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ABSTRACT
Several quinones, diphenoquinones and respective reduced forms, hydrobenzoquinones and hydrodiphenoquinones, were
synthesized, and their electrochemical properties were studied by cyclic voltammetry (CV) in non-aqueous medium to
assess their upcoming applicability as organic redox mediators. Benzoquinones and diphenoquinones exhibited two reversible
electron transfers (ETs) as exemplified by tetra-tert-butyldiphenoquinone, which displayed ETs at standard potential (E0) at
E0 = −0.53 V and E0 = −0.92 V versus SCE (saturated calomel electrode). However, hydrobenzoquinones displayed chemically
irreversible ET, whereas hydrodiphenoquinones exhibited either chemically irreversible or quasi-reversible ETs. For instance,
di-tert-butylhydrobenzoquinone demonstrated two irreversible ETs at Epc = 0.31 V and Epa = 1.00 V versus SCE.

1 Introduction

Redox mediators are compounds, often in the form of neutral
molecules or ions, that play a crucial role in facilitating electron
transfer (ET) during electrochemical processes. These media-
tors act as intermediate electron carriers or reservoirs, capable
of undergoing reversible oxidation and reduction reactions as
they shuttle electrons between a substrate and an electrode.
The incorporation of redox mediators enlarged the horizons
of electrochemical synthesis with a pivotal role in the field of
electrocatalysis and electrosynthesis [1]. Redox processes play a
fundamental role in various electrochemical devices, including
dye-sensitized solar cells (DSSCs) [2a, 2b], batteries [3a, 3b] and
electrochromic cells [4]. The performance of these technologies

depends on several critical factors, such as the reactivity of
the redox mediators, the interface between electrodes and the
electroactive species (substrates) and the overall configuration of
the electrochemical cells. Some of these systems pose challenges
such as high cost, toxicity, use of scarce metals and recyclability,
among other issues. Organic redox mediators (ORMs), as the
name suggests, are organic compounds that offer several advan-
tages compared to their traditional inorganic counterparts. In
addition, ORMs are often more stable than inorganic mediators,
which can improve the longevity of energy conversion or storage
systems [5]. In energy conversion and storage, inorganic mate-
rials, such as vanadium, iron and manganese, are commonly
used as redox mediators in flow batteries, whereas lithium,
cobalt and nickel serve as solid lithium intercalation materials in
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conventional batteries. However, the extraction and processing of
these materials are energy-intensive and can lead to significant
environmental harm. In addition, inorganic materials are often
non-renewable and, once mined, cannot be regenerated. ORMs
are a promising alternative to the metal-based electrolytes for
redox flow batteries (RFBs) due to the low-cost (compared
with vanadium systems) and high-performance operation [1, 3a].
These advantages include affordability, widespread availability,
biodegradability and the potential for production from renewable
resources [6]. Quinones are among the principal and extensively
studied organic redox couples, possessing a significant contri-
bution to advancing our knowledge of organic redox chemistry
from a foundational perspective [7]. The bulk of these studies
took place in pH-buffered solutions, where the redox reaction
of quinones is typically characterized as a two-electron, two-
proton reduction to yield hydroquinone. In non-buffered water,
the reduction proceeds by forming the highly hydrogen-bonded
quinone dianion through a two-electron process. This dianion
exists as an equilibriummixture of protonation states inwater [8].
Lehmann andEvans reported a peculiar behaviour of several ben-
zoquinones in acetonitrile [9]. It is interesting to emphasize the
observation that the cyclic voltammograms consistently revealed
distinctive deviations from the expected patterns of sequential
quinone reduction to its radical anion and dianion forms [9].
Quinones are widely prevalent in nature, and living organ-
isms utilize them for their redox properties. Examples include
ubiquinone, involved in the electron transport chain of oxidative
phosphorylation, and plastoquinone, crucial for photosynthesis
[10]. A more recent addition to this category is phoenicin, a
fungal-derived quinone that is currently being explored for its
potential utility in RFBs. In an aqueous RFB, phoenicin was
employed as an anolyte alongside hexacyanoferrate(II), yielding
an impressive open circuit voltage (OCV) of 0.87 V [11]. Quinones
belong to a versatile class of organic compounds that can be
easily tailored through chemical derivatization. Certain quinone-
based redox mediators showed performance levels that approach
those observed in vanadium-based RFBs [3a, 12a,b]. Huskinson
et al. introduced a pioneering approach by employing 9,10-
anthraquinone-2,7-disulfonic acid (AQDS) as anORM in aqueous
RFBs, specifically against bromine/bromide [13]. Their work
achieved an impressive OCV of 0.8 V, demonstrating remark-
able power density, marking a significant milestone in quinone
application within RFB technology. The hydroquinone/quinone
redox couple application in batteries for decoupledwater splitting
demonstrates their improved applicability and stability [14a,b]
with a tetrasubstituted benzoquinone/hydrobenzoquinone pair
found to be substantially more stable than AHQDS/AQDS [14b].
Diphenoquinones were not as studied as benzoquinones. Its
core structure is present in several compounds with biological
activity [15a,b] and was also studied using both electrochemi-
cal and computational tools for potential application in ORFB
[16]. When compared to benzoquinones, diphenoquinones show
higher reduction potentials,with unsubstituted diphenoquinones
producing reduction potentials of −0.608 and −0.787 V versus
Fc/Fc+ [16]. The reduction products of benzoquinones and
diphenoquinones are hydrobenzoquinones and hydrodipheno-
quinones (or biphenols), respectively. Biphenols, specially 4,4′-
biphenol, were used as a redox mediator for the determination
of cysteine and glutathione by cyclic voltammetry (CV) with
the results showing the catalytic current being dependent on
the concentration of glutathione or N-acetylcysteine and solu-

tion’s pH [17a,b]. The electrochemical oxidation of 4,4′-biphenol
in the presence of 2-mercaptobenzimidazole was reported by
Nematollahi and collaborators [18], allowing the synthesis of
2-(phenylthio)-1H-benzo[d]imidazole derivatives.

Benzoquinones are generally synthesized from substituted phe-
nols through their oxidation. Several processes exist to perform
this oxidation, such as reaction with lead dioxide and 70% HClO4
in acetic acid [19] or by the use of oxygen in the presence of
cobalt salen complexes or analogues [20] as well as using an
oxidizer such as (diacetoxyiodo)benzene [21]. Amore sustainable
alternative appeals to the electrochemical oxidation in flow,
avoiding the use of stoichiometric oxidizers or expensive catalysts
[22]. As for the preparation of diphenoquinones, usually it
requires the oxidation of either phenols or 4,4′-biphenols (or
4,4′-hydrodiphenoquinones). The synthesis of diphenoquinones
has been previously reported in the presence of Mn(OAc)3 while
using Mn(acac)3 instead produces the hydrodiphenoquinone
[23]. Diphenoquinones have also been prepared by the oxidation
of phenols. Hydrobenzoquinones and hydrodiphenoquinones
are usually prepared via the reduction of benzoquinones and
diphenoquinones, respectively. This reduction can be performed
using common reduction procedures, such as hydrochloric acid
and tin(II) chloride [24], hydrogen over Raney nickel [25], acetic
acid with zinc dust [26] or with hydrogen over ruthenium [27].

Herein, several benzoquinones, diphenoquinones and respec-
tive reduced forms, hydrobenzoquinones and hydrodipheno-
quinones, were synthesized, and their electrochemical properties
were studied by cyclic voltammetry (CV) in order to understand
their potential for future application as ORMs, namely in non-
aqueous RFB.

2 Results and Discussion

2.1 Synthesis

In this work, benzoquinones (1) were synthesized by oxidation
of 2,6-substituted phenolswith (diacetoxyiodo)benzene following
the procedure of Scheiber et al. [21], whereas diphenoquinones (3)
were synthesized by oxidation with cerium ammonium nitrate
(CAN) in the presence of HClO4 (Scheme 1), following a proce-
dure adapted from that of Domagała et al. [28]. The respective
hydrobenzoquinones (2) and hydrodiphenoquinones (4) were
produced by reduction of 1 and 3, respectively, with zinc in acetic
acid at 70◦C (Scheme 1), following the procedure of Coffield
et al. [26]. All the compounds were obtained in good to excellent
yields. In terms of stability, diphenoquinones proved to be the
most promising compounds when compared to benzoquinones,
hydrobenzoquinones and hydrodiphenoquinones. However, all
four families of compounds showed some degree of degradation.
Both hydrobenzoquinones and hydrodiphenoquinones are very
susceptible to re-oxidize to benzoquinones and diphenoquinones,
respectively. Due to this, all these families of compounds were
freshly purified before every cyclic voltammetry analysis.

2.2 Cyclic Voltammetry (CV) Studies

Although there have been reported studies on the CV of specific
quinones to address specific objectives, the same cannot be
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SCHEME 1 Synthetic pathway for benzoquinones (1), dipheno-
quinones (3) and respective hydrobenzoquinones (2) and hydrodipheno-
quinones (4).

said for diphenoquinones. Consequently, a systematic inves-
tigation of these compounds, including their reduced forms,
and a comparative analysis between them is currently lacking.
With the prospect of future applications in RFB, 12 compounds
were selected according to their solubility in organic solvents,
and an in-depth study of their electrochemical behaviour was
conducted. CV studies were performed for all benzoquinones (1),
diphenoquinones (3), hydrobenzoquinones (2) and hydrodiphe-
noquinones (4). In Table 1, the standard potential (potential
for the reversible ETs) is presented for all studied compounds
calculated as the average set by the cathodic and anodic peaks.
The number of electrons associated with an ET was calculated
by comparison to the standard ferrocene electrochemical probe
in the same experimental conditions. The reversibility of ETs was
calculated using the formula ipa/ipc, where ipa is the anodic peak
current and ipc cathodic peak current.

2.2.1 Diphenoquinones and Hydrodiphenoquinones

All diphenoquinones (3a–c) exhibited two successive, reversible
and single-ET processes. The first corresponds to the reduction
of the diphenoquinones forming a semiquinone radical anion,
whereas the second reduction leads to the formation of the
dianion (see Scheme 2, Table 1, Entries 7–11 and Figure S1, ESI).
These species can be easily protonated in solution, and it is
important to eliminate water from the selected organic solvents.
Molecular sieves were employed both in the solution and in the
bubbler to minimize any water that could potentially enter the
cell during the electrochemical experiments.

In the absence of proton sources, the most likely reaction for
the intermediates shown in Scheme 2 is the dimerization of
two radical molecules (the isolation of potential dimerization
products was not undertaken due to the structural diversity of
possible products and the need for enough quantity for struc-

SCHEME 2 The reduction process of the diphenoquinones (3a–c)
(1 mM) to the dianion in DMF or MeCN solution in the presence of
tetrabutylammonium hexafluorophosphate-[TBA]PF6 (100 mM).

tural elucidation). Diphenoquinone 3a exhibited several minor
chemically irreversible ET processes. A possible explanation for
these ETsmay be linked to the compound’s extended conjugation
system, where parallel reactions can occur at reactive sites. These
ETs were observed at standard potentials of E0 = −0.09 V and
E0 = −0.47 V versus SCE (Table 1, Entry 7), respectively, for
diphenoquinone 3a.

This behaviour aligns with the observations of Hapiot and Pinson
[29] on the electrochemical oxidation of 2,6-diphenylphenolates
in acetonitrile where a variety of mechanisms are operative.
Their study demonstrated that 2,6-diphenylphenolate undergoes
irreversibly oxidization via a radical–radical coupling reaction to
form a dimer which is subsequently oxidized to diphenoquinone
(3a). These observations are consistent with a rate-determining
coupling of two phenoxyl radicals. In the reverse scan, they have
observed two small reversible peaks visible at a more negative
potential: −0.23 and −0.45 V versus SCE at the same potential
as the reversible reduction of 4,4′-diphenoquinone. Tetra-tert-
butyl diphenoquinone (3b) was studied in MeCN, as well as
dimethylformamide (DMF). In both solvents, it exhibited two
successive mono-electronic ETs that present a reversible mono-
electronic ET at all studied scan rates, as illustrated in Figure 1.
In MeCN, these ETs occurred at E0 = −0.53 V and E0 = −0.92 V
versus SCE, whereas in DMF they occurred at E0 = −0.35 V
and E0 = −0.87 V versus SCE (Table 1, Entries 8 and 9). Both
ETs presented, in both solvents, an almost complete reversibility
profile (approx. 100%). It ismore difficult to form the radical anion
and dianion in MeCN than in DMF, resulting in the shift to more
negative potentials. A possible explanation for that difference
in the potentials could be attributed to the difference in ther-
modynamic potentials between DMF and MeCN (the standard
potential in MeCN solutions is lower than the ones observed for
the DMF) [30]. This is consistent with our experimental data,
as shown Table 1. According to the literature, the stability of
the electrogenerated radical may depend on several factors, with
one of the most relevant being the stability within the media
in which it is formed. Solvent effects on the redox properties of
radicals have been studied extensively. For example, Jonsson et al.
[31a,b] focused on the first one-electron reduction of some para-
quinones. The effect of solvents on redox potentials can serve
as an indicator of the solvent’s influence on the solvation of a
redox couple. Thus, the redox potential is intensely influenced
by the nature of the solvent. Solvent sensitivity rises with charge
localization. In this way, it could be expected that the single-
ET process could be strongly solvent-dependent due to solvent
stabilization of the electrogenerated charged species. The authors
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TABLE 1 Potentials of the most significant electron transfers for all compounds studied.

Entry Compound Solventa Da (×10−6) Dc (×10−6) Ipa/Ipcb
Potential (V vs. SCE)

E01c E02c Epa1d Epc1d ΔEp1 Epa2d Epc2d ΔEp2

1 1a MeCN 1.28 1.54 0.9 −0.47 — −0.43 −0.50 0.07 — −1.19 —
2 1b MeCN 1.54 1.54 1 −0.69 — −0.65 −0.73 0.08 — −1.50 —
3 1c MeCN 1.54 1.54 1 −0.67 — −0.63 −0.71 0.08 — −1.39 —
4 2a MeCN — — 0.76 0.34 — 1.04 0.65 —
5 2b MeCN — — — 1.00 — — — — —
6 2c MeCN — — 1.00 0.63 — 1.84 0.88 —
7 3a DMF 0.71 0.71 0.8 −0.09 −0.47 −0.06 −0.13 0.07 −0.43 −0.51 0.08
8 3b MeCN 0.71 1.31 0.9 −0.53 −0.92 −0.49 −0.56 0.07 −0.88 −0.96 0.08
9 DMF 0.9 −0.35 −0.87 −0.31 −0.39 0.08 −0.81 −0.92 0.11
10 3c MeCN 0.71 1.03 0.8 −0.46 −0.81 −0.42 −0.50 0.08 −0.76 −0.85 0.09
11 DMF 0.9 −0.32 −0.75 −0.28 −0.35 0.07 −0.70 −0.79 0.09
12 4a MeCN 0.5 — — 0.98 0.73 — 1.13 0.99 —
13 DMF — — — 0.78 0.32 — — — —
14 4b MeCN — — — 1.06 0.64 — — — —
15 4c MeCN — — — 1.05 0.75 — — — —

Note: These potentials were measured at a scan rate of 0.10 V/s.
Abbreviation: SCE, saturated calomel electrode.
aMeCN (acetonitrile); DMF (dimethylformamide).
bPeak current intensity Ipa (a) anodic and Ipc (c) cathodic.
cE0 standard potential 𝐸0

1
standard potential first electron transfer and 𝐸0

2
standard potential second electron transfer.

dEp Peak Potential Epa anodic peak potential and Epc cathodic peak potential.

describe in this work that in the presence of a series of solvents,
the reduction potentials of radicals increase fromMeCN to DMF,
with a trend as E0 MeCN< E0 DMF [30]. The half-wave potential,
defined as the potential at which the current intensity reaches
half of the peak current for oxidation or reduction, is equivalent
to the standard potential for fast kinetics. It can be calculated by
E0 = 0.5 × (EPa + EPc). But, for slow kinetics, these results are not
the same because they are affected by alpha (α) constant obtained
from the Butler–Volmer equation that describes the relationship
between the current density (J) and the electrode potential (E)
during an electrochemical reaction. Now the equation considers
the kinetics of the redox process and incorporates the exchange
current density (J0) and the transfer coefficient (α) as follows:

𝐽 = 𝐽0[exp(𝛼 𝑛 𝐹
(
𝐸 − 𝐸0

)
∕RT) − exp(−(1 − 𝛼)𝑛𝐹

(
𝐸 − 𝐸0

)
∕RT)]

where E0 is the standard potential.

Moreover, from the Randles–Sevcik equation-based analysis,
the redox process can be considered reversible if peak current
function (Ip/v1/2) is independent of the scan rate, where the peak
current is given by the Randles–Sevcik equation as presented in
Figures S39 and S40 (ESI). Peak current intensity ratio (Ipa/Ipc) is
1 for all scan rates evaluated by the Randles–Sevcik equation, and
peak potential separationΔEp at all scan rates is∼59/nmV.As can
be observed in Table 1, the ratio Ipa/Ipc is 1 for just two examples,
compounds 1b and 1c (Entry 2 and 3, Table 1), and ranges from
0.9 to 0.8 for the other family of compounds 2 and 3, which

leads to two reversible and a quasi-reversible process, respec-
tively, in accordance to the Randles–Sevcik equation. Another
important parameter to take in consideration for understanding
the reversibility is the peak separation for all studied cases, which
is higher than 59 mV/n. In one-ET reaction, the theoretical peak-
to-peak separation is 59 mV at room temperature (25◦C). In our
case, kinetic parameters at the electrode surface may influence
the peak-to-peak separation, and there may also be some IR drop
that was not fully compensated.

In Table 1, Columns 4 and 5 are presented with the diffusion
coefficients, and Column 6 is the Ipa/Ipc. These compounds are
highly sensitive to oxygen and moisture in solution which can
partially regulate the rate of ET process. As a result, they exhibit
quasi-reversible behaviour over the time scale of our scans.
The diffusion coefficients of the redox family of compounds 1
and 3 were calculated by the Randles–Sevcik equation and are
presented in Table 1. It can be observed that for compounds 1a–
c, the formation of the radical cation presents a slightly higher
diffusion coefficient than the reverting to the neutral species.
For the compounds 3b–c, the behaviour is in the other way;
the re-oxidation of the radical diffuses faster than the neutral
species. Of all the studied diphenoquinones, 3b presented the
lowest potentials; as such, it would be the most fit as an anolyte
in ORFBs, leading to increased cell voltages.

This compound has also been studied previously by Néron et al.
[16], observing a behaviour similar to that reported here. Néron
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FIGURE 1 On the top, the voltammograms of the three benzo-
quinones start from 0.2 or 0 to −0.2, −0.5 or −0.7 and return to 0.2
or 0 depending on the compound (3a–c) in MeCN, and on the bottom,
the voltammograms of tetra-tert-butyl diphenoquinone (3b) in MeCN, at
different scan rates, start from 0 to −1.2 and return to 0; the potentials are
presented in V versus SCE. SCE, saturated calomel electrode.

et al. studied the electrochemical properties of 3b in MeCN,
using tetrabutylammonium hexafluorophosphate as supporting
electrolyte, at multiple scan rates in the range of 0.10–5 V/s.
They identified two successive reversible mono-electronic ETs
corresponding by the formation of the semiquinone radical anion,
followed by formation of the dianion, as we have observed in our
case (Figure 1). The first transfer was observed at E0 = −0.503 V
and the second at E0 = −0.808 V versus SCE. Tetraisopropyl
diphenoquinone (3c) was also studied in both MeCN and DMF
(Table 1, Entries 10 and 11). In both solvents, two successive
mono-electronic ETs were presented, being reversible; the radical
anion and dianion formed are stable in both electrolytes at all
studied scan rates. In MeCN, the ETs occur at E0 = −0.46 V
and E0 = −0.81 V versus SCE, whereas in DMF, they occur at
E0 = −0.32 V and E0 = −0.75 V versus SCE, following the same
trend observed for the tetra-tert-butyl diphenoquinone (3b). It is
more difficult to form the radical anion in MeCN. The observed
reversibility in diphenoquinones (3a–c) can be attributed to the
oxidation/reduction process depicted in Figure 1. In all scan rates,
the three diphenoquinones presented two successive reversible
mono-electronic ETs. Of these compounds, the tetra-tert-butyl
diphenoquinone (3b) presented ETs at lowest potentials of all the
studied diphenoquinones.

From the literature, in the case of 4,4-biphenol/4,4-
diphenoquinone (compounds not studied by us), the reversibility
enabled its application as a redox mediator by facilitating the
homogeneous electrocatalysis of glutathione, N-acetylcysteine
[17b] and cysteine [17a] in aqueous medium. In our study, fully

FIGURE 2 Voltammograms of the three hydrodiphenoquinones
starting from 0 to 1.2, 1.3 or 1.6 and returning to 0 (4a–c) in MeCN, at a
scan rate of 0.10 V/s (top) and 2 V/s (bottom), the potentials are presented
in V versus SCE. SCE, saturated calomel electrode.

reversible two successive ETs are observed in organic solvents.
But when in aqueous medium, these compounds could present
one bi-electronic simultaneous ET or a chemically irreversible
ET.

This does not imply that the reversibility obtained in organic
solvents can be directly extrapolated to aqueous medium, as this
family of compounds exhibits different behaviours in organic
versus aqueous environments. The hydrodiphenoquinones (4a–
c) presented either a chemical irreversible or quasi-reversible
mono-electronic ET (Table 1, Entries 12 to 15) (Figure 2). The
irreversibility is associated to a chemical reaction involving the
species formed during the oxidation step. A possible explanation
is the loss of an electron, resulting in the formation of a radical
cation, which then undergoes deprotonation to form a radical
that reacts further. As the potential shifts tomore negative values,
the species being reduced differs from the one generated during
oxidation, causing the cathodic peak to shift further away from
the anodic peak.

Tetraphenyl hydrodiphenoquinone (4a), in MeCN, displayed
multiple ETs (Figure 3). At scan rates of 0.250 V/s and lower,
it displayed three anodic peaks, the first of which disappears
at higher scan rates, possibly by the overlapping of the second
and third anodic peaks. These three ETs, the first appearing as
a shoulder at Epa = 0.87 V, the second a peak at Epa = 0.98 V
and the third also a peak at Epa = 1.13 V versus SCE (Table 1,
Entry 12), show a slight shift to higher potentials as the scan rate
increases. It was also observed two cathodic peaks, approximately
at Epc = 0.73 V and Epc = 0.99 V versus SCE. In DMF, however,
it was observed only one anodic peak at Epa = 0.78 V and one
cathodic peak at Epc = 0.32 V versus SCE (Table 1, Entry 13).
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FIGURE 3 Voltammograms of tetraphenyl hydrodiphenoquinone
starting from 0 to 1.6 and returning to 0 (4a) in MeCN, at multiple scan
rates, the potentials are presented inV versus SCE. SCE, saturated calomel
electrode.

Tetra-tert-butylhydrodiphenoquinone (4b) presented a chemical
irreversible ET, with an anodic peak at Epa = 1.06 V versus
SCE and a cathodic peak Epc = 0.64 V versus SCE (Table 1,
Entry 14). This cathodic ET is absent at scan rates lower than
0.250 V/s and steadily becomes bigger at higher scan rates.
Tetraisopropyl diphenoquinone (4c) displayed an ET with quasi-
reversible behaviour. An anodic peak occurs atEpa = 1.05 V versus
SCE and a cathodic peak atEpc = 0.75 V versus SCE (Table 1, Entry
15). None of the three hydrodiphenoquinones presented fully
reversible ETs; however, compound 4awas the closest (Figure 3).

In this context, diphenoquinone 3b appears to be the most
suitable candidate for use as an anolyte. Among the hydrodiphe-
noquinones, compound 4a demonstrated the highest standard
potentials and the greatest reversibility, making it a potentially
interesting option for use as a catholyte in RFBs.

2.2.2 Benzoquinones and Hydrobenzoquinones

The three studied benzoquinones (1) exhibited similar behaviour
(Figure 4), with a first reversible mono-electronic ET, similar to
the first ET of diphenoquinones (3a–c). As for the second ET,
multiple phenomena may overlap at the anodic peak because it
presents either broad or sharp peaks depending on the conditions.
This could be explained by chemical transformations or adsorp-
tion to the electrode surface. The most plausible explanation is
that the re-oxidation of the dianion to the radical anion involves
adsorption to the electrode surface, leading to the narrow,
high-intensity peak observed during the re-oxidation process.

All benzoquinones’ derivatives showed this behaviour; there-
fore, it is not possible to determine the reversibility of this
ET. Comparing the first ET of benzoquinones 1b and 1c with
diphenoquinones 3b and 3c, the last presented a slightly higher
reduction potential. Benzoquinone 1a exhibited three main ETs:
The first is amono-electronic reversible ET atE0 =−0.47 V versus
SCE (Table 1, Entry 1), followed by a chemical irreversible ETwith
an anodic peak at Epa = −0.43 V versus SCE, and as described
earlier, a sharp peak is observed at Epa = −0.65 V versus SCE.
The study of this benzoquinone also revealed a cathodic peak at
Epc = −1.19 V versus SCE.

FIGURE 4 Voltammograms of the three benzoquinones starting
from 0 or −0.2 to −1.6 returning to 0 or −0.2 (1a–c) in MeCN, for two
ET (top) and first ET (bottom) at a scan rate of 0.10 V/s, the potentials are
presented in V versus SCE. SCE, saturated calomel electrode.

FIGURE 5 Voltammogram of di-tert-butyl benzoquinone starting
from 0 to −1.8 returning to 0 (1b) in MeCN, at different scan rates,
the potentials are presented in V versus SCE. SCE, saturated calomel
electrode.

The electrochemical reduction of 2,6-di-tert-butyl-1,4-
benzoquinone (1b) has been previously studied in MeCN
[9], and the obtained results are in agreement with the previously
reported results for the first ET. Benzoquinone 1b exhibited two
major ETs (Figure 5). The first is a reversible mono-electronic
ET at E0 = −0.69 V versus SCE (Table 1, Entry 2). The second ET
showed a broad anodic peak, making it challenging to accurately
assess its reversibility under these experimental conditions. The
cathodic peak of the second ET is observed at Epa = −1.50 V
versus SCE, which agrees with the study reported by Evans et al.
[9]. The electrochemical study of benzoquinone 1c showed a first
mono-electronic ET at E0 = −0.67 V versus SCE (Table 1, Entry
3), as described for the previous compound at Epa = −0.87 V and
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FIGURE 6 Voltammograms of the three hydrobenzoquinones start-
ing from 0 to 1.3 and returning to 0 (2a–c) in MeCN, at a scan rate of
0.10 V/s (top) and 2 V/s (bottom), the potentials are presented in V versus
SCE. SCE, saturated calomel electrode.

Epa = −1.19 V versus SCE and a cathodic peak at Epc = −1.39 V
versus SCE.

As for the hydrobenzoquinones (2a–c), they behaved similarly
to the hydrodiphenoquinones (Figure 6), presenting chemically
irreversible mono-electronic ETs (Table 1, Entries 4–6). As pre-
viously explained for the hydrodiphenoquinone family (4a–c),
a potential explanation for the irreversibility observed in the
hydrobenzoquinones (2a–c) is a chemical reaction occurring
during the second ET. Various phenomena may overlap at the
anodic peak, which can appear broader or sharper depending on
the situation. These variations could be due to electrochemical
and chemical transformations or adsorption to the electrode
surface. Parallel reactions, such as dimerization between reduced
and oxidized species, may also be occurring. Additionally, while
less predictable, reactions with the solvent (such as protonation)
cannot be entirely ruled out, despite the solvent being dried and
purged with argon prior to the experiments.

Diphenyl hydrobenzoquinone (2a) presented two main chemical
irreversible ETs (Figure S2, ESI). The first anodic peak appears at
Epa = 0.76 V versus SCE, at scan rates lower than 0.500 V/s. The
second anodic peak is presented at approximately Epa = 1.04 V
versus SCE. Two cathodic peaks are also observed; the first is
located at Epc = 0.34 V and the second at Epc = 0.65 V versus SCE
(the second one appearing only at scan rates equal or higher than
0.500 V/s; Table 1, Entry 4).

The di-tert-butyl hydrobenzoquinone (2b) presented only one
chemical irreversible ET, with an anodic peak Epa = 1.00 V

versus SCE and a small cathodic peak Epc = 0.34 V versus
SCE (Table 1, Entry 5). The di-isopropyl hydrobenzoquinone (2c)
showed two chemical irreversible ETs, displaying two anodic
peaks at Epa = 1.00 V and Epa = 1.84 V versus SCE and two
cathodic peaks at Epc = 0.63 V and Epc = 0.88 V versus SCE
(Table 1, Entry 6). The anodic peak at 1.84 V versus SCE appears
to be unique among the studied hydrobenzoquinones; however,
it is similar to that presented by the diphenoquinones and
hydrodiphenoquinones. No hydrobenzoquinone stands out, as
the three present an irreversible ET at Epa ∼1.00 V versus SCE,
with compound 2c possessing an ET at Epa = 1.84 V versus SCE
as well, although it is completely irreversible.

3 Experimental Procedures

All reagents and solvents were obtained commercially from
TCI, Sigma-Aldrich, Scharlau and Honeywell without further
purification. When dry solvents were required, these were dried
following a procedure described in the literature [32]. Nuclear
magnetic resonance (NMR) spectra were acquired by a Bruker
Avance III 400 spectrometer; 1H and 13C NMR spectra were
measured at frequencies 400 and 101 MHz, respectively. Cyclic
voltammetry (CV) was performed using an Autolab PGSTAT12
potentiostat/galvanostat electrochemical system, and the data
were collected using the software GPES Manager 4.9. The
measurements were made in a glass cylinder electrochemical
cell, and the working electrode (WE) used was a glassy carbon
electrode with a diameter of 3 mm, the counter-electrode (CE)
used was a platinum wire, and the reference electrode (RE)
was a saturated calomel electrode. The samples were prepared
by dissolving the compound (1 mM) and supporting electrolyte
(100 mM) in previously dried solvents (MeCN or DMF) in 3 Å
molecular sieves. The solution was then degassed with argon
for 20 min. CV measurements were done at multiple scan rates.
Between each measurement, the WE was washed with ethanol
and polished in 1.0 and 0.3 mm alumina polishing and washed
again, whereas the solution was kept being degassed with argon
in the downtime.

3.1 Synthetic Methodology

3.1.1 Synthesis of benzoquinones (1a–c)

Following a procedure described by Presser et al. [21], in a round
flask bottom, the respective phenol was dissolved in acetonitrile
(6.5 mL/mmol), water was added (2 mL/mmol), and the oxidizer,
diacetoxyiodo(benzene) (DIB) (1.3 eq.), was slowly added at 0◦C.
The reaction was kept at 0◦C until completion. Upon completion,
the mixture was allowed to reach RT and then diluted with
water and extracted with methylene chloride. The organic phase
was dried with anhydrous Na2SO4 and evaporated to dryness
under reduced pressure. Compounds were purified by flash
chromatography using different mixtures of petroleum ether and
methylene chloride.

2,6-Diphenyl-1,4-benzoquinone (1a): Following the general
procedure, compound 1a was obtained in 86% from 2,6-
diphenylphenol (100 mg, 0.41 mmol) after 1 h of reaction.
The mixture was purified by flash chromatography, using as
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eluent a mixture of 6:4 (petroleum ether:methylene chloride).
Spectroscopic data were in accordance with literature [33].

2,6-Tert-butyl-1,4-benzoquinone (1b): Following the general pro-
cedure, compound 1b was obtained in 62% from 2,6-di-tert-
butylphenol (100 mg, 0.48 mmol) after 2 h of reaction. The
mixture was purified by flash chromatography, using as eluent
a mixture of 9:1 (petroleum ether:methylene chloride). Spectro-
scopic data were in accordance with literature [34].

2,6-Isopropyl-1,4-benzoquinone (1c): Following the general
procedure, compound 1c was obtained in 83% from 2,6-di-
isopropylphenol (100 mg, 0.56 mmol) after 1 h of reaction.
The mixture was purified by flash chromatography, using as
eluent a mixture of 7:3 (petroleum ether:methylene chloride).
Spectroscopic data were in accordance with literature [35].

3.1.2 Synthesis of Hydrobenzoquinones and
Hydrodiphenoquinones (2a–c and 4a–c)

Following the procedure described by Kolka et al. [26] in a round
bottom flask, the respective benzoquinones (1a–c) or dipheno-
quinones (3a–c) were dissolved in acetic acid (5 mL/mmol),
and zinc dust (5 eq. for hydrobenzoquinones and 7 eq. for
hydrodiphenoquinones) was added to the mixture. The reaction
was stirred at 70◦C until the solution turned colourless. Upon
completion, the mixture was left to reach room temperature
and was poured over cold water. It was then extracted several
times with ethyl acetate, and the organic phase was dried with
anhydrous Na2SO4 and evaporated under reduced pressure.

2,6-Diphenyl-1,4-hydrobenzoquinone (2a): Following the general
procedure, compound 2awas obtained in 89% from 2,6-diphenyl-
1,4-benzoquinone (1a) (84 mg, 0.32 mmol). Spectroscopic data
were in accordance with literature [36].

2,6-Di-tert-butyl-1,4-hydrobenzoquinone (2b): Following the gen-
eral procedure, compound 2b was obtained in 92% from 2,6-di-
tert-butyl-1,4-benzoquinone (1b) (69 mg, 0.31 mmol). Spectro-
scopic data were in accordance with literature [37].

2,6-Di-isopropyl-1,4-hydrobenzoquinone (2c): Following the gen-
eral procedure, compound 2c was obtained in 99% from 2,6-di-
isopropyl-1,4-benzoquinone (1c) (62 mg, 0.31 mmol). Spectro-
scopic data were in accordance with literature [38].

3,3′,5,5′-Tetraphenyl-4,4′-hydrodiphenoquinone (4a): Following
the general procedure, compound 4a was obtained in 85%
from 3,3′,5,5′-tetraphenyl-4,4′-diphenoquinone (3a) (55 mg,
0.11 mmol). Spectroscopic data were in accordance with
literature [39].

3,3′,5,5′-Tetra-tert-butyl-4,4′-hydrodiphenoquinone (4b): Follow-
ing the general procedure, compound 4b was obtained in 97%
from 3,3′,5,5′-tetra-tert-butyl-4,4′-diphenoquinone (3b) (75 mg,
0.18mmol). Spectroscopic datawere in accordancewith literature
[39].

3,3′,5,5′-Tetraisopropyl-4,4′-hydrodiphenoquinone (4c): Follow-
ing the general procedure, compound 4c was obtained in 98%

from 3,3′,5,5′-tetraisopropyl-4,4′-diphenoquinone (3c) (133 mg,
0.38mmol). Spectroscopic datawere in accordancewith literature
[40].

3.1.3 Synthesis of Diphenoquinones (3a–c)

Following a procedure described by Kurosawa et al. [23] to a
round bottom flask placed at−15◦C, acetone (14.3 mL/mmol) was
added, followed by perchloric acid (70%) (8 eq.), CAN (2.5 eq.) and
finally the corresponding phenol. Themixture was allowed to stir
at −15◦C for 1 h, and upon completion, the mixture was diluted
with water, the acetone was evaporated under reduced pressure,
and the mixture was extracted with methylene chloride. The
organic phase was dried with anhydrous Na2SO4 and evaporated
under reduced pressure. The mixture was purified by flash
chromatography using amixture of solvents, petroleum ether and
methylene chloride.

3,3′,5,5′-Tetraphenyl-4,4′-diphenoquinone (3a): Following the
general procedure, compound 3a was obtained in 64% from 2,6-
diphenylphenol (100 mg, 0.41 mmol). The mixture was purified
by flash chromatography, using as eluent a mixture of 6:4
(petroleum ether:methylene chloride).

3,3′,5,5′-Tetra-tert-butyl-4,4′-diphenoquinone (3b): Following the
general procedure, compound 3b was obtained in 91% from
2,6-di-tert-butylphenol (100 mg, 0.49 mmol). The mixture was
purified by flash chromatography, using as eluent a mixture of 9:1
(petroleumether:methylene chloride). Spectroscopic datawere in
accordance with literature [41].

3,3′,5,5′-Tetra-isopropyl-4,4′-diphenoquinone (3c): Following the
general procedure, compound 3c was obtained in 87% from
2,6-di-isopropylphenol (100 mg, 0.41 mmol). The mixture was
purified by flash chromatography, using as eluent amixture of 8:2
(petroleumether:methylene chloride). Spectroscopic datawere in
accordance with literature [41].

3.1.4 Cyclic Voltammetry (CV) Studies

CV studies were performed for all benzoquinones (1), hydroben-
zoquinones (2), diphenoquinones (3) and hydrodiphenoquinones
(4). The measurements were made in a 3-electrode cylindrical
electrochemical cell, using a 3 mm glassy carbon electrode as the
WE, a platinum wire as CE and a saturated calomel electrode
as RE. All compounds were studied in a solution of tetrabuty-
lammonium hexafluorophosphate in 100 mM concentration as
the supporting electrolyte and the respective compound in 1 mM
concentration. Due to the low solubility of diphenoquinone 3a
in acetonitrile, all three diphenoquinones (3a–c) were studied in
DMF, as well as hydrodiphenoquinone 4a. Benzoquinones (1a–
c), hydrobenzoquinones (2a–c) and hydrodiphenoquinones 4b
and 4c were studied in acetonitrile.

4 Conclusion

This work was focused on the development of several quinones,
diphenoquinones and their corresponding reduced forms,
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hydrobenzoquinones and hydrodiphenoquinones. The tetra-
tert-butyldiphenoquinone exhibited two reversible ETs, which
displayed ETs at standard potential (E0) at E0 = −0.53 V and
E0 = −0.92 V versus SCE, a good example for the benzoquinones
and diphenoquinones. However, for all the others, they
displayed chemically irreversible ET, or either chemically
irreversible or quasi-reversible ETs (as can be seen for the di-tert-
butylhydrobenzoquinone that demonstrated two irreversible ETs
at Epc = 0.31 V and Epa = 1.00 V versus SCE). These compounds
are extremely sensitive to oxygen and moisture in solution
that can regulate a part of the rate of ET process, leading then
to become a quasi-reversible process on the time scale of our
scan. Due to their wide range of redox potentials, quinones and
hydroquinones have found applications in the field of energy
storage, particularly in RFBs. One significant advantage of
the developed compounds is the two-ET characteristic, which
enhances the usefulness of quinones in the construction of
all-quinone flow battery systems. From the gathered data in
this study, diphenoquinones (3) seem to be the most promising
family of compounds to apply in the RFBs.
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