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Abstract. 23 

 24 

The effect of carbonyl groups in the ortho position with respect to a hydroxyl group on the 25 

electrochemical oxidation of hydroquinones in acetonitrile is studied. The electrochemical response 26 

of hydroquinone on a glassy carbon electrode in 0.1 M tetrabutylammonium perchlorate was 27 

investigated in detail by voltammetry and coulometry. From these experiments, the oxidation 28 

potential was shifted to more positive values respect to hydroquinone due to the presence of 29 

electron withdrawing groups bonded to the aromatic ring. For all compounds a diffusional behavior 30 

was observed, and the diffusion coefficient (D) of substituted hydroquinones was calculated 31 

showing higher values than found for unsubstituted hydroquinone. Theoretical calculations were 32 

carried out to gain insights about the intramolecular hydrogen bond present in these molecules 33 

affecting their electrochemical behavior. Relevant theoretical data are optimized geometrical 34 

parameters, HOMO energy, condensed radical Fukui functions (f °), natural charges, Wiberg bond 35 

orders (WBO), stabilization energies caused by electron transfer, and hyperconjugation stabilization 36 

energies from the NBO analysis. In the most cases, the calculations show good agreement with 37 

experimental 1H-NMR data and support the electrochemical results. 38 

 39 

 40 

 41 

 42 

 43 

 44 

 45 

Keywords: Hydroquinone Derivatives; Electrochemical Oxidation; Intramolecular Hydrogen Bond; 46 

Standard Rate Constant; Diffusion Coefficient.    47 
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1. Introduction. 48 

The o- and p-dihydroxybenzene moieties are widely distributed in nature. They are oxidized, 49 

generally under mild conditions, to yield quinones. Cells use this type of reaction to transport an 50 

electron pair from one substance to another, for example, in mitochondrial ATP synthesis and in 51 

photosynthesis.1, 2
 For this reason, the study the study of the electron and proton transfer mechanism 52 

of the p-quinone/p-hydroquinone and o-quinone/catechol systems is a matter of great theoretical 3-5 53 

and experimental interest. 6-11 54 

Furthermore, the dihydroxybenzene isomers are widely used in many fields, such as the 55 

cosmetic, dyes, pharmaceutical, and chemical industries. Quinones, hydroquinones, catechols and 56 

resorcinols have biological properties that include anti-tumor,12-14 antimicrobial 15, 16 and antifungal 
57 

activity,17, 18 among others. 19-21 58 

Many studies in aprotic and protic media have shown the effect of Brønsted bases and acids 59 

on the electrochemistry of quinoid compounds by hydrogen bond formation and proton transfer.22-24 60 

The oxidation of H-bonded phenols generally takes place by concerted proton−electron transfer 61 

(CPET) reactions,25-28 although there are some exceptions.29, 30 The importance of proton transfer is 62 

also indicated by the substantially larger rate constants for compounds which can undergo proton 63 

loss vs. compounds which cannot undergo proton loss with the same photo-oxidant.31 64 

A correlation between 1H-NMR chemical shift and IR frequency as indicators of H-bond 65 

strength, and the quinone half-wave reduction potential has been described, showing that the strong 66 

hydrogen bonds make the reduction of quinones easier. 32 Many other authors have published 67 

results of hydroquinones oxidation or quinone reduction having intramolecular hydrogen bonds. In 68 

all cases it has been shown that the formation of intramolecular hydrogen bonds causes a substantial 69 

variation of the half-wave potential potential.31-34 70 

The electro-oxidation of phenols and derivatives has a very complex mechanism, as shown 71 

in Scheme 1. There are many species related by electron and proton transfer which occurs as a 72 
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consequence of bimolecular interactions and primary electrode processes. The experimental 73 

variables have proven to be crucial in the predominance of one species over another. 35 74 

OH
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e
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H+
e
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- H+
H+
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R
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Products

 75 

Scheme 1. Electro-oxidation of phenol and derivatives. 76 

 77 

The possible products formed from the phenoxonium ion (IV) (Scheme 2) can be divided 78 

into two groups, depending on the reaction pathway. If the substituent is OH, ortho- or para-79 

benzoquinone derivatives (X and XI) are formed by proton loss from the ortho- or para-hydroxyl 80 

group on the phenoxonium ion (IV).35    81 

O

Y

Z
- H+

Y = OH and Z = H, R

or

Y = H, R and Z = OHO

O

Z O

O

Y

or

(IV) (X) (XI)  82 

Scheme 2. Quinones formed by proton loss from the phenoxonium ion. 83 

 84 

Electrochemical studies using cyclic voltammetry, chronoamperometry, chronocoulometry, 85 

differential pulse voltammetry, linear sweep voltammetry, etc., have been used to investigate 86 
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mechanistic, kinetic and electroanalytical aspects of the quinone/hydroquinone redox system.36-39 87 

On the other hand, several theoretical calculation methods are used to study molecules and their 88 

reactions. The natural bond orbital (NBO) method 40 has been recognized as a powerful tool to get 89 

insights into orbital interactions, stabilization energies caused by electron transfer, and 90 

hyperconjugation stabilization energies. 41, 42 The NBOs are one of the consequences of natural 91 

localized orbital sets that include natural atomic (NAO), hybrid (NHO) and semi-localized 92 

molecular orbital (NLMO) sets, intermediate between basis atomic orbitals (AOs) and canonical 93 

molecular orbitals (MOs). 40   94 

 95 

AOs�NAOs�NHOs�NBOs�NLMOs�MOs              (1) 96 

 97 

The NBO method involves population analysis, which distributes computed electron density 98 

to orbitals in the way a chemist thinks in terms of physical organic chemistry. The interaction 99 

between filled and antibonding orbitals represents the deviation of the molecule from the Lewis 100 

structure and can be used as a measure of the delocalization due to the presence of hydrogen 101 

bonding interaction. 40 The hyperconjugative interaction between lone pair (LP) on acceptor oxygen 102 

and sigma antibonding on donor H-O (LPO � σ∗H-O´) in the O…H-O´ complex, has been 103 

described as a major contribution to hydrogen bond interaction obtained by NBO analysis. 43-45 104 

With second-order perturbation theory analysis, the donor-acceptor interaction (stabilization 105 

energy) can be calculated. 40   106 

In this paper we study the effect of carbonyl groups in the ortho position with respect to a 107 

hydroxyl group on the electrochemical oxidation of hydroquinones in acetonitrile. The 108 

electrochemical response of hydroquinone on a glassy carbon electrode in 0.1 M 109 

tetrabutylammonium perchlorate was investigated in detail by voltammetry and coulometry. From 110 

these experiments, we determined the influence of the substituent on the electrochemical oxidation 111 
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peak, the transferred electron numbers, the diffusional process and diffusion coefficient (D) of 112 

hydroquinones. The oxidation potentials were correlated with theoretical parameters. 113 

 114 

  115 
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2. Experimental 116 

2.1. Hydroquinones. 117 

 118 

HQ HQ1 HQ2 HQ3 

 

  

OH

OH

HO

O

  
     

HQ4 HQ5 HQ6 HQ7 HQ8 

 

  

 

  
 119 

 120 

Figure 1. Chemical structures of the investigated compounds. 121 

 122 

Hydroquinone (HQ), 2’,5’-dihydroxyacetophenone (HQ1), 2,5-dihydroxybenzoic acid (HQ2), 123 

2’,4’-dihydroxyacetophenone (HQ6) and 3,4-dihydroxybenzoic acid (HQ8) are commercially 124 

available and were used without further purification. Ethyl 2,5-dihydroxybenzoate (HQ3) was 125 

synthesized by Fischer esterification, using HQ2 and ethanol as reagents and sulfuric acid as 126 

catalyst; their physical constants agree with those reported in the literature. 46 2-Bromo-1-(2,5-127 

dihydroxyphenyl)ethanone (HQ4) and 1-(2-chloro-3,6-dihydroxyphenyl)ethanone (HQ7) were 128 

synthesized by described procedures. 47, 48 The chemical structures of all the studied hydroquinones 129 

are shown in Figure 1. 130 

Synthesized compounds:  131 

1-(2,5-dihydroxyphenyl)-2-iodoethanone (HQ5). 132 

Four hundred milligrams (1.73 mmol) of 2-bromo-1-(2,5-dihydroxyphenyl)ethanone (HQ4) were 133 

dissolved in 50 mL of acetone and then 649 mg (4.3 mmol) of sodium iodide dissolved in 20 mL of 134 

acetone were added. The reaction mixture was stirred for 2 hours and was then heated under reflux 135 

Page 7 of 29 New Journal of Chemistry

N
ew

Jo
ur

na
lo

fC
he

m
is

tr
y

A
cc

ep
te

d
M

an
us

cr
ip

t



8 
 

for 30 minutes. The solvent was removed under vacuum and the residue was purified by flash 136 

column chromatography on silica gel using a 2:1 mixture of hexane – ethyl acetate. 137 

Yellow solid. Yield: 80%. MP: 120.5-121 °C. IR (KBr, cm-1) 3287, 3221, 3179, 1642, 1618, 1569, 138 

1484, 1476, 1425, 1367, 1309, 1263, 1209, 1086, 1011, 924, 833, 829, 789, 647.1H-NMR (CDCl3, 139 

300 MHz) δH 4.32 (s, 2H, CH2), 4.75 (s, 1H, HO-C5), 6.93 (d, J = 8.9 Hz, 1H, H-C3), 7.08 (dd, J = 140 

2.9, 8.9 Hz, 1H, H-C4), 7.18 (d, J = 2.9 Hz, 1H, H-C6), 11.46 (s, 1H, HO-C2). 13C-NMR (75 MHz, 141 

DMSO-d6) δC 6.75, 115.32, 118.54, 118.64, 124.49, 149.51, 153.21, 197.27. HRMS (EI, 70 eV) 142 

M+ m/z 277.94423 – Calculated for C8H7IO3: 277.94399. 143 

 144 

2.2. Electrochemical experiments 145 

2.2.1 Electrolytic medium: acetonitrile containing 0.1 M tetrabutylammonium perchlorate (TBAP). 146 

The working concentrations of each hydroquinone varied between 0.1 mM and 2 mM. 147 

 148 

2.2.2. Differential pulse voltammetry (dpv), cyclic voltammetry (cv) and linear sweep voltammetry 149 

(lsv). 150 

They were carried out with a CH Instrument 760-C electrochemical work station. All the 151 

voltammetric experiments were carried out with 1.0 mM solutions of each hydroquinone. A 152 

stationary glassy carbon electrode (GCE, CH Instrument, with an area of 0.0707 cm2) was used as 153 

working electrode for the dpv and cv experiments. For hydrodynamic experiments, a rotating disk 154 

glassy carbon electrode was employed (CH Instrument, with an area of 0.0707 cm2). The surface of 155 

the disk was polished to a mirror finish with 0.1 µm alumina powder before use and after each 156 

measurement. Platinum wire was used as auxiliary electrode, and all potentials were measured 157 

against a nonaqueous Ag/Ag+ reference electrode CH Instrument 112. For all experiments, the 158 

resistance was compensated automatically. 159 

2.2.3. Coulometric analyses 160 
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Studies on exhaustive electrolysis were carried out during two hours at constant electrode potential 161 

(+0.2 V peak potential found by dpv showed in Table 1,) in a divided cell, on a glassy carbon mesh 162 

electrode using 30 mL of 1x10-5 M solutions of the compounds. A three-electrode circuit with a 163 

reference non aqueous Ag/Ag+ and platinum wire as counter electrode were used. A CH Instrument 164 

760-C assembly was used to electrolyze the hydroquinone solutions. The net charge was calculated, 165 

including correction for the estimated background current. 166 

 167 

2.2.4. Characterization of the synthesized compounds. 168 

Melting points were uncorrected and measured on a Büchi SMP-20 or a Gallenkamp melting point 169 

apparatus. Infrared spectra were recorded on a NICOLET 510P FT-IR spectrophotometer for KBr 170 

discs, and the frequencies are given in cm-1. NMR spectra were obtained in a Bruker AVANCE 171 

DRX 300 instrument at 300.13 and 75.5 MHz for 1H and 13C NMR, respectively. Chemical shifts 172 

(δ) are reported in parts per million downfield from TMS for 1H NMR, or relative to residual 173 

solvent signals (CHCl3, 7.26 ppm for 1H NMR, DMSO-d6, 39.52 ppm for 13C NMR spectra). 13C 174 

NMR spectra were acquired on a broad-band decoupled mode. Silica gel 60 (230-400 mesh ASTM) 175 

and DC-Alufolien 60 F254 were used for flash-column chromatography and analytical TLC, 176 

respectively.  177 

 178 

2.2.5. Theoretical Calculations. The calculations were carried out using the Gaussian 03 program 179 

package 49. Geometries were optimized at the B3LYP/6-311++G** level for C, H, O, Cl, and Br, 180 

and at the B3LYP/SDB-cc-pVTZ level for I. No imaginary frequencies were found at the optimized 181 

molecular geometries, indicating that they are real minima of the potential energy surface. NBO 182 

calculation was carried out with the 6-311G** basis set to avoid the problems associated with 183 

diffuse functions in this kind of calculation. 50 184 

 185 

  186 
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3. Results and discussion 187 

3.1. Differential pulse voltammetry (dpv) results. 188 

Dpv results reveal that HQ and HQ derivatives exhibited one well-defined anodic peak at 189 

potentials higher than +0.8 V versus Ag/AgCl(sat) ( 190 

Figure 2, Table 1). Oxidation peak potential values of HQ derivatives were shifted towards 191 

more positive values compared with HQ (Ep, HQ= +0.88 V). The results of the oxidations of HQ and 192 

HQ derivatives are shown in  193 

Figure 2 and Table 1. 194 

0.5 1.0 1.5 2.0

HQ8

HQ7

HQ6
HQ5
HQ4
HQ3

HQ2

HQ

HQ1

E / V (vs Ag/AgCl sat)

20 µµµµA

 

 

 195 
Figure 2. Dp voltammograms of 1.0 mM solutions of the investigated compounds. Non aqueous 196 

medium: acetonitrile + 0.1 M tetrabutylammonium perchlorate 197 

 198 

Oxidation of these hydroquinones is dependent on two factors: the electronic effects of substituents 199 

on the aromatic ring, and the formation of an intramolecular hydrogen bond (IHB) between a 200 

hydroxyl group and a substituent in the ortho-position (Figure 1). The oxidation potential of 201 

substituted HQs is increased compared to HQ due to the presence of electron withdrawing groups 202 
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bonded to the aromatic ring, because they decrease its electron density as well as that on the 203 

hydroxyl oxygen atom, hindering the loss of one electron from it. Additionally, the potential 204 

depends on the strength of the intramolecular hydrogen bond of the phenolic hydroxyl. A strong 205 

hydrogen bond facilitates oxidation because it increases the electron density on the oxygen atom, 206 

facilitating the transfer of electrons.  207 

Table 1. 208 Kinetic and 

electrochemical parameters of hydroquinone and its derivatives. 209 

 210 

 211 
 

212 

 
213 

 
214 

 
215 

 
216 

a
 Oxidation potential obtained (vs. Ag/AgCl sat) from dpv experiments of 1.0 mM solutions in 217 

acetonitrile + 0.1 M tetrabutylammonium perchlorate. 218 

b
 Electron numbers obtained by coulometric experiments of 1.0 x 10

-5
 M solutions of HQ and 219 

HQ derivatives in acetonitrile + 0.1 M tetrabutylammonium perchlorate. The assays were 220 

made three times (RSD = ±±±± 0.0426). 221 

c
∆Ep = Epa – Epc for cv experiments at 0.1 Vs

-1
. 222 

 223 

To explore and quantify both the effects of substituent on the ring and the IHB, and establish their 224 

relation with the oxidation potential we used DFT calculations.  225 

Derivative Ep
a
/ V n

b
 ∆Ep

c
 / V D / cm

2
 s

-1
 

HQ 0.880 2.023 0.553 2.77 x 10-5 
HQ1 1.028 1.986 0.798 2.61 x 10-5 
HQ2 1.024 1.883 0.458 2.60 x 10-5 
HQ3 1.032 1.857 0.721 2.40 x 10-5 
HQ4 1.080 1.789 0.639 2.06 x 10-5 
HQ5 1.076 1.792 0.692 1.82 x 10-5 
HQ6 1.632 1.655 0.832 2.16 x 10-5 
HQ7 0.920 2.136 0.717 2.16  x 10-5 
HQ8 1.064 1.955 0.519 2.58 x 10-5 
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 226 

3.2. DFT calculations 227 

The optimized geometric parameters, HOMO energy and condensed radical Fukui functions 228 

(f°) are summarized in Table 3, respectively. The natural charges (q) and the Wiberg bond order 229 

(WBO) from the NBO analysis for the optimized geometries from HQ to HQ8 are presented in 230 

Table 4 and Table 5, respectively. The stabilization energies for selected NBO donor-acceptor pairs 231 

in the HQs, given by second order perturbation energies of the Fock matrix in the NBO basis, are 232 

presented in Table 6. According to these results, substituents on the aromatic ring, for HQ1 to HQ8, 233 

increase the O1-H1 distance compared to HQ. The differences in the O3…H1 distances and in the 234 

O1-H1-O3 angles between HQs (Table 3) are indicative of differences in the IHB strength. On the 235 

other hand, the condensed radical Fukui function indicates the most susceptible site for a radical 236 

attack leading to a loss or a gain of an electron. With this criterion we found that, for all HQs, O1 is 237 

the more reactive center for electron abstraction. Besides, the reduction of the natural charge on O1 238 

should increase their oxidation potential compared to HQ. Our results show that HQ1 to HQ7 show 239 

a reduced natural charge on O1 compared with HQ, in agreement with the experimental data. On 240 

the other hand, the WBO reflect the change caused by aromatic ring substituents on the 241 

intramolecular hydrogen bond, which also affects the ability of the HQs to transfer electrons. The 242 

WBO for O3….H1 changes from HQ1 to HQ7 depending on the nature of the carbonyl group and 243 

the aromatic ring substituents. 244 

Table 2. The optimized structures, HOMO and LUMO orbitals of the investigated HQs. 245 

 246 
 Optimized structure HOMO LUMO 

HQ 
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HQ1 

   

HQ2 

 
 

 

HQ3 

 
 

 

HQ4 

  
 

HQ5 

 
  

HQ6 
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HQ7 

 
  

HQ8 

   
B3LYP/ 6-311++G(d,p) is used for C, H, O, Cl and Br atoms. SDB-cc-pVTZ is used for I atom. 247 

 248 

 249 

Table 3. Geometric parameters and condensed radical Fukui functions 250 

O
H

O

R

1
2

5

OH3  251 

 dO5..H2 dO1-H2 ∠∠∠∠O1-H2-O5 EHOMO fOx1° (10
-2

) fOx3° (10
-2

) Ep(exp) 

HQ - 0.962 - -0.21647 7.50 7.50 0.880 

HQ1 1.696 0.986 146.310 -0.22618 9.18 6.96 1.028 

HQ2 1.774 0.980 144.449 -0.22814 8.73 7.35 1.024 

HQ3 1.760 0.981 145.066 -0.22206 8.84 7.18 1.032 

HQ4 1.711 0.984 145.361 -0.23478 9.13 7.09 1.080 

HQ5 1.707 0.984 145.397 -0.23378 9.13 7.10 1.076 

HQ6 1.669 0.991 147.646 -0.24226 8.64 3.70 1.632 

HQ7 1.591 0.993 147.341 -0.23160 9.16 6.87 0.920 

HQ8 2.156 0.966 112.717 -0.23982 9.07 6.27 1.064 

Distances in Angström; angles in degrees, energies in a.u.; potentials (Ep) in volts; E in eV; fOxig° 252 

radical Fukui function. 253 

  254 
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Table 4. Natural charges for selected atoms in HQ compounds. 255 

 256 
 HQ 

 

HQ1 

 

HQ2 

 

HQ3 

 

HQ4 

 

HQ5 

 

HQ6 

 

HQ7 

 

HQ8 

 

O1 -0.678 -0.672 -0.670 -0.673 -0.662 -0.663 -0.665 -0.661 -0.666 
H1 0.459 0.502 0.494 0.493 0.494 0.494 0.493 0.491 0.477 
O2  -0.677 -0.675 -0.677 -0.674 -0.674 -0.657 -0.672 -0.696 
H2  0.466 0.462 0.461 0.462 0.462 0.467 0.474 0.477 
O3  -0.611 -0.651 -0.654 -0.585 -0.591 -0.620 -0.609  

 257 

 258 

Table 5. Wiberg bond order for HQs. 259 

 260 
 HQ 

 

HQ1 

 

HQ2 

 

HQ3 

 

HQ4 

 

HQ5 

 

HQ6 

 

HQ7 

 

HQ8 

 

C1-O1 0.998 1.101 1.086 1.083 1.098 1.103 1.115 1.116 1.026 
O1-H1 0.775 0.658 0.679 0.676 0.671 0.662 0.654 0.641 0.752 
C2-O2 0.998 1.007 1.009 1.006 1.003 1.010 1.035 1.024 0.995 
O2-H2 0.775 0.768 0.766 0.768 0.772 0.767 0.767 0.743 0.757 
C3-O3 - 1.656 1.628 1.613 1.666 1.674 1.627 1.632 - 
O3

...H1 - 0.076 0.054 0.057 0.072 0.070 0.090 0.105 - 
Cl….H2 - - - - - - - 0.020 - 
H1

…O2 - - - - - - - - 0.008 

 261 

 262 

Table 6. Stabilization energies (Kcal/mol) for select NBO pairs (donor-acceptor) given by second 263 

order perturbation energies of the Fock matrix in the NBO basis for the HQs. 264 

 265 
Donor Type Acceptor Type HQ HQ1 HQ2 HQ3 HQ4 HQ5 HQ6 HQ7 HQ8 

O1 LP (1) C1-Cα σ* 6.14 7.73 7.76 7.70 7.87 7.86 7.63 8.33  
O1 LP (2) C1-Cα π* 26.81 37.86 36.63 36.15 38.39 38.36 - 41.18 27.74 
O2 LP (1) C2-Cγ σ* - 6.32 6.31 6.24 6.41 6.40 6.23 7.26 6.18 
O2 LP (2) C2-Cγ π* - 27.33 27.23 26.89 27.95 27.87 31.63 31.49 26.01 
O3 LP (1) O1-H1 σ* - 2.99 2.91 3.06 3.09 3.21 3.13 4.56 - 
O3 LP (2) O1-H1 σ* - 19.31 12.78 13.68 17.26 17.46 22.27 28.77 - 
Clγ LP (2) O2-H2 σ* - - - - - - - 3.44 - 
O1 LP (1) C1-C2 σ* - - - - - - - - 6.54 

 266 

 267 

 268 

 269 

 270 

Compounds HQ1-3 show a similar Ep (range +8 mV), and these three molecules show an 271 

electron-withdrawing group (acetyl, carboxyl and ethoxycarbonyl, respectively) in the ortho- 272 
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position with respect to a phenol function (Figure 1). The presence of these groups causes a 273 

decrease of the electron density on O1, as reflected in their natural charge for HQ1-3 compared with 274 

HQ, and hence making them more difficult to oxidize. The oxidation potential is shifted about 140 - 275 

150 mV higher than that of HQ. 276 

The IHB O1-H1…O3 with acetyl in HQ1 is stronger than with carboxyl in HQ2 and with 277 

ethoxycarbonyl in HQ3, as reflected in the shorter distance and higher WBO for O3…H1 in HQ1 278 

compared to HQ2 and HQ3. The latter is also reflect by hyperconjugative interaction between LPs 279 

of O3 and σ* of O1-H1, with the stabilization energy higher for HQ1 (22.53 Kcal/mol) compared to 280 

HQ2 (15.78 Kcal/mol) and HQ3 (16.73 Kcal/mol), indicating a strong IHB for the first case. These 281 

results are consistent with a higher 1H-NMR chemical shift for H1 in HQ1 (δH1 11.81 ppm) 282 

compared with HQ3 (δH1 10.48 ppm), and this greater deshielding of H1 in HQ1 also reveals a 283 

strong IHB. For this reason, taking into account the IHB strength, HQ1 should be oxidized more 284 

easily. However, it is possible also to argue that the greater strength of the hydrogen bond of the 285 

keto group, which facilitates oxidation, is counteracted by its greater electron-withdrawing effect, 286 

which hinders the transfer of electrons from the hydroxyl oxygen atom. The latter is supported by a 287 

higher stabilization energy for the LPs of O1 and σ* and π* for C1-Cα, which indicate the degree 288 

of delocalization of O1 on the aromatic ring. For HQ1 LP of O1 and σ* and π* for C1-Cα interact 289 

with a stabilization energy of 43.59 Kcal/mol, while for HQ2 and HQ3 the stabilization energies are 290 

42.72 and 42.08 Kcal/mol. The presence of these opposite operating effects explains the very 291 

similar potential of the three compounds. 292 

On the other hand, HQ4 and HQ5 have an acetyl group the same as HQ1, but additionally, 293 

they possess a halogen atom in an α-position to carbonyl group. HQ4 has a bromine atom and HQ5 294 

an iodine atom instead (Figure 1). They show a difference of approximately 50 mV with respect to 295 

HQ1 (Table 1). A plausible explanation takes into account the differential electron withdrawing 296 

effect of the halogen atoms, due to their different electronegativities, on the carbonyl group. A 297 
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higher electron density on the carbonyl group causes a strengthening of the IHB. The latter is 298 

reflected by the differences in the distance and WBO of O3…H1, because in HQ1 dO3..H1 is 1.696 Å 299 

and WBO is 0.076, while in HQ4 and HQ5 dO3..H1 it increases to 1.711 Å and 1.707 Å, and the 300 

WBO it reduced to 0.072 and 0.070, respectively, all of which indicates a weakening of the IHB in 301 

HQ4 and HQ5. Accordingly, hyperconjugative interaction between LPs for O3 and σ* for O1-H1 302 

indicates a weaker IHB for HQ4 and HQ5 compared with HQ1. The chemical shift of H1 is 11.81 303 

ppm for HQ1, 11.35 ppm for HQ4 and 11.46 ppm for HQ5, showing the weakening of the IHB, in 304 

agreement with the theoretical parameters. Figure 3 shows a good correlation between the chemical 305 

shift for chelated hydrogen (H1) and the Wiberg bond order (WBO) O3...H1. Moreover, the 306 

electron-withdrawing effect of α-haloacetyl groups is greater than that of the acetyl group, which is 307 

reflect by an increase of the stabilization energy for delocalization of O1 into C1-Cα, from 31.87 308 

Kcal/mol for HQ to 44.46 Kcal/mol and 44.42 Kcal/mol for HQ4 and HQ5, respectively. Therefore, 309 

the potential increases as a result of the decrease in the electron density of the aromatic ring. It is 310 

also reflected by an increase of the natural charge on O1. 311 

The electronegative chlorine atom bonded in the ortho-position to the carbonyl group in 312 

HQ7 reduces the natural charge on oxygen atom 1 and increases the WBO of O3…H1. Moreover, 313 

the electronic delocalization from chlorine to the acetyl group causes an increased hydrogen bond 314 

strength compared with HQ1, as is evidenced by the smaller stabilization energy of the LP of O3 315 

interaction and σ* of O1-H1. All these factors explain why the oxidation potential of HQ7 is 0.11 V 316 

lower than that of HQ1. 317 
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Figure 3. Correlation between the chemical shift for chelated hydrogen (H1) and the 319 

Wiberg bond order (WBO) O3
...

H1. 320 

 321 

HQ1 and HQ2 are isomers of HQ6 and HQ8, respectively. HQ1 and HQ2 are p-322 

hydroquinones, while HQ6 is a resorcinol and HQ8 is a catechol (o-hydroquinone). The IHB is 323 

stronger in HQ6 compared to HQ1, according to the O3…H1 distance and the WBO. Stabilization 324 

energy for hyperconjugative interaction also indicates a strong IHB in HQ6. The strong electronic 325 

delocalization from the hydroxyl group located in the para-position relative to the acetyl group 326 

leads to a large increase in electron density of the carbonyl oxygen, thereby enhancing the hydrogen 327 

bond that facilitates oxidation. Despite the above, its reduction potential is greater than that of the 328 

other HQs. This can be explained by stabilization of semiquinone radicals from hydroquinones, 329 

which is not present in the radical derivate from resorcinols, as is the case of this molecule. 330 

On the other hand, HQ8 exhibits a weak IHB between H1…O2, with a distance of 2.156 Å 331 

and a WBO of 0.006. Non hyperconjugative stabilization energy was found for this interaction. 332 

Although HQ8 has the weaker IHB, it does not have a high reduction potential, which can be 333 

explained in terms of product stabilization. The p-quinones are more stable than the o-quinones 334 

because the carbonyl groups are further apart, thus the electron densities of the two carbon-oxygen 335 
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π bonds do not affect each other; the carbonyl oxygen atoms, with a high electron density, are not 336 

close; and the carbonyl carbon atoms, electrons deficient, are not neighbors. The greater stability of 337 

catechols compared to hydroquinones, and of p-quinones compared to o-quinones, determines that 338 

HQ2 is oxidized more easily than HQ8. Zhu et al. report a comparison of hydride affinities between 339 

o-quinones and p-quinones, and demonstrate, using calculation methods, than p-benzoquinone is 340 

5.5 Kcal/mol more stable than o-benzoquinone, while the catechol monoanion is 7.3 Kcal/mol more 341 

stable than the hydroquinone monoanion. 3  342 

 343 

3.3. Determination of transferred electrons by coulometric studies 344 

As mentioned above, the oxidation reaction of hydroquinones and catechols in acetonitrile 345 

follows an electrochemical – chemical – electrochemical (ECE) sequence under a mixed kinetic 346 

control by electron and proton transfer. The determination of the electrons transferred during the 347 

oxidation of all HQs (Figure 1), were based on the exhaustive electrolysis at controlled-potential 348 

using a three compartment cell. Glassy carbon mesh was used as working electrode, a platinum wire 349 

as a counter electrode and an Ag / AgCl as reference electrode. To calculate the number of electrons 350 

was considered the sum of the final electric charge (Q, corrected for baseline charge) for successive 351 

electrolysis. The number of electrons transferred was calculated for each mole of HQ since the 352 

overall net charge, and using Faraday equation (Q net = n x F x e, where n = number of moles, F = 353 

Faraday constant (96,500 C / mol) and e = number of electrons). The electrolysis was carried out by 354 

applying 100 mV more than the oxidation potential peak obtained by VPD (Table 1). Coulometric 355 

studies on the oxidation of each compound revealed an average of 1.9 ± 0.1 transferred electrons. 356 

Table 1 summarizes peak oxidation potentials and number of electrons obtained for different 357 

derivatives in an acetonitrile medium. Thus, an influence by substituent on the transferred electrons 358 

in the redox process was not observed. 359 

 360 
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3.4. Cyclic voltammetry characterization 361 

The electrochemical behavior of HQ and HQ substituted was carefully investigated at a bare 362 

GCE in acetonitrile containing 0.1 M tetrabutylammonium perchlorate (TBAP) using cyclic 363 

voltammetry. These experiments were carried out at different sweep rates ranging from 0.01 to 1.5 364 

V/s.  365 

 366 

Figure 4 shows the CV curves of 1.0 mM of HQ2. The separation between the anodic 367 

potential peak (Ep,a) and the cathodic potential peak (Ep,c) is, on the average, higher than 0.45 V 368 

for all the compounds studied. So, under these conditions, anodic signals were electrochemically 369 

irreversible as can be seen in  370 

 371 

Figure 4A, and the peak current enhancements with increased of scan rate for all compounds 372 

51.  373 

 374 

Figure 4B shows a linear relationship of ip vs. the square root of the scan rate over the whole 375 

0.001 – 1.5 V s-1 range, strongly suggesting that the redox reactions of HQ and HQ substituted are 376 

diffusion-controlled 52. Plots of log ip vs. log v had slopes close to 0.5 for both signals, confirming 377 

that currents were diffusion-controlled ( 378 

 379 

Figure 4C). The same analysis was made for all hydroquinones showing similar behaviors, a 380 

redox process diffusion-controlled. On the other hand, oxidation and reduction potential values 381 

were dependent on the sweep rates, supporting the electrochemically irreversible character of the 382 

processes of all compounds in this medium.51 Error! Reference source not found.A confirms this 383 

phenomenon for HQ3 because, in all cases, both anodic and cathodic processes (Epa, Epc and ∆Ep) 384 
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show good linear relationships with Ln v and log v, as can be seen in Error! Reference source not 385 

found.B and Error! Reference source not found.C, respectively.  386 

 387 
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 431 

Figure 4. (A) Cyclic voltammograms of 1.0 mM HQ2 in acetonitrile + 0.1 M 432 

tetrabutylammonium perchlorate at different scan rates. (B) Linear relationship of ip vs. v
1/2

 433 

of graph A. (C) log i vs. log v for the anodic process of A. 434 
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 435 

 436 

 437 

 438 

 439 
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 441 

 442 

 443 

 444 

 445 

 446 

 447 

 448 

 449 

 450 

 451 

 452 

 453 

 454 

 455 

 456 

Figure 5. (A) Cyclic voltammograms of 1 mM of HQ3 in acetonitrile + 0.1 M 457 

tetrabutylammonium perchlorate at different scan rates. (B) Linear relationship between Ep 458 

and Ln v for A. (C) Linear relationship between ∆Ep and log v for A. 459 

3.5. Hydrodynamic voltammetry.  460 
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 462 

Figure  shows typical voltammograms on graphite rotating disk electrode corresponding to 463 

1.0 mM solutions of HQ5. This derivative, like the rest of the compounds, has one oxidation wave 464 

which did not show significant differences with the others. This supports the fact that the oxidation 465 

process involved a similar number of transferred electrons, and that it was also diffusion-controlled 466 

as can be mentioned before. 467 

The relationship between the limiting currents and the square root of the rotation rate was 468 

linear for all compounds ( 469 

 470 

Figure ), in agreement with Levich 51.From these plots, the diffusion coefficients D were 471 

calculated (Table 1) and some differences were found between the derivatives, all of which showed 472 

lower D values than HQ: DHQ= 3.42 ± 0.05 x 10-5 (cm2 s-1). A reasonable explanation of this 473 

decrease of the D values in HQ derivatives may be attributed to the active presence of substituents 474 

on the speed of diffusion to the surface electrode, influenced by a larger molecular volume. These 475 

results were confirmed by determination of geometrical parameters and condensed radical Fukui 476 

functions. The optimized geometrical parameters, HOMO energy, and condensed Fukui functions 477 

are summarized in Table 3. From the calculated results, substituent in the aromatic ring increase the 478 

O1-H2 distance for HQ1 to HQ8, compared to HQ. The differences between the O5…H2 distances 479 

and the O1-H2-O5 angles among the HQs are indicative of differences in the intramolecular 480 

hydrogen bond strength, as we mentioned above. These results suggest that the D value depends on 481 

both the nature and the position of the substituent on the aromatic ring, also confirming that bigger 482 

molecules have smaller diffusion coefficients. 483 

The presence of bromine (HQ4) and iodine (HQ5) atoms in the ortho-position (Figure 1) 484 

increases the molecular volume, decreasing the D value. No significant differences in D values were 485 

found when the substituent is a ketone (HQ1), a carboxylic acid (HQ2) or an ester (HQ3). In 486 
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decreasing order, coefficients obtained from the hydrodynamic experiments was DHQ> DHQ7> 487 

DHQ2> DHQ3> DHQ1> DHQ8> DHQ4> DHQ5> DHQ6. Determined D values shown a similar tendency at 488 

reported by Valencia et al. for quinines and aromatic compounds in acetonitrile 52.  489 

 490 

 491 
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 519 

Figure 6. (A) Typical hydrodynamic voltammetry on glassy carbon rotating disk electrode of 520 

HQ6 in acetonitrile + 0.1 M tetrabutylammonium perchlorate at different rotating rates. (B) 521 

Levich treatment of A. 522 
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4. Conclusions. 524 

Electrochemical oxidation of studied hydroquinone and hydroquinone derivatives in acetonitrile 525 

involves 2-protons and 2-electrons to give the quinone derivative as a final product. The 526 

electrochemical process is electrochemically irreversible with a ∆Ep higher than 0.45 V for all the 527 

compounds studied. The presence of substituents on the aromatic ring (carbonyl groups in the ortho 528 

position for example) shifted the redox potential to more anodic values respect to HQ because 529 

presence of  withdrawing groups decrease the electron density on the hydroxyl oxygen atom. A 530 

decrease in the D value with respect to hydroquinone was observed. Differences in the molecular 531 

structure of these hydroquinones significantly influence the characteristics of the C-O…H-O IHB 532 

present in them, affecting the electrochemical behavior. NBO calculations gave an insight of the 533 

electronic characteristic of the IHB and helped us to rationalize the relation between the substituent 534 

on the aromatic ring, the presence of an IHB, and the oxidation potential of the hydroquinones 535 

studied in this work. 536 

  537 
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