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n years tale of the new pentacyclic
quinoid compound

Francesca Valentini, Federica Sabuzi, Mattia Forchetta, Valeria Conte
and Pierluca Galloni *

Quinones are widespread in nature, as they participate, mainly as redox mediators, in several biochemical

processes. Up to now, various synthetic quinones have been recommended in the literature as leading

molecules in energy, biomedical and catalytic fields. In this brief review, we retraced our research activity

in the last ten years, mainly dedicated to the study of a new class of peculiar pentacyclic conjugated

quinoid compounds, synthesized in our group. In particular, their application as sensitive materials in

photoelectrochemical devices and in biosensors, as photocatalysts in selective oxidation reactions, and

their anticancer activity is here reviewed.
1. Introduction

Since the discovery of coenzyme Q in 1957,1 several quinone
derivatives, playing key roles in nature, have been unveiled.
Quinones, thanks to their ability to reversibly accept electrons
and protons, take part in numerous natural processes. They are
a class of secondary metabolites that can be found in bacteria,
fungi, plants and in some animals.2 Their important role as
redox mediators in photosynthesis, in the oxidative phosphor-
ylation and as active antioxidants in the biosynthesis or
metabolism of important chemical compounds is well-known.3

Quinones are a class of organic compounds composed of at
least one six-membered ring, with two ketone groups, respec-
tively in position 1,2 (o-quinones) or 1,4 (p-quinones), conju-
gated with two double bonds. Benzoquinone, naphthoquinone
and anthraquinone are the most common and investigated
scaffolds.

Quinone peculiar features are not limited to their interesting
reversible electrochemical behaviour. Indeed, their skeleton can
be easily modied4–7 with the aim to tune their electronic and
electrochemical properties, so extending the range of potential
applications. Anthraquinones, naphthoquinones and benzo-
quinones have been used as electroactive compounds in energy
storage devices,8 as redox ow batteries,9,10 lithium ions
batteries,8 supercapacitors,11 in water-splitting processes, in
hydrogen production, and in n-type Dye Sensitized Solar Cells
(n-DSSCs).12 In addition, quinones possess a privileged scaffold
for applications in medicinal chemistry;7,13 indeed, both
synthetic and natural derivatives can act as anticancer,5,14,15

antibacterial,16 antifungal, antiviral,17 anti-Alzheimer and anti-
malarial18 drugs. Moreover, they are characterized by
logies, University of Rome Tor Vergata, via
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interesting antioxidant activity, being also adopted in wound
healing treatment.19 Several synthetic strategies have been
developed to synthetize new uorescent quinone-based probes
for bioimaging applications.20 Anthraquinone derivatives have
been employed in photocatalysis to achieve challenging
synthetic organic transformations21 and in sensing applica-
tions, to detect anions and metal cations.22 Therefore, it is
evident from the literature the vivid and current interest in
quinones chemistry as valid fascinating scaffolds.

Our journey in the quinoid world started more than ten years
ago, when a new attractive quinoid compound was unexpectedly
obtained by our research group for the rst-time.23 Being its
IUPAC name quite intricate, we named it KuQuinone (KuQ)
(Fig. 1). In this brief account we summarise our research on
KuQuinone chemistry, starting from its challenging synthesis,
through its characterization, coming to its applications in
photo(electro)chemistry and medicinal chemistry.
2. Synthesis and characterization

Investigation of electron transfer processes occurring in
ferrocene-based systems has been one of the main interests of
Fig. 1 General structure of KuQuinones, showing numbering of
pentacyclic core according to the original paper ref. 23.
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Fig. 2 Molecular structure of compound KuQEt, showing the short
intramolecular O–H/O hydrogen bond [O/O 2.499(3) Å]. Reprinted
with permission from ref. 23. Copyright 2012 American Chemical
Society.

Scheme 1 One-pot synthesis of KuQ derivatives. Reaction conditions:
2-hydroxy-1,4-naphthoquinone 5.75 mmol, alkyl bromide 12 mmol,
Cs2CO3 8 mmol, ferrocene (FcH) 0.033 mmol, DMSO 22 mL, 41 h,
114 °C.23,25–27 (a) isolated yield; (b) quantitively obtained through
hydrolysis of the corresponding ester. Reaction conditions:25

KuQXCO2Et (X = 3 or 8) 0.1 mmol in 8 mL THF, NaOH 25% in 2 mL
MeOH, 1 h, rt. (c) Quantitively obtained through hydrolysis of the
corresponding phosphonate ester. Reaction conditions:26 KuQXPO3-
Et2 (X= 2, 3 or 4) 0.1 mmol, NaI 5 mmol, bromotrimethylsilane 5mmol,
16 mL dry CH3CN:CHCl3, 4 h, 40 °C, N2 atmosphere. Then 30 mL
MeOH, 1 h, rt.

Fig. 3 KuQEt absorption spectra in different solvents. Reprinted with
permission from ref. 27. Copyright 2017 American Chemical Society.
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our research group over the past 20 years. In an attempt to
synthesize new covalently linked naphthoquinone-ferrocene
dyads, an unknown purple compound was unexpectedly ob-
tained.23 The reaction to obtain the dyad was carried out
following the classical protocol for SN2 reactions, using 2-
hydroxy-1,4-naphthoquinone and 11-bromoundecylferrocene
as the reagents with K2CO3 in dimethyl sulfoxide (DMSO), at
60 °C. However, an unidentied purple powder was obtained as
main product. Again, the unknown compound was synthetized
using 1-bromobutane and ferrocene in place of 11-bro-
moundecylferrocene, in the same reaction conditions. X-ray
diffraction (Fig. 2) revealed the molecular structure of the
unexpected product: a pentacyclic quinoid compound, in which
two naphthoquinone molecules were condensed with one
molecule of the alkyl bromide, through a ve-membered ring.
Interestingly, in the molecular structure of the product, there is
one less carbon atom than in the reagents. Carbon atom loss
presumably occurs from the alkyl bromide, likely via the Hooker
reaction.24 Moreover, one carbonyl oxygen was converted to the
corresponding enol, that establishes an intra-molecular
hydrogen bond with the vicinal carbonyl group, leading to
a fully conjugated and planar structure. To note, the reaction
mechanism to obtain such an interesting product has not been
claried yet.

A detailed investigation of reaction conditions unveiled that
DMSO as solvent, ferrocene as catalyst, bromide as leaving
group and an inorganic base were essential for the good
outcome of the reaction (Scheme 1).

KuQuinone derivatives bearing different side chains, as alkyl
groups, alcohols, esters and phosphonic esters have been ob-
tained over the years, with yields ranging from 6 to 14%,
depending on the alkyl bromide (Scheme 1).23,25–27 Despite not
impressive yields, it is important to underline that KuQuinone
synthesis is the rst reported one-pot reaction to obtain poly-
cyclic quinones. Recently, an alternative procedure for the
synthesis of KuQMe has been reported by others.28 Carboxylic
acid KuQ derivatives and phosphonic acids could be obtained
through hydrolysis of the corresponding esters in quantitative
yields.25,26

KuQuinones conjugated and planar structure is responsible
of their broad and intense absorption spectrum in the visible
region. In particular, the absorption spectra (Fig. 3) are
9066 | RSC Adv., 2023, 13, 9065–9077
characterized by intense bands between 350 and 600 nm.
However, signicant variation in the shape of the bands and in
the molar extinction coefficient can be detected by changing
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 Possible acid–base equilibrium and keto–enol tautome-
rization of KuQuinone.
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View Article Online
solvent properties. Such differences have been ascribed to the
different species of KuQs that can be found in solution.27

Considering KuQuinones molecular structure, four different
species have been initially supposed to exist in solution, due to
acid–base equilibrium and keto–enol tautomerization (Scheme
2):

� The enol form, in which intramolecular hydrogen bond
occurs between the enol proton and the vicinal carbonyl oxygen.

� The enolate species, in which enol deprotonation occurs,
leading to a negatively charged structure stabilized by
resonance.

� The external enol, where intramolecular hydrogen bond is
suppressed.

� The diquinoid species, in which conjugation among the 5
rings is interrupted by a sp3 carbon.

As matter of fact, solvent polarity plays a key role deter-
mining which species are prevalent in solution.27 (Fig. 3) To
elucidate KuQ equilibria, a detailed UV-vis and 1H-NMR (Fig. 4)
investigation in three different solvents, i.e. chloroform,
dimethyl sulfoxide and methanol (MeOH), was carried out. KuQ
bearing a triethylenglicole side chain (KuQTEGMe) was used in
such study, because of its enhanced solubility in polar organic
solvents with respect to other derivatives. It is important to
underline that functional group variations in side chain does
not affect KuQ spectroscopic trait. UV-vis and 1H-NMR data did
Fig. 4 Comparison between H-NMR spectra of KuQTEGMe in (a)
CDCl3, (b) DMSO-d6. Reprinted with permission from ref. 27. Copy-
right 2017 American Chemical Society.

© 2023 The Author(s). Published by the Royal Society of Chemistry
not support the presence of the external enol and the diquinoid
species. Apparently, no keto–enol tautomerization occurs in
solution. In addition, DFT calculations pointed out the higher
stability of the enol form with respect to the external enol and
the diquinoid species. Conversely, KuQ can be found as its enol
or enolate species depending on the solvent, thus acid–base
equilibrium can be established in solution. Specically, enol
form is exclusively present in apolar and slight polar solvents,
such as toluene or CHCl3. Its absorption spectrum is charac-
terized by two intense bands in the visible region centered at
570 nm (3 = 15 000 M−1 cm−1) and 531 nm (3 = 13
000 M−1 cm−1) and the 1H-NMR spectrum is characterized by
a highly deshielded singlet, at 18 ppm, ascribed to the enol
proton.27 (Fig. 4a) On the other hand, enolate is prevalent in
polar aprotic solvents, as DMSO (Fig. 4b). The corresponding
absorption spectrum shows a general blue shi with respect to
the enol, and a diagnostic band at ca. 380 nm (l = 384 nm, 3 =
17 000M−1 cm−1; l= 531 nm, 3= 9000M−1 cm−1; l= 501 nm, 3
= 11 000 M−1 cm−1). In MeOH both enol and enolate species
were detected. In fact, the absorption spectrum is intermediate
between those obtained in chloroform and DMSO. Deprotona-
tion occurring in polar solvents is likely due to the moisture
presence. Indeed, pKa of the enol proton was experimentally
and theoretically calculated, through UV-vis and DFT calcula-
tions. A pKa value of 4.7 ± 0.1 was obtained, highlighting the
peculiar acidity of such proton.

KuQs acid–base equilibrium also affect their electrochemical
behaviour. KuQ enol and enolate were electrochemically char-
acterized through cyclic voltammetry experiments, performed
in (CH2Cl2)/tetrabutylammonium perchlorate (TBAP) (0.1 M)
and N,N-dimethylformamide DMF/TBAP (0.1 M) solutions,
respectively, using KuQEt as model compound.29 In CH2Cl2/
TBAP (0.1 M), where the enol form is exclusively present, three
quasi-reversible reduction processes were detected (E(1)1/2 =

−0.30 V, E(2)1/2 = −0.87 V, E(3)1/2 = −1.26 V vs. SCE) (Fig. 5).
Such signals are ascribed to the formation at electrode

surface of the monoanion radical, dianion and trianion radical
species. Interestingly, the rst process results positively shied
Fig. 5 Cyclic voltammetry of KuQEt in CH2Cl2/TBAP 0.1 M (left) and
DMF/TBAP 0.1 M (right). WE: glassy carbon, RE: saturated calomel
electrode, CE: platinum wire. Adapted from ref. 29. Copyright 2021
The Authors. Published by American Chemical Society.
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View Article Online
compared to other biologically important quinones such as
vitamin K1 and bis-coenzyme Q0.

In a DMF/TBAP (0.1 M) solution, enol deprotonation occurs
and KuQuinone enolate, being anionic, show only two broad
reduction processes (E(1)1/2 = −0.76 V, E(2)1/2 = −1.18 V vs. SCE) in
which the rst peak is negatively shied (of ca. 500 mV) with
respect to the same process in CH2Cl2 (Fig. 5). Interestingly,
KuQ redox chemistry can be tuned, through the introduction of
additives in solution, which interact with KuQ carbonyl
oxygens, thus promoting reduction processes. Indeed, tri-
uoroacetic acid (TFA) addition to a KuQEt solution in DMF, led
to its protonation, and an excess of the acid favours the three
reduction processes, likely because of hydrogen bond between
TFA and carbonyl oxygens. Similarly, a positive shi of the
reduction processes was observed in CH2Cl2 upon the addition
of a non-acidic hydrogen bond donor, as 2,2,2-triuoroethanol
(TFE) or a Lewis acid, as scandium triate (Fig. 6).

DFT calculations suggested the preferred coordination sites
for TFE and Sc3+ ions. Thanks to these studies, it was possible to
speculate that the rst and the second reduction processes
occur on carbonyl (C) and (B) respectively (Fig. 1). This study
was thus instrumental to nely tune the KuQ's redox chemistry
in its photo(electro)chemical applications. Furthermore,
a spectroscopic characterization of the KuQuinone redox
species was carried out through UV-vis-NIR spectroelec-
trochemistry, also in the presence of Sc3+ ions. To note, the
absorption spectrum of the monoanion radical species is
comparable to the one of the enolate. Upon full reduction of
KuQ to KuQ3c−, complete re-oxidation to the neutral molecule
was allowed only in the presence of Sc3+ ions.
3. Photo(electro)chemical
applications

The broad and intense absorption spectrum in the visible
region and the low rst reduction potential make KuQuinones
promising dyes and good electron acceptor molecules. For these
Fig. 6 Cyclic voltammetry of KuQEt in the presence of TFA, TFE,
Sc(OTf)3. (a) KuQEt 1 mM DMF/TBAP 0.1 M. (b) KuQEt 2 mM CH2Cl2/
TBAP 0.1 M. WE: glassy carbon, RE: saturated calomel electrode, CE:
platinum wire. (c) KuQEt CH2Cl2/TBAP 0.1 M. WE: platinum wire, RE:
Ag/Ag+ electrode, CE: platinum wire. Adapted from ref. 29. Copyright
2021 The Authors. Published by American Chemical Society.

9068 | RSC Adv., 2023, 13, 9065–9077
reasons, they have been employed as photoelectroactive
compounds in different photoelectrochemical devices. KuQui-
nones photoactivity was initially tested anchoring them on
indium-tin oxide (ITO) electrodes through Langmuir–Blodgett
(LB) technique.30 Amphiphilic 1-(9-hydroxynonyl)KuQuinone
(KuQ9OH) and the less polar 1-methylKuQuinone (KuQMe)
were chosen as photosensitizer. Mono and 3-layers of KuQMe
and KuQ9OH were efficiently prepared, and the spectroscopic
characterization of the modied electrodes revealed the co-
existence of the enol and the enolate species on ITO. Upon
irradiation, functionalized electrodes produced a stable anodic
photocurrent signal in the presence of a sacricial electron
donor species (Fig. 7a) (i.e. triethanolamine, TEOA); the result-
ing action spectra (generated photocurrent vs. wavelength) were
in good agreement with the absorption spectra of the modied
electrodes, demonstrating that KuQ was the photoactive mole-
cule in the cell.

Among the others, the homogenous and well-packed 3-layers
lm of KuQ9OH on ITO, led to the highest photocurrent value
(1.65 mA cm−2) at 530 nm, applying +0.3 V vs. Ag/AgCl bias
potential (Fig. 7b). This is likely due to the amphiphilic features
of the dye, that forms a well-ordered lm on the electrode
surface. According to the proposed mechanism, upon irradia-
tion KuQ switches to the excited state, becoming a strong
oxidant. In this state, it takes an electron from the TEOA in
solution, leading to KuQc−, which can give an electron to the
conduction band of ITO, closing the circuit and generating
anodic photocurrent (Fig. 8). Maximum Incident Photon to
Current Efficiency (IPCE%) and internal quantum efficiency
(F%) for KuQ9OHjITO electrode were 0.13 and 2.30, respec-
tively. Although these values suffer of the low absorbance of the
photoactive material on the electrode, this study unveiled the
possibility to use KuQ as photoactive centre in p-type dye
sensitized solar cells (p-DSSCs).

Generally, DSSCs are photoelectrochemical devices
composed of a semiconductor, a sensitizer, an electrolyte and
a counter electrode.31 Depending on the nature of the semi-
conductor and on the electron transfer mechanism, n-type
DSSCs32 or p-DSSCs33 are obtained. p-DSSCs suffer of lower
efficiency compared to n-type DSSCs, mostly because of charge
Fig. 7 (a) Photoelectrochemical response of KuQ9OHjITO upon
irradiation at different wavelengths (from 520 nm to 550 nm). (b)
Action spectrum of 3-layers KuQ9OHjITO (red line) and 1-layer
KuQ9OHjITO (black line). Photoelectrochemical conditions: H2O/
Na2SO4 0.1 M/TEOA 50 mM, at +0.3 V vs. Ag/AgCl. Reproduced from
ref. 30 with permission from the Royal Society of Chemistry.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Proposed mechanism for anodic photocurrent generation of
KuQ9OHjITO/H2O/Na2SO4 0.1 M/TEOA 50 mM.
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View Article Online
recombination issues between the dye and the semiconductor,
typically NiO.34 Consequently, great efforts have been made to
engineer new dyes, to improve the overall efficiency of p-type
cells. Sensitizers used as photoactive components in p-DSSC
can be divided into metal complexes34 and metal free organic
dyes.35–42 Among the latter, push–pull molecules (donor–p–
spacer–acceptor),43–57 andmolecular dyads (donor–acceptor)58–63

gave the best results in terms of generated photocurrent. In the
framework of the on-going research of new sensitizers, KuQ
have been tested in p-DSSCs.

With such perspective, KuQs bearing a carboxylic acid
anchoring group were synthesized to achieve dyes chemisorp-
tion on nickel oxide electrodes.64 Therefore, 1-(3-carboxylpropyl)
KuQuinone (KuQ3CO2H) and 1-(8-carboxyloctyl)KuQuinone
(KuQ8CO2H) were anchored on NiO electrodes.25 ATR-FTIR
characterization conrmed KuQs chemisorption on NiO
through the carboxylic group (Fig. 9). KuQ3CO2HjNiO and
KuQ8CO2HjNiO were tested as photocathodes in p-type DSSC,
in the presence of I−/I3

− as redox mediator and their perfor-
mances have been compared with a benchmark sensitizer, as
EryB.42 Results highlighted that KuQ-sensitized cells showed
comparable photoelectrochemical efficiency with respect to
EryBjNiO. Interestingly, for EryB and other common dyes, the
photoinduced charge transfer from the light-absorbing unit to
Fig. 9 Schematic representation of KuQ3CO2H or KuQ8CO2H
chemisorption on NiO.

© 2023 The Author(s). Published by the Royal Society of Chemistry
the electrode occurs through a conjugate p-linker. Conversely,
for KuQ-sensitized cells it occurs through the space, being the
chain composed of sp3 carbons. Importantly, this is the rst
example in which a pentacyclic quinoid core has been employed
as photoactive species in a p-DSSC. Although both Jsc and h%
are lower with respect to the “champions” (push–pull dyes and
molecular dyads),43–46 they are in line with other reported
sensitizer,65 such as diketopyrrolopyrrole,36,58 carbazole,66–68

phenoxazine,37 bodipy,40 squaraines,69,70 coumarine41 and iso-
indigo71 derivatives (Fig. 10). These results open the possibility
to further modify KuQ molecules, to improve the overall
efficiencies.

Later, inspired by such promising results, KuQ3CO2H was
investigated as photosensitizer in dye sensitized photo-
electrochemical (DS-PEC) water oxidation devices, using tet-
raruthenium polyoxomethalate (Ru4POM) as catalyst and tin
oxide (SnO2) as semiconductor electrode (Fig. 11).72

DS-PEC is a promising technology for exploiting solar energy
to produce chemical fuels, such as hydrogen, through water
splitting reaction.73 In this device, the photoanode is the elec-
trode where water oxidation to molecular oxygen takes place. To
exploit the visible region of the solar spectrum, semiconductor
electrodes (as TiO2, SnO2, ITO, WO3) are modied with suitable
dyes, and then coupled with a water oxidation catalyst (WOC).
Metal-free organic sensitizers are emerging as a new alternative
to metal complexes, such as ruthenium(II) polypyridine deriva-
tives.73 Porphyrins,74–76 perylenediimide77–79 derivatives, donor–
p–acceptor molecules80–85 and calixarenes86 have been exploited
with different WOCs, obtaining good to excellent photocurrent
and faradaic efficiencies, in terms of oxygen production (Table
1, Fig. 12).

In this eld, KuQs may constitute privileged dyes, as they are
able to manage proton-coupled electron transfer (PCET), which
is a peculiar feature for water oxidation photosynthetic
schemes. Moreover, calculated KuQ reduction potential of
excited state (*KuQ/KuQc−) stands in the range from +2.12 to
+2.16 vs. NHE, indicating that KuQ* is a powerful oxidant in
PEC water oxidation devices (E= 0.89 V vs.NHE at pH 5.8 for O2/
H2O couple). Indeed, KuQ3CO2H was anchored on SnO2 and
the modied electrode was tested as photoanode using ascor-
bate as electron donor at pH= 5.8. Photocurrent of 400 mA cm−2

at an onset potential of 0.4 V vs. NHE was achieved. The
mechanism under these conditions is based on KuQ excitation
and consequent reductive quenching by ascorbate, with the
formation of KuQc− which is responsible for the electron
injection into the conduction band of SnO2. Coupling of the
functionalized electrode with Ru4POM catalyst generated
a constant current of 20 mA cm−2 under light irradiation, with
an applied potential in the range between 0.4 and 1 V vs. NHE.
Through a generator-collector method,72 it was possible to
attribute the generated photocurrent to the oxygen evolution.
Thus, Ru4POMjKuQ3CO2HjSnO2 achieves water oxidation at
low onset potential, with a faradaic efficiency of oxygen evolu-
tion of 70 ± 15%, IPCE of 0.09 ± 0.01% and APCE (Absorbed
Photon-to-Current Efficiency; IPCE/LHE) of 0.12 ± 0.01%
(Fig. 13).
RSC Adv., 2023, 13, 9065–9077 | 9069

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra00539a


Fig. 10 Comparison of the photoelectrochemical performances between KuQuinones (KuQ3CO2H; KuQ8CO2H) and other photoactive
molecules in p-DSSCs (NiO semiconductor, I−/I3

− electrolyte). Jsc (mA cm−2) = short circuit current density; Voc (mV) = open circuit potential;
FF% = Fill Factor; h% = power conversion efficiency.
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To improve KuQs efficiency in the photoelectrochemical
eld and to extend their application on different solid supports,
new derivatives bearing a phosphonic acid anchoring unit were
9070 | RSC Adv., 2023, 13, 9065–9077
synthetized.26 As a matter of fact, compared to carboxylates,
phosphonic acids are better anchoring groups in terms of
stability and bond strength on several matrices. However, as in
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 Schematic representation of Ru4POMjKuQ3CO2HjSnO2

photoanodes for water oxidation. The energy levels are shown for the
system at pH = 5.8. Reproduced from ref. 72 with permission from the
Royal Society of Chemistry.
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the case of KuQ3CO2H and KuQ8CO2H, for the phosphonic
acids derivatives the direct synthesis was not achievable.
Indeed, using u-bromoalkylphosphonic acids intramolecular
substitution reaction prevalently occurs, thus, diethyl u-bro-
moalkylphosphonates reagents had to be rstly synthetized
employing a,u-dibromoalkane and triethyl phosphite
(Michaelis–Arbuzov reaction). Such reaction showed several
drawbacks, as large excess of dibromoalkane reagents to avoid
di-substitution as well as time-consuming purication. An
improvement of Michaelis–Arbuzov reaction using an equi-
molar amount of reagents, to enhance process sustainability,
was carried out. With the optimized procedure diethyl u-bro-
moalkylphosphonates (u = 4,5,6) were synthetized with 20–
40% yield in 3 hours (Scheme 3). 1-[2-(Diethyl phosphonyl)ethyl]
KuQuinone (KuQ2PO3Et2), 1-[3-(diethyl phosphonyl)propyl]
KuQuinone (KuQ3PO3Et2) and 1-[4-(diethyl phosphonyl)butyl]
KuQuinone (KuQ4PO3Et2) were successfully obtained with 7–
11% yields and hydrolysis with bromotrimethylsilane (TMSBr)
in the presence of NaI led to the corresponding acids almost
quantitively.
Table 1 Selected examples of DS-PEC photoanode for water oxidation

Photoanodea
Photocurrent
density (mA cm−2)

Farad
effici

TiO2jKuQ3CO2HjRu4POM 20 70
ITOjPMPDIjCoOx 150 80
TiO2jL0jRu(pdc)b(pic)c3 300 73
SnO2jPMPDIjCoOx 50 31
SnO2jPjIrCpe 8 80
TiO2jBDPyjRu(bda)f(pic)c(pmp)g Ca. 60 76
TiO2jCBZ-ThjRu(bda)f(pic)c2 37 69
SnO2/TiO2jOrg1jALDh-Al2O3jRuP2+-Ru(bda)(L)i2 500 97
nanoWO3jPBI5Ru4POM Ca. 7 97
TiO2j[CoFe-JG] Ca. 50 83
TiCl4-mesoTiO2jDPP-RuWOC (dyad) 17 44
TiO2jC4BTP-Ru(bda)f(4,4′-bpy)j 42 46
TiO2jCBZ-3Py + RuWOC (dyad) 25 88
TiO2jTPAjPNOkjRu(bda)f(4-hexylpyridine) 520 82

a The structures of the dyes are reported in Fig. 12. b pdc = pyridine-2,6
DSPEC. e Cp = pentamethylcyclopentadienyl. f bda = 2,2′-bipyridine-6,
atomic layer deposition. i L = 4-PyridilO(CH2)3PO3H2.

j 4,4′-bpy = 4,4′-b
authors; n.s. = not specied by the authors.

© 2023 The Author(s). Published by the Royal Society of Chemistry
Investigation of KuQjSnO2 electrodes functional parameters
was also carried out, to enhance their photoelectrochemical
performances.87 In particular, the effects of tin oxide semi-
conductor thickness and morphology, the length of the alkyl
chain (KuQ3CO2H vs. KuQ8CO2H) and the effect of different
anchoring groups (KuQ3CO2H vs. KuQ3PO3H2) were evaluated
in terms of LHE and photocurrent density (J) towards the
photooxidation of ascorbate. Mesoporous nanostructured SnO2

lms (meso-SnO2) with different thickness, and vertically
oriented SnO2 nanorods were evaluated toward dye chemi-
sorption. However, the latter could not be tested in photo-
electrochemical experiments, being dye chemisorption
negligible. The photoelectrochemical response of KuQ3CO2-
Hjmeso-SnO2 electrodes was tested in the presence of aqueous
ascorbate buffer, pH = 5.8 (Fig. 14). Although, high thickness
led to an increase in LHE, an abatement of 50% in photocurrent
density was observed using 5 mm lm, likely due to charge
recombination issues. Thus, meso-SnO2 with 2.5 mm lm
thickness was chosen as model electrode. KuQ8CO2Hjmeso-
SnO2 and KuQ3PO3H2jmeso-SnO2 performances were then
evaluated. Although, dye loading was similar, the photocurrent
density drastically decreased with KuQ8CO2H photosensitizer,
likely because of the long distance of the light absorbing unit
from the electrode (8 sp3 carbons); therefore, electron transfer
efficiency was reduced with respect to KuQ3CO2H. Moreover,
KuQ3PO3H2jmeso-SnO2 showed signicantly lower LHE with
respect to KuQ3CO2Hjmeso-SnO2 (55% vs. 93%) and conse-
quently a reduction of photocurrent density (200 mA cm−2 vs.
350 mA cm−2 at 0.1 V vs. Ag/AgCl). Thus, carboxylic acid
anchoring group maintained the best performances on SnO2

electrodes.
To elucidate the mechanism of electron injection from the

dye to the semiconductor, an ab initio modelling of the
KuQ3CO2Hjmeso-SnO2 was carried out. Results supported the
previously proposed mechanistic pathway, in which reductive
reaction

aic
ency (%) IPCE (%) Bias pH

Light source
(mW cm−2) References

0.09 0.4 V vs. NHE 5.8 100 72
0.12 1.0 V vs. Ag/AgCl 7 100 77
25d 0 V vs. Ag/AgCl 7 100 80
n.r. 0.9 vs. Ag/AgCl 7 100 78
0.9 0.8 V vs. NHE 6 100 74
4 0.2 V vs. NHE 7.2 200 99
n.r. 0.2 V vs. Ag/AgCl 6.5 70 83
Ca. 14 0.4 V vs. Ag/AgCl 4.65 100 81
0.50 0.9 V vs. RHE 3 100 79
n.r. 1.23 V vs. RHE 7 100 85
n.r. 0.2 V vs. NHE 5.6 100 100
n.r. 0 V n.s. 300 W 86
16 0.5 V vs. NHE 5.8 200 W 84
30 0.4 V vs. NHE 7 100 82

-dycaboxylic acid. c pic = 4-picoline. d IPCE was measured for tandem-
6′-dicarboxylate. g pmp = (4-pyridil)methylphosphonic acid. h ALD =
ipyridine. k PNO = 4-hexylpyridine N-oxide; n.r. = not reported by the

RSC Adv., 2023, 13, 9065–9077 | 9071
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Fig. 12 Molecular structures of the dyes reported in Table 1.
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quenching of the KuQ excited species (KuQ*) likely occurred
trough a PCET mechanism.

KuQ3CO2Hjmeso-SnO2 photoanode was also tested in the
PEC oxidation of benzyl alcohol, both in aqueous and organic
medium. The most interesting results were obtained in aceto-
nitrile, using pyridine as base and N-hydroxysuccinimide as
redox mediator. Preliminary data demonstrated that KuQs are
promising dyes for the photoelectrochemical oxidation of
alcohols.

In recent years, photoelectrochemical (PEC) sensing has
emerged as new analytical method because of its high signal-to-
noise ratio and sensitivity.88 However, within dye sensitized PEC
sensors, only few papers have been reported,89–92 and the
number is even less when considering a metal-free dye sensi-
tized PEC sensor.93–97 In the framework of photoelectrochemical
applications, recently KuQ3CO2H has been employed as dye in
the rst photoelectrochemical (bio)sensor for ethanol detection
(Fig. 15).98 The biosensor was composed of a screen-printed
electrode (SPE), which constitutes a cost-effective and minia-
turized electrochemical cell, modied by a layer of carbon black
(CB) dispersion. A nanocomposite composed of KuQ3CO2H
anchored on TiO2 was casted on CB layer. Photoelectrochemical
biosensors modication with KuQ is strategic because it allows
the use of visible light instead of UV irradiation. SPE-CB-
KuQ3CO2H/TiO2 proved to be a reliable sensor for NADH
detection, showing linear correlation between NADH concen-
tration and generated photocurrent, in the range between 50
9072 | RSC Adv., 2023, 13, 9065–9077
mM and 8 mM, with a detection limit of 20 mM, using Tris buffer
at pH 8.8 as working solution and 0.4 V applied potential vs. Ag
pseudoreference. The biosensor was thenmodied with alcohol
dehydrogenase enzyme and its NAD+ cofactor. The aim was to
detect ethanol in solution, exploiting the enzymatic reaction:

Ethanol þ NADþ j% acetaldehyde þ NADH þ Hþ

Again, a linear correlation between ethanol concentration
and generated photocurrent was achieved, demonstrating that
CB-KuQ3CO2H/TiO2 is able to regenerate the coenzyme NAD+

even in the immobilized form. Finally, to demonstrate its
applicability, the biosensor was employed to detect ethanol in
a real sample of white wine, obtaining reliable results with
a good recovery value of 91.60 ± 0.01%. Noteworthy, the
analytical performances of such new photoelectrochemical
biosensor open the way for realizing other biosensors combined
with different Dehydrogenase enzymes, so extending the
applicability of such devices.
4. Photochemical applications

It has been largely reported that KuQuinone in its excited state
is a strong oxidant.25,30,72,87 Considering its broad and intense
absorption spectrum in the visible region, 1-hexylKuQuinone
(KuQ6) has been recently employed for the rst time as
a homogenous organophotocatalyst for the selective oxidation
© 2023 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra00539a


Scheme 3 Stepwise synthesis of KuQXPO3Et2 (X = 2, 3, 4).

Fig. 14 LSV of KuQ3CO2Hjmeso-SnO2 in aqueous ascorbate buffer
pH 5.8, 20 mV s−1, light: AM 1.5G + 400 nm cut-off filter. Reproduced
from ref. 87.

Fig. 13 (a) AFM images of KuQ3CO2HjSnO2 and Ru4-
POMjKuQ3CO2HjSnO2 photoanodes. (b) Linear sweep voltammetry
for Ru4POMjKuQ3CO2HjSnO2 (CE: Pt; RE: Ag/AgCl 3 M NaCl; 20 mV
s−1; light: AM 1.5G + 400 nm cut-off filter). (c) Consecutive G-C
experiments for O2 detection with Ru4POMjKuQ3CO2HjSnO2; the
positive photocurrent (red, orange, pink traces) is accompanied by
a negative current of O2 reduction at the FTO collector (blue, light
blue, azure traces); CE: Pt; RE: Ag/AgCl 3 M NaCl; light: white LED +
400 nm cut-off filter. (d) IPCE (purple dots) and LHE (black line) of
Ru4POMjKuQ3CO2HjSnO2. Water oxidation conditions: 0.1 MNa2SiF6/
NaHCO3 buffer at pH 5.8. Reproduced from ref. 72 with permission
from the Royal Society of Chemistry.
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of thioethers to sulfoxides, using O2 as oxidant.101 The reaction
was initially explored using thioanisole as model substrate
(Scheme 4). Remarkably, full substrate conversion to methyl
phenyl sulfoxide was achieved with 0.5% KuQ in just 90minutes
irradiation with a green LED (30 W, l = 520 nm) in 1,1,1,3,3,3-
hexauoro-2-propanol (HFIP) and O2 atmosphere. No over-
oxidation product was detected. Quantitative oxidation was
obtained also in air atmosphere (1% KuQ, 90 min) and on
a gram-scale (0.5% KuQ, 20 h). Recently, several homogenous
© 2023 The Author(s). Published by the Royal Society of Chemistry
photocatalysts have been used in thioethers oxidation,102 as
avin derivatives,103 bodipy104,105 and thioxanthone106,107 deriva-
tives, showing high yields and from good to excellent selectivity
to sulfoxides. However, recyclability of the homogenous system
in such reactions is an understudied eld. Remarkably,
rechargeability and recyclability studies demonstrated the great
robustness of KuQ, that could be used for at least 20 runs,
leading to almost quantitative thioanisole oxidation and
reaching TONs higher than 4000. Furthermore, a wide substrate
scope is tolerated: 17 substrates, including differently p-
substituted thioanisole derivatives, also bearing easily oxid-
able functional groups, diaryl, dibenzyl, aliphatic and cyclic
thioethers were efficiently oxidized to the corresponding sulf-
oxides in less than 2 h. Moreover, KuQ is also able to oxidize
aromatic organosulfur compounds, as dibenzothiophene and
4,6-dimethyldibenzothiophene, whose oxidation is interesting
in the eld of fuel desulfurization. In addition, the mono-
oxidation of thianthrene-5-oxide, an efficient reagent for valu-
able organic transformations, was achieved in 4.5 h with 5%
KuQ. The reaction mechanism involves KuQ excitation to KuQ*,
that can oxidize thioether (PhSCH3) to the radical cation species
(PhSCH3c

+), forming KuQc−. PhSCH3c
+ interacts with one

molecule of molecular dioxygen, leading to PhS(CH3)-OOc
+. The

latter reacts with an additional molecule of sulde, forming
[PhS(CH3)–O–O–S(CH3)Ph]c

+ intermediate, which evolves to the
formation of two molecules of the sulfoxide, through an elec-
tron transfer by KuQc−, restoring the photocatalyst, or by an
additional molecule of the substrate, which is then converted to
the radical cation, thus continuing the cycle (Scheme 5).

Therefore, KuQ can be considered as a new emerging robust
metal-free photocatalyst to be further explored in sustainable
oxidation reactions.
5. Anticancer activity

Inspired by the structural similarity of KuQs with Camptothecin
and Topotecan, widely used anticancer agents having a penta-
cyclic core, and considering the interesting bioactivity of several
synthetic and natural quinones,5,14,17 we investigated KuQ
RSC Adv., 2023, 13, 9065–9077 | 9073
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Fig. 15 Scheme of the photoelectrochemical sensing system and the experimental set-up for detection of ethanol. Reprinted from ref. 98.
Copyright 2022, with permission from Elsevier.

Scheme 4 Photocatalytic thioethers oxidation.

Scheme 5 Proposed mechanism for thioether photooxidation
promoted by KuQ.

Fig. 16 Representative structure of KuQEt docked on the covalent
Top1 + DNA binary complex. It is highlighted with a grey oval the
interaction between 5′ DNA end (red sphere) and the closest KuQEt
oxygen acceptor. Reproduced from ref. 108.
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cytotoxic activity against model human cancer cells. Therefore,
cell lines SKOV3 and SW480, established for ovarian and colon
pathologies, respectively, have been screened.23 Cisplatin was
9074 | RSC Adv., 2023, 13, 9065–9077
used as control, and results revealed that the KuQEt capability
to inhibit cells growth was comparable or even higher than that
of cisplatin. In addition, negligible cytotoxicity against human
broblast was observed. To elucidate the mechanism of action,
KuQEt activity as DNA topoisomerases (Top) inhibitor was
studied,108 in analogy with themechanism of Camptothecin and
Topotecan.14 In fact, topoisomerases are well-characterized
molecular targets for cancer therapy. CPT is the traditional
Top inhibitors; however, it showed important dose-limiting
toxicities and drug resistance. Thus, the research of new anti-
cancer drugs acting as Top inhibitors is in great demand.
Results indicated that KuQEt acts as inhibitor of the oligonu-
cleotide cleavage and its interaction with the enzyme is revers-
ible. Remarkably, it was the rst time that a small organic
compound showed the ability to stimulate Top I religation
reaction, even in the presence of the cleavage inhibitor CPT.
Molecular docking experiments highlighted KuQEt structural
features, likely responsible for the cleavage inhibition and
religation effect (Fig. 16).

Aerwards, several KuQ derivatives, namely, KuQMe, KuQEt,
KuQ6, KuQ9OH, KuQ3CO2Et, KuQ3CO2H, KuQTEG, were
© 2023 The Author(s). Published by the Royal Society of Chemistry
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evaluated as inhibitors of the growth of SKOV3 and SW480 cell
lines by the colorimetric MTT assay.27 Regarding SW480 cell
lines results clearly showed that the nature of KuQ side chain
inuenced the cellular uptake rather than trigger the drug
resistance mechanism. Indeed, KuQTEG showed the lowest IC50

value (1.5 ± 2 mM) and Ku9OH the highest one (21.5 ± 2 mM).
Conversely, for SKOV3 cell line, a wide variation of IC50 was
observed (from 5 mM to 52 mM), thus suggesting a different
cellular membrane composition between the two cell lines.
Overall, KuQ6 showed the best results in terms of IC50 for both
cancer cell lines as well as for healthy human broblast, indi-
cating high specic activity toward tumor cell. These studies
highlighted the promising use as anticancer drug of KuQ.

6. Conclusions

In this brief review, we have looked back to the research activity
of our group in the last ten years, which has been mostly
focused on the study of a new class of organic compounds,
called KuQuinones. Although, they were rstly synthesized by
serendipity, the profound investigation of their structural,
electronic and electrochemical features allowed to unveil the
numerous applications of KuQuinones. Indeed, the
outstanding properties of this novel compounds deserved to be
exploited in several interesting applications and they resulted
strategical for KuQ usage in different elds, as in photo-
electrochemistry, in photocatalysis, as well as in medicinal
chemistry.

Due to their fascinating features, further potential applica-
tions of KuQuinones are still under investigation, with the aim
to offer new possibilities in catalysis, energy, sensors and in
medical elds.
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