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a b s t r a c t 

Experimental and theoretical results on the aqueous reactions of various substituted 1,4-bnzoquinone 

derivatives (2–tert –butyl–, 2-methyl-, 2–chloro-, 2,6-dichloro- and the unsubstituted 1,4-benzoquinone) 

are reported. The rate law of the process was confirmed to be first order with respect to the quinone, first 

order with respect to hydrogen peroxide, and inverse first order with respect to hydrogen ion, which is 

interpreted by a rate controlling reaction between the quinone and the mononegative hydroperoxide ion. 

Activation parameters are reported for each substituted quinone except for the 2–tert –butyl derivative, 

where the influence of parallel and consecutive processes made it impossible to determine these kinetic 

parameters with satisfactory precision. The trend of the activation parameters was interpreted by Ham- 

mett correlation. In the quantum chemical studies, the M06-L functional along with the 6–311 + G (d,p) 

basis set was used to optimize the relevant structures including the transition states of the rate control- 

ling step. The results of the theoretical calculations were in reasonable agreement with the experimental 

findings. 

© 2022 The Author(s). Published by Elsevier B.V. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

1,4-Benzoquinone derivatives form a versatile family of com- 

ounds, which have notable significance in a number of 

bio)chemistry-related fields. Ubiquinone plays a vital role in the 

espiration apparatus [1] , plastoquinone and phylloquinone are im- 

ortant parts of the photosynthetic process [ 2 , 3 ]. Vitamin K, which

s vital to humans, also refers to a group of compounds with the 

,4-benzoquinone structural motif [ 4 , 5 ]. Natural dyes lawsone [6] 

nd alizarin [7] also have quinoidal structures. In the chemical in- 

ustry, millions of tons of hydrogen peroxide are produced each 

ear through a refined process relying on anthraquinone [8] . Chlo- 
Abbreviations: IRC, Intrinsic reaction coordinate; Q, 1,4-benzoquinone; QCl, 

–chloro-1,4-benzoquinone; Q-2,6-Cl 2 , 2,6-dichloro-1,4-benzoquinone; QMe, 2- 

ethyl-1,4-benzoquinone; Q-2,6-Me 2 , 2,6-dimethyl-1,4-benzoquinone; Q-2,6-OMe 2 , 

,6-dimethoxy-1,4-benzoquinone; Q-2,3-OMe 2 –5-Me, 2,3-dimethoxy-5-methyl-1,4- 

enzoquinone; Q t Bu, 2–tert –butyl–1,4-benzoquinone; QR, 1,4-benzoquinone deriva- 

ive; QR-OH, hydroxy–1,4-benzoquinone derivative; SMD, Solvation Model Based on 

ensity. 
∗ Corresponding author. 

E-mail address: oszk@gamma.ttk.pte.hu (K. Ősz) . 
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anil (tetrachloro-1,4-benzoquinone) is a commonly used oxidiz- 

ng agent in organic chemistry [9] , whereas water suitable an- 

hraquinones are promising candidates for use in flow batteries be- 

ause of their highly reversible redox transformations [ 10 , 11 ]. 

Quinones appear in the oxidative degradation pathway of 

ost aromatic compounds; they are often accumulating inter- 

ediates [12] . They are also known to be sensitive to light 

 13 , 14 , 15 , 16 , 17 , 18 , 19 , 20 , 21 , 22 , 23 , 24 , 25 ], which is contributes to

heir significance in photosynthesis, but also complicates non- 

hotochemical degradation studies of pollutants. It was confirmed 

hat kinetics of the oxidative removal of chlorinated phenols in wa- 

er is highly sensitive to light, even ambient light alters the ob- 

ervations quite significantly [23] . It was also shown that this is 

aused by the photosensitivity of chlorinated quinones, which ap- 

ear as high-concentration intermediates in the process [23] . De- 

ailed studies showed that the aqueous photoreactions of quinones 

roduces a mixture of hydroquinones and hydroxyquinones, so 

here is a competition between reduction and hydroxylation [24] . 

he overall quantum yield is close to 1, and the reduction path- 

ay produces oxygen, so this system was identified as a potential 

andidate in the chemical storage of the energy of light [ 26 , 27 ].
under the CC BY-NC-ND license 
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Table 1 

Detection wavelength ( λ), ε, temperature dependent k, k b and activation parameter values for different substituted 1,4-benzoquinone derivatives. 

∗Data from [Ref. 22] ∗∗: Data from [Ref. 28] . 
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owever, the hydroxylation pathway is a dead end in this process, 

hich shortens the lifetime and decreases the efficiency. Therefore, 

ethods to suppress the formation of hydroxyquinones must be 

ought. 

Follow-up studies showed that hydroxyquinones are also 

ormed from 1,4-benzoquinoes in a non-photochemical reaction 

ith hydrogen peroxide [ 22 , 28 ]. This process gave an impor- 

ant way of studying the properties of the hydroxylated prod- 

cts independently of the photochemistry of quinones. Initial re- 

ults on the rate law of the process were published [28] , and 

 later study connected the reactivities of various substituted 

uinone derivatives to the redox potential of the correspond- 

ng two-electron quinone-hydroquinone electron transfer process 

22] . 

The present study aims to broaden the scope of earlier studies 

y reporting kinetic details of the reactions between hydrogen per- 

xide and a number of substituted quinones. The substituents were 

hosen so that both electron-withdrawing and electron-donating 

nes are included. Quantum chemical calculations are also re- 

orted to interpret the experimental findings. 

. Experimental 

.1. Materials 

Solid 1,4-benzoquinone (Q) and its derivatives (QR) were pur- 

hased from Alfa Aesar and used as received. The substituents on 

he benzoquinone ring were selected such that they provided a 

easonably large range of electron withdrawing and electron prop- 

rties but still had an aqueous solubility sufficient for detailed 

tudies. The concentrations of the aqueous stock solutions used 

or the kinetic experiments were typically 1 × 10 –3 mol dm 

–3 . 1,4- 

enzoquinones are photosensitive compounds in aqueous solution. 

herefore, fresh solutions in water were prepared for all experi- 

ents in brown glass volumetric flasks. As the aqueous solubility 

f these quinones is not very high, the dissolution of the solid Q 

nd QRs was aided using an EMMY-40-HC-EMAG ultrasonic bath at 

oom temperature. The concentrations of the solutions were calcu- 

ated based on the mass of the solid and the volume of the solu- 

ion prepared. 

30% (w/w) hydrogen peroxide solution (analytical grade, puris- 

imum) was purchased from VWR. The accurate concentrations of 
2 
he solutions used for the oxidation experiments were determined 

y permanganometric titrations. 

The investigated oxidation reactions were proved to be sen- 

itive to pH. Therefore, NaH 2 PO 4 /Na 2 HPO 4 buffer solutions were 

repared using sodium dihydrogen phosphate dihydrate (analyti- 

al grade, Normapur) and di-sodium hydrogen phosphate dodec- 

hydrate (analytical grade, Normapur), both purchased from VWR. 

n the absence of any buffer, the pH of the solution becomes acidic 

uring the measurements because of the acidic proton in the prod- 

ct hydroxyquinone. So, most kinetic curves were measured in 

queous buffered solutions at pH = 6.4. 

.2. Instruments and softwares used for temperature dependent 

inetic measurements 

The pH values of the buffered benzoquinone solutions were 

easured with a Metrohm hydrogen ion selective glass electrode 

onnected to an ABU 93 Triburette. 

A Shimadzu UV-1601 double beam spectrophotometer with a 

CC-240A thermostat and UV-Probe software was used for the 

inetic study on the formation of hydroxyquinones. For every 

uinone derivative, only one wavelength at the maximum ab- 

orbance of the product in the visible range was used to follow 

he reaction. These wavelength values are listed in Table 1 . 

The reactions were measured in 1.00-cm path length quartz cu- 

ettes in the 10–40 °C temperature range. For the temperatures 

ther than room temperature, a 10-min pre-thermostating period 

f the samples was use before the kinetic measurements. 

The least squares fitting of the measured data was carried out 

sing the general fitting software MicroMath SCIENTIST [29] . 

.3. Spectrophotometric determination of pK a for the tert –butyl 

erivative of hydroxy–1,4-benzoquinone 

For the determination of the p K a values of the hydroxyquinone 

erivative of 2–tert –butyl–1,4-benzoquinone, the solution was pre- 

ared by adding H 2 O 2 to 1 × 10 –4 mol dm 

–3 aqueous solutions of 

–tert –butyl–1,4-benzoquinone at different pH values. The pH (in 

he range 5.59–9.20) was set using phosphate buffers. Oxidation of 

hese samples was followed by spectrophotometry. The MicroMath 

CIENTIST program [29] was used to evaluate the data at 291 nm. 

t was found that at pH higher than 8, rapid polymerization reac- 

ion [ 24 , 30 ] of the hydroxyquinone derivative affects the spectra. 
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s a result, only the data points at pH < 8 were used for calcula-

ion of the p K a . 

.4. NMR measurements 

1 H NMR spectra were measured on a BRUKER DRX 400 instru- 

ent operating at 400 MHz and at 25 °C. As a solvent, 99.99% D 2 O

for the 2-methyl-1,4-benzoquinone only) or H 2 O:D 2 O = 70:15 (af- 

er the addition of the oxidant) was used. The pH of the solution 

as kept constant using a 0.50 mol dm 

–3 phosphate buffer (pH 

.3). Chemical shifts were referenced to the water signal. For the 

valuation of the spectra, the MestReNova NMR software was used. 

.5. Theoretical calculations 

For all the calculations, the Gaussian 16 software package was 

mployed [31] . All structures were fully optimized employing the 

06-L functional developed by Truhlar and Zhao along with the 

–311 + G (d,p) basis set [ 32 , 33 ]. The M06-L functional was found to

e accurate for main group thermochemistry and it is especially 

ccurate for systems with noncovalent interactions [34] . The sta- 

ionary points were characterized by frequency calculations to ver- 

fy that they have zero imaginary frequencies for equilibrium ge- 

metries and one imaginary frequency for transition states. Ther- 

ochemistry corrections were taken from frequency calculations 

t 298.15 K and 1 bar. Intrinsic reaction coordinate (IRC) analyses 

35] were carried out throughout the reaction pathway to confirm 

hat the stationary points are smoothly connected to each other. 

he effect of the solvent was taken into account utilizing the SMD 

olvation model, introduced by Marenich, Cramer, and Truhlar [36] , 

ith the dielectric constant of εr ( ω) = 78.3553 for water. The SMD 

ethod is based on the charge density of a solute molecule in- 

eracting with the solvent represented as continuum. The full so- 

ute electron density is employed without the definition of partial 

tomic charges, therefore the ‘‘D’’ stands for ‘‘density’’ in the ab- 

reviation of the model. 

The choice of the computational model was based on our pre- 

ious experience with water-phase systems. [37] For the predic- 

ion of the Hammett constant via proton transfer free energies, we 

tudied several functionals, including M0 6, M0 62X, and B2PLYP (as 

ell as several solvation models) and M06-L proved to be the most 

ccurate one especially when combined with Pople basis sets. 

. Results and discussion 

.1. Kinetic measurements, determination of the activation 

arameters 

The reaction between benzoquinone derivatives and hydrogen 

eroxide was measured for different substituted benzoquinones. 

he reaction itself together with the mechanisms is well-known 

 22 , 28 ]. The 2–tert –butyl–, 2-methyl-, 2–chloro-, 2,6-dichloro- and 

he unsubstituted 1,4-benzoquinone show the following reaction 

toichiometry and rate law: 

R + H 2 O 2 → QR-O 

– + H 

+ (1) 

 = k · [ QR ] · [ H 2 O 2 ] 

[ H 

+ ] 
= k �1 · [ QR ] where k �1 = k · [ H 2 O 2 ] 

[ H 

+ ] 
(2) 

In our experiments, the concentration of the oxidizing agent 

 2 O 2 was always much higher than that of the benzoquinone 

erivative, so the concentration of the oxidant was practically con- 

tant ( i.e. the kinetic method of flooding was used). The pH of the 
3 
olutions was also kept constant with buffers. Consequently, the ki- 

etic traces could be fitted with a single exponential function giv- 

ng the pseudo-first order rate constant, k �1 as a parameter of the 

urve: 

 = 

1 

�ε · l 
· dA 

dt 
= k �1 · [ QR ] or 

dA 

dt 
= ( ε · l · [ QR ] 0 − A ) · k 

[ H 2 O 2 ] 

[ H 

+ ] 
(3) 

here ε is the molar absorption coefficient of the hydroxy–

uinone at the wavelength of the measurement (see: Table 1 ) and 

t the pH of the kinetic run, �ε is the difference between the mo- 

ar absorption coefficients of QR-OH and QR at the wavelength of 

he measurement and the pH of the measurement, and l is the 

ath length of the cuvette (1.0 0 0 cm). The solution of Eq. (3) is

s follows: 

 = ε · l · [ QR ] 0 − �ε · l · [ QR ] 0 · e 
−kt 

[ H 2 O 2 ] 
[ H + ] (4) 

Based on the rate equation, k values for the different substi- 

uted derivatives were determined at different temperatures in the 

0–40 °C range. The k values are collected in Table 1 together with 

ome other measured parameters for the different derivatives. 

The rate equation described in Eq. (2) is explained by the fol- 

owing two-step mechanism, in which reaction (5) is a rapid pre- 

quilibrium [ 22 , 28 ]: 

 2 O 2 � H 

+ + HO 2 
− fast pre-equilibrium, K a (H 2 O 2 ) (5) 

R + HO 2 
−→ QR- O 

− + H 2 O rate determining step, k b (6) 

Based on the mechanism, the rate constant of the rate deter- 

ining step, k b can be calculated as follows: 

 b = 

k 

K a ( H 2 O 2 ) 
(7) 

The k b values for the different derivatives can be calculated 

sing the temperature dependent k values from the exponential 

urve fitting and the temperature dependent p K a (H 2 O 2 ) values 

38] . The activation parameters for the rate determining step can 

e calculated from the Eyring and Arrhenius plots of the tem- 

erature dependent k b values. These parameters are also listed 

n Table 1 . The activation parameter values for another deriva- 

ive, 2-methyl-1,4-benzoquinone published earlier are as follows: 

 a = 18.4 kJ mol −1 , �H 

‡ = 15.9 kJ mol −1 , �S ‡ = −129 J mol −1 

 

− 1 and �G 

‡ (at 25 °C) = 54.4 kJ mol −1 [22] . 

The difficulty of these measurements is that the oxidation re- 

ction does not stop when the original quinone is fully consumed. 

he excess of H 2 O 2 oxidizes also the hydroxyquinone further [22] . 

In the case of the 2–tert –butyl–1,4-benzoquinone (Q t Bu), there 

re many experimental difficulties: (i) the oxidation reaction is 

low compared to the same reaction of the other derivatives (see 

he k values at 25 °C in Table 1 , with bold letters) and, since the

ubstance is quite sensitive to light in aqueous solutions, the light- 

nduced photoreaction should also be taken into correction during 

he evaluation of the kinetic traces. (ii) The reaction can be fol- 

owed at a relatively short wavelengths (250 nm, the absorption 

aximum of Q t Bu, or 291 nm, the absorption maximum of Q t Bu-

H) where H 2 O 2 also has a substantial absorbance, so, the increase 

f the H 2 O 2 concentration is not a viable path to speed up the ox-

dation reaction. (iii) Increasing the pH is not a good way to accel- 

rate the reaction, either, because at basic pH, a polymerization re- 

ction of the hydroxy–1,4-benzoquinone derivatives occurs [ 24 , 30 ]. 

iv) The increase of the 2–tert –butyl–1,4-benzoquinone concentra- 

ion is limited by its relatively low solubility in water. (v) Since 

he reaction is slow and cannot be accelerated substantially (see 
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Fig. 1. Activation parameters in the 1,4-benzoquinone + H 2 O 2 reaction plotted as a function of Hammett substituent constants (a), and as a function of log K a (QR-OH) (b). 
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he reasons listed before), the less accurate initial rate method had 

o be used instead of full kinetic curves. Because of all these exper- 

mental difficulties, although the rate constant of the reaction can 

e determined with an acceptable precision ( k = (1.3 ± 0.1) × 10 –9 

 

–1 at 25 °C), the error of the activation parameters is too high for 

 meaningful comparison. 

Some other substituted 1,4-benzoquinone derivatives, namely: 

,6-dimethyl-1,4-benzoquinone (Q-2,6-Me 2 ), 2,6-dimethoxy-1,4- 

enzoquinone (Q-2,6-OMe 2 ) and 2,3-dimethoxy-5-methyl-1,4- 

enzoquinone (Q-2,3-OMe 2 –5-Me) were also measured with H 2 O 2 . 

or these derivatives, however, the hydroxyquinone was not de- 

ectable either because its formation was too slow compared to its 
σ

4 
ecomposition (Q-2,6-Me 2 ), or, because the oxidation affected the 

Me substituent instead of the benzoquinone ring (Q-2,6-OMe 2 
nd Q-2,3-OMe 2 –5-Me). 

.2. Substituent effect on the activation parameters 

Substituent effects have been evaluated primarily through elec- 

ronic effects as described in Hammett correlations [ 39 , 40 , 41 ].

ammett substituent constants ( σ ) for the investigated 1,4- 

enzoquinone derivatives were taken from [42] and these are as 

ollows: σ (Q t Bu) = −0.200, σ (QMe) = −0.170, σ (QCl) = 0.370 and 

(Q-2,6-Cl ) = 0.740. It is seen that these values span a range of 
2 
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Fig. 2. Computed structures and their relative Gibbs free energies of the t Bu substituted transition states describing the nucleophilic attack of the hydroperoxyl anion. The 

bottom line shows the expected population ratios based on Boltzmann distribution. Bond distances are given in Å. 

Fig. 3. Free energy profile for the formation of tert –butyl–hydroxyquionone (deprotonated, with one explicit water) from 2–tert –butyl–1,4-benzoquinone. Gibbs free energy 

values are given in kcal mol –1 . 
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bout 1.0, which is usually sufficient to draw meaningful conclu- 

ions for the sensitivity of the studied reaction for electron with- 

rawing and donating effects. In Fig. 1 (a), activation parameters are 

lotted versus the Hammett substituent constants. The other plot 

 Fig. 2 (b)) demonstrates the correlation between the log K a values 

f the hydroxy–1,4-benzoquinones (6.5( ±0.1) for Q t Bu-OH, 4.5 for 

Me-OH [22] , 3.4 for Q-OH [22] , 2.8 for QCl-OH [22] and 1.8 for Q-

,6-Cl 2 –OH [22] ) and the activation parameters determined in this 

ork. It is important to note that for the temperature-dependent 

inetic measurements, the pH value (pH 6.4) was set so that the 

ydoxy-1,4-benzoquinone product of the reaction is always over- 

helmingly in the RQ-O 

– (deprotonated) form (except for Q t Bu- 

H, where the initial rate method was used instead of full kinetic 

races, as explained earlier). 

As we can see from the activation parameter data of Table 1 , 

he activation entropy, �S ‡ depends on the number of substituents 

n the 1,4-benzoquinone ring (approx. −128 J mol –1 K 

–1 for mono- 

nd −142 J mol –1 K 

–1 for disubstituted derivatives). The other acti- 

ation parameters, however, depend on the electron donating or 

ithdrawing effects of the substituents. When these parameters 

re plotted against σ , a fairly good linear correlation can be seen 

ith E a and �H 

‡ . Earlier studies with the peroxomonosulfate ion 

howed that the entropy of activation is typically slightly more 

egative than −100 J mol –1 K 

–1 when it oxidizes in an oxygen 
o

5

tom transfer pathway; the data presented here seem to be in 

greement with this finding [43] . 

.3. Theoretical calculations 

The reaction of benzoquinones and hydrogen peroxide can be 

nterpreted as the nucleophilic attack of the hydroperoxyl anion on 

ne of the methylene carbons which are somewhat activated by 

he electron withdrawing character of the carbonyl groups. For the 

nsubstituted benzoquinones, all the four methylene carbons are 

quivalent, however, the inclusion of the tert –butyl group provides 

hree possible sites for the nucleophilic attack with three transition 

tates for the individual reaction channels (see Fig. 2 ). 

The activation free energy is 0.7 kcal mol –1 (3.0 kJ mol –1 ) larger 

hen the HOO 

– group is directed in the γ -position, instead of 

he β-position, and notably larger (3.8 kcal mol –1 , 15.9 kJ mol –1 ) 

or the α-position. This is in contrast with the reactivity sequence 

or the methyl substituent where the γ -attack is preferred (by 

.7 kcal mol –1 , 7.1 kJ mol –1 ) over the β-attack, in agreement with

he previous experiments, followed by the barrier for the α-attack 

3.6 kcal mol –1 , 15.1 kJ mol –1 ). For 2–chloro-1,4-benzoquinone, the 

OO 

– anion prefers to react with the γ -carbon as well. Interest- 

ngly, the second most preferred position for the nucleophilic at- 

ack is the α-position, with a difference in free energy barrier 

f 0.3 kcal mol –1 (1.3 kJ mol –1 ) and the least preferred site is 
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[

[

[

[  
he β-carbon (1.4 kcal mol –1 , 5.9 kJ mol –1 ). It should be noted

hat for the chloro–substituted 1,4-benzoquionone all the three 

athways are feasible albeit to different extents. For 2-methyl- 

,4-benzoquionone, the nucleophilic attack takes place on the γ - 

arbon, whereas for the tert –butyl derivative, the β-attack is pre- 

erred, but the route via the γ -attack cannot be excluded either. 

The reaction mechanism was computed for the reaction 

f 2–tert –butyl–1,4-benzoquionone with the HOO 

– group and 

he free energy diagram is depicted in Fig. 3 . The free en- 

rgy profile shows close resemblance with the unsubstituted 

ase [22] , with similarly overall (highly negative) reaction free 

nergies. 

As discussed above, the nucleophilic attack of the hydroperoxyl 

nion leads to the formation of the oxirane derivative 3 via transi- 

ion state 2TS . As this elementary step is highly exergonic and ir- 

eversible, it can be considered as the selectivity determining step. 

n basic environment, the oxirane reacts with the OH 

– ion, losing 

he more weakly bound hydrogen in 6-position, affording the un- 

table intermediate 4 . Species 4 undergoes a ring opening reaction, 

ssisted by the explicit water molecule via 5TS leading to the de- 

rotonated form of the tert –butyl–hydroxyquionone product in a 

ighly exergonic step. The step 3 → 4 → 5TS → 6 is the rate de- 

ermining step with an overall barrier of 21.6 kcal mol –1 (90.4 kJ 

ol –1 ). 

. Conclusion 

From both the experimental and theoretical results presented 

n this paper, it is clear that the rate controlling step of the reac-

ion between hydrogen peroxide and 1,4-benzoquinones involves a 

ucleophilic attack of the hydroperoxide ion (HO 2 
−) on the ben- 

oquinone ring. This attack is only feasible on carbon atom that 

re bonded to a hydrogen atom. Electron withdrawing substituents 

ecrease the activation energy, whereas electron donating ones in- 

rease it. The activation parameters and the p K a values of the prod- 

ct hydroxy–quinones correlate quite nicely with the Hammett 

ubstituent constants, which implies that electronic effects domi- 

ate the mechanism. 

A further interesting implication of the findings is relevant to 

he possible use of quinones in photochemical energy storage. 

erivatives of 1,4-benzoquinone are known to undergo photochem- 

cal reduction in aqueous solution with the simultaneous forma- 

ion of dioxygen. The overall efficiency and the quantum yield of 

he process is usually enhanced by the presence of electron with- 

rawing substituents on the quinone. In this process, the forma- 

ion of the hydroxy–quinone in side reactions is a dead end and 

hould be suppressed. However, the present study shows that the 

lectron-withdrawing substituents also facilitate this side reaction. 

s a consequence, in a general strategy, attempts must be made to 

ower the losses to this side reaction by a suitable application of 

teric effects. 

eclaration of Competing Interest 

The authors declare that they have no known competing finan- 

ial interests or personal relationships that could have appeared to 

nfluence the work reported in this paper. 

RediT authorship contribution statement 

Éva Józsa: Investigation, Formal analysis. Laura Barbara Jenei: 

nvestigation, Formal analysis. Tamás Kégl: Investigation, Formal 

nalysis, Writing – original draft. Katalin Ősz: Conceptualization, 
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