is generated under both
thermal and illuminated conditions (�0.3 and 0.6 eq., respec-
tively). The low amount of CO generated under these conditions
may be due to hydration of the diketone or other water-
dependent decomposition pathways as 6 undergoes spectro-
scopic changes in the presence of added D2O to produce
unidentied species (Fig. S5†).

Based on these investigations, we hypothesized that the
light-driven CO release reactivity of 5 to produce 7 could be
proceeding via at least two light-driven pathways. The primary
pathway could be similar to those of 414 and 3-hydroxy-
avone.21,22 These previously reported pathways involve excited
Fig. 3 Absorption spectral features for 6 prior to and following addi-
tion of H2O2 (30%) under thermal (left) and illumination conditions
(right). The decay of the absorption band for 6 occurs over 8 h under
thermal conditions and in under an hour under illumination (419 nm).

2754 | RSC Adv., 2022, 12, 2751–2758
state proton-transfer tautomer triplet state reactivity with triplet
oxygen. The reaction of 5 with O2 that leads to formation of
diketone 6 and H2O2, which then appears to subsequently
undergo reaction leading to CO release, has not been previously
reported for a quinolone compound. To gain further insight
into the visible-light induced CO release pathways involving 5,
we turned to DFT calculations.
Computational studies; low-lying excited states of 5

TD-DFT results indicate that the rst excited singlet state and
two lowest lying triplet states of 5 originate from one electron
excitations within four frontier molecular orbitals (HOMO-1,
HOMO, LUMO and LUMO+1), whose contours are shown in
Fig. 4. In the S1 and T1 states the HOMO/ LUMO excitation is
the leading one, whereas in the T2 state the two major excita-
tions are HOMO-1 / LUMO and HOMO / LUMO+1.

Tautomeric forms with a proton located on the C3- or C4-
bound oxygen atoms, which are labelled with 5 and 5a,
respectively, differ in relative stability depending on the nature
of the excited state. For the S1 and T1 states the S15a and T15a
forms are the most stable, whereas for the S0 and T2 states the
S05 and T25 forms are the lower energy ones (Fig. 5). Adiabatic
barriers computed for the proton transfer steps (5 / TSPT /

5a) are rather low, i.e. amount to 14.2, 5.0, 3.0 and
9.9 kcal mol�1 for S0, S1, T1 and T2 potential energy surfaces
(PESs), respectively. For the S15 species one can envisage several
potential channels for its decay. First, an internal conversion
process, i.e. S1 / S0, may lead to de-excitation and dissipation
of the excess energy. Second, an intersystem crossing may lead
to the triplet manifold. Interestingly, a direct transition from S1
to T1 is not an easy process. For the tautomer 5 we could not
locate a minimum energy crossing point (MECP) between S15
and T15, most likely due to the fact that S1 and T1 have PESs of
very similar shape. For the tautomer 5a the optimized crossing
point (S1-T1MECP2) is quite high in energy, i.e. it is
16.4 kcal mol�1 higher than S15a (Fig. 5), which suggests this
reaction channel is rather unlikely. On the other hand, MECPs
between the S1 and T2 states have energies only slightly higher
than the two minima on the S1 PES, i.e. by 3.9 and
0.3 kcal mol�1 for S1-T2MECP1 and S1-T2MECP2, respectively, and
hence, they are the most likely gates to the triplet manifold.
Importantly, the T2 state lies lower in energy than S1 and it
Fig. 4 Contours of frontier molecular orbitals of 5.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Relative energy of species in the calculated light-induced reaction pathway of 5 with O2.
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features a low lying MECP with the T1 state, T2-T1MECP1, which
lies only 1.7 kcal mol�1 higher than T25. Hence, it is suggested
that the lowest lying triplet state is populated through
a sequence of steps encompassing proton transfer on the S1 PES
(S15/ S15a), intersystem crossing to the T2 state (S15a/ T25a),
another proton transfer step (T25a/ T25) and nally an internal
conversion from T2 to T1 (T25 / T15). The T15a form, easily
formed via proton transfer T15 / T15a, is the lowest energy
excited state species which is supposed to live long enough to
have a chance to react with the triplet dioxygen, as described in
the following subsections. Indeed, the optimized minimum
energy crossing point between T1 and S0, i.e. T1-S0MECP2, lies
10.8 kcal mol�1 above the T15a minimum, which should lend
this triplet species substantial lifetime.
Addition of O2 to
T15a

The T15a species forms an encounter complex with triplet
dioxygen and two electronic states are almost degenerate for
this complex. First, the unpaired electrons of the two triplet
Fig. 6 Spin density maps of intermediates involved in C–O bond
formation in the reaction of 5 with O2.

© 2022 The Author(s). Published by the Royal Society of Chemistry
entities are coupled to a (broken symmetry) singlet spin state
(5b; for spin density plots see Fig. 6). Second, the organic
molecule returns to its ground closed-shell singlet state while
dioxygen is excited to the 1Dg singlet state (5b0). The two states
are computed to be only 1.2 kcal mol�1 apart and both are very
reactive towards C–O bond formation. Irrespective of the elec-
tronic state of the encounter complex, O2 addition to the
organic molecule is a stepwise process, whereby the two C–O
bonds are formed in two successive elementary reactions. The
computed barriers for binding of O2 at C2 (5b / INTC2) is only
1.0 kcal mol�1, whereas the barrier for attack of triplet O2 on C4
(5b / INTC4) vanishes completely. Spin density maps
computed for resulting intermediates (INTC2 and INTC4; Fig. 6)
indicate that the binding process engages one pair of electrons
with anti-parallel spins, whereas the other two electrons remain
localized on O2

�c and the ring. The latter couple to a bonding
pair when the second C–O bond forms yielding the endoper-
oxide intermediate INTOO. The decay of INTOO with the release
of CO is a symmetry allowed reaction, which involves concerted
and synchronous cleavage of two C–C and one O–O bonds.23

This reaction pathway is similar to those reported for 414 and 3-
hydroxyavone.21,22
Reaction of T15a with O2 leading to 6 and H2O2

The experimental results described above strongly suggest that
in the photoreaction of 5 with O2 the diketone 6 and H2O2 are
also formed. Insights into how this process might proceed were
obtained via DFT calculations, with the results summarized in
Fig. 7. First, the singlet encounter complex between T15a and
3O2 with O2 bound close to C4–OH (5c) forms. Its energy is only
slightly higher (by 0.3 kcal mol�1) than for 5b. Second, formal
hydrogen atom transfer from the phenolic oxygen to O2 leads to
a signicantly more stable diradical species INTHOO. The
detailed mechanism of this step is most likely beyond the reach
of DFT single determinant methods. Multiple attempts to locate
a TS on the open-shell singlet PES failed, as the triplet converges
to closed-shell S05a and 3O2, whereas the reaction might
proceed on the open-shell triplet PES. Then, the peroxo radical
RSC Adv., 2022, 12, 2751–2758 | 2755
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Fig. 7 Relative energy of species in the light-induced reaction
pathway of 5 with O2 to form 6a.

Fig. 9 Relative energy of species in the visible light-induced reaction
pathway of 6 with H2O2. *The relative energy with respect to T1INTC2P
was computed for geometries optimized with the def2-SVP basis set.
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migrates and forms H-bonding contacts with N1–H and the
phenyl substituent. The INTHOO to INTOOH step is endoe-
nergetic by 4.8 kcal mol�1. The transition state for the direct
hydrogen atom transfer from N1 to OOH was optimized
(S0TSNH), however its energy is very high (41.6 kcal mol�1 higher
than for INTHOO), which renders this process very unlikely.
However, a charge-transfer excitation within the singlet mani-
fold leads to the closed-shell singlet species INTOOH*, which
relaxes with no additional barriers directly to species 6a.
Thermal reaction between diketone (6) and H2O2

Compound 6 and H2O2 form an encounter complex 6a that is
stabilized by a hydrogen bond between H2O2 and the C4-bound
oxygen. Two reaction channels lead from 6a to INTOO, one
through INTC2P and the second though INTC4P (Fig. 8). To form
either of them a proton needs to be transferred from the oxygen
atom, which forms a bond with the respective carbon atom (C2
or C4), to N1 or O bound to C4. Simultaneous proton transfer
and formation of the C–O bond proceed through a strained
transition structure featuring a four-membered ring. In conse-
quence, the computed barriers are very high, i.e. 37.3 and
38.8 kcal mol�1 for 6a / TSC2P / INTC2P and 6a / TSC4P /

INTC4P, respectively. When a single water molecule acts as
Fig. 8 Relative energy of species in the thermal reaction pathway of 6
with H2O2.
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a catalyst and mediates the proton transfer, then the barriers
drop signicantly, to 28.6 and 26.1 for TSC2PWB and TSC4PW,
respectively (Fig. 8). Similarly, the subsequent step whereby the
second C–O bond is formed was modelled with a single water
molecule as a catalyst. As it is hard to estimate how many water
molecules might be available in the vicinity of the encounter
complex 6a, the barriers computed here for the two channels
leading from 6a to INTOO are to be considered only as qualita-
tive, as they merely show that water can facilitate the process.

Photo-induced reaction between diketone (6) and H2O2

Excitation of the encounter complex 6a to the lowest lying triplet
state (T16a), via singlet excitation and subsequent intersystem
crossing, opens an efficient route for hydrogen transfer from
H2O2 to N1 and subsequent formation of the C2–OOH bond
(Fig. 9). In the triplet state N1 has signicant radical character,
which renders the H-atom transfer process to be fairly easy;
T1TSNH is coupled with a barrier of 10.9 kcal mol�1. In the
resulting intermediate INTOOH unpaired electrons are located
on HOO and semiquinone radicals and triplet and open-shell
singlet spin states are degenerate. Coupling of these radicals
in the singlet state requires overcoming a tiny barrier and leads
to the closed-shell intermediate INTC2P, encountered already in
the thermal reaction between 6 and H2O2. Excitation of INTC2P

to the lowest lying triplet state provides a feasible route for O–O
bond cleavage and subsequent release of CO. In the triplet spin
state, the aromatic ring can quite easily provide the OOHmoiety
with one electron, i.e. with barrier of 23.4 kcal mol�1 connected
with T1TSOO, which aids O–OH bond cleavage. In the resulting
intermediate INTOH the two unpaired electrons are again
considerably separated, and triplet and singlet spin state are
energetically degenerate. In the singlet state attack of the HO�

group on C4 is very easy (S1TSC4O, barrier of 2.2 kcal mol�1) and
leads directly to the depside product and CO.

Discussion and conclusions

The structurally similar 3-hydroxyavone (3-HH) and 3-
hydroxyquinolone (3-HqH) are substrates for enzyme-catalyzed
dioxygenase-type CO release reactions in bacteria and
fungi.24,25 Compounds of this type have also been shown to
© 2022 The Author(s). Published by the Royal Society of Chemistry
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undergo O2-dependent, UV-light-induced CO release. For
example, 3-HH undergoes incorporation of both atoms of O2

and expulsion of CO in the presence of a photosensitizer (e.g.,
Rose Bengal).26 In this reaction, 1O2 reacts with the ground state
form of 3-HH in a [3 + 2] cycloaddition to form a cyclic peroxide
from which cleavage of two carbon–carbon bonds results CO
release. In the absence of a photosensitizer, UV-light illumina-
tion has been proposed to result in the formation of an excited
state triplet tautomeric form of 3-HH, which then directly
reacts with 3O2.21

We are investigating the visible light induced CO release
properties of structural analogs of 3HH and 3HqH with
extended conjugation (Scheme 1(d and e)).4,8,9,12,13 Notably, the
3-hydroxybenzo[g]quinolone 5 (Scheme 1(e)) binds tightly to
bovine serum albumin which enables protein delivery of this
CO releasing molecule to cancer cells. Visible light-induced CO
release from the 5:albumin complex produces anti-cancer and
potent anti-inammatory effects.9

In this contribution we report spectroscopic and computa-
tional studies of the visible light-induced CO release reaction of
5 under aerobic conditions. Notably, in addition to the observed
formation of the CO release depside product 7, the diketone 6 is
identiable in the reaction mixture. Over the course of illumi-
nation, 6 disappears from the reaction mixture. Independent
studies show that 6 undergoes reaction with aqueous H2O2 to
give 7 and CO. DFT studies of the direct reaction of 5 with O2

provide evidence for a light-driven CO release pathway (Path A,
Scheme 2) that is akin to that previously described for 3-HFlH
derivatives.21,22 Formation of an excited triplet tautomer enables
reactivity with 3O2 resulting in C–C and C–O bond cleavage
yielding CO and depside.

The formation of 6 and H2O2 in the light-induced reaction of
5 is supported by DFT studies which provide initial insight into
how these species can be generated (Fig. 7; Path B Scheme 2).
Subsequent thermal reactivity between the diketone 6 and H2O2

appears to be feasible only in the presence of water, which
lowers the activation barriers for C–O bond formation. The
reaction between the diketone 6 and H2O2 to release CO is
facilitated by excitation to the lowest triplet state. These
combined results suggest that CO release via reaction of the
diketone 6 with H2O2 likely proceeds via a light-driven process.
The evidence provided herein suggests that this CO release
Scheme 2 Reaction pathways leading to CO release from 5 under
visible light illumination.

© 2022 The Author(s). Published by the Royal Society of Chemistry
reaction is less efficient, possibly due to decomposition path-
ways for the diketone involving water.

Quinolones are of current interest as anticancer
compounds.27,28 The H2O2 induced CO release reactivity of 6
under illumination conditions is of interest in relation to the
role that H2O2 is suggested to have in promoting tumor prolif-
eration.29 Diketone molecules such as 6 may offer an approach
toward reducing H2O2 levels in combination with CO delivery to
produce anti-cancer effects. Our ongoing work is focused on
advancing light-driven CO delivery using extended quinolones
and their oxidized diketone forms, which are families of
heterocyclic compounds that have received minimal attention
to date.9,15
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P. Klán, J. Am. Chem. Soc., 2016, 138, 126–133.

7 P. Peng, C. Wang, Z. Shi, V. K. Johns, L. Ma, J. Oyer, A. Copik,
R. Igarashi and Y. Liao, Org. Biomol. Chem., 2013, 11, 6671–
6674.
RSC Adv., 2022, 12, 2751–2758 | 2757

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra07527f


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
 2

02
2.

 D
ow

nl
oa

de
d 

on
 1

1/
06

/2
02

6 
12

:3
0:

22
. 

 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-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
8 S. N. Anderson, J. M. Richards, H. J. Esquer,
A. D. Benninghoff, A. M. Arif and L. M. Berreau,
ChemistryOpen, 2015, 4, 590–594.

9 M. Popova, L. S. Lazarus, S. Ayad, A. D. Benninghoff and
L. M. Berreau, J. Am. Chem. Soc., 2018, 140, 9721–9729.

10 J. Strating, B. Zwanenburg, A. Wagenaar and A. C. Udding,
Tetrahedron Lett., 1969, 10, 125–128.

11 R. Mondal, A. N. Okhrimenko, B. K. Shah and D. C. Neckers,
J. Phys. Chem. B, 2008, 112, 11–15.

12 L. S. Lazarus, H. J. Esquer, A. D. Benninghoff and
L. M. Berreau, J. Am. Chem. Soc., 2017, 139, 9435–9438.

13 M. Popova, T. Soboleva, A. M. Arif and L. M. Berreau, RSC
Adv., 2017, 7, 21997–22007.
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