Int. J. Electrochem. Sci., 4 (2009) 1583 - 1592

International Journal of

ELECTROCHEMICAL
SCIENCE

www.electrochemsci.org

Electrochemical Oxidation of Catechol in the Presence of some
Azacrown Ethers and Transition Metal Ions in Acetonitrile
Davood Nematollahi, * Leila Mohammadi-Behzad

Faculty of Chemistry, Bu-Ali-Sina University, Hamedan, 65178-38683, Iran
“E-mail: nemat @basu.ac.ir

Received: 9 September 2009 / Accepted: 11 November 2009 / Published: 1 December 2009

The electrochemical oxidation of catechol (H,Q) (1) has been studied in the absence and presence of
1,10.diaza-18-crown-6 (DA18C6) (2a), 1,7-diaza-15-crown-5 (DA15C5) (2b) and aza-15-crown-5
(A15C5) (2¢) and also, in the presence of some transition metal ions (Zn**, Ni** and Cd*") in
acetonitrile containing tetra-n-butylammonium perchlorate as supporting electrolyte, by means of
cyclic voltammetry. The results indicate an ECCE(E)C mechanism in electrochemical oxidation of
catechol (H,Q) (1) in the presence of azacrown ethers 2a-c. The cyclic voltammetric data were
analyzed by digital simulation to confirm and to measure the homogeneous parameters for the
suggested electrode mechanism. The calculated observed homogeneous rate constants (kobs) for the
reaction of electrochemically generated cation radical (H,Q™) with azacrown ethers 2a-¢ was found to
vary in the order DA18C6 >DA15C5 >A15C5.
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1. INTRODUCTION

The crown ethers are the most popular host compounds in host-guest chemistry field, which
have shown a remarkable ability to form strong complexes with metal and organic cations [1]. The
synthesis and cation complexing characteristics of a number of crown ethers were first reported by
Pedersen [2]. Since that time, a large number of normal crown ethers and multisided crown ethers have
been prepared and their cation complexing properties have been studied [3-10]. Metal cations exactly
fitting the size of the crown ether unit form a host/guest 1:1 complex; when the cation size exceed that
of the crown cavity, the cation can only partially fit, and, as a result, a sandwich-type structure can be
formed [11-14]. Complexation of crown ethers with metal cations depends on many factors, such as
the cavity size, the nature of heteroatoms (oxygen, nitrogen and sulfur) and substituent in the
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macrocycle and the solvent. The fitness of the cavity size of a macrocyclic compounds is an important
factor for determining the stability of metal complex [15]. The complexation of transition metal ions
has been studied mainly with respect to aza and thia crown ethers, but not with oxa crown ethers [16].
The azacrowns have complexation properties that are intermediate between those of the all-oxygen
crowns, which strongly complex alkali and alkaline earth metal ions, and those of the all-nitrogen
cyclams, which strongly complex heavy-metal cations [17]. On the other hand, it is shown that, the
electrochemically generated o-benzoquinones are quite reactive intermediate which in aqueous
solutions, can be attacked by a variety of nucleophiles and undergo various mechanisms such as EC
[18-21], ECE, [22-24] ECEC [25-27], ECECE [28,29], ECECEC [30], ECECECE [31], ECEC2 [32],
and trimerization [33] convert to final products. The mechanism is depending on some parameters such
as, nature of nucleophile (electron withdrawing or donating), electrolysis medium (solvent, acidity or
pH) and catechol type. A literature survey reveals that, in contrast to these vast number reports on
electrochemical oxidation of catechols in the presence of nucleophiles in aqueous solutions [18-33], no
paper has reported on the electrochemical oxidation of catechols in the presence of nucleophiles in
nonaqueous solutions. This prompted us to investigate the electrochemical oxidation of catechol (H,Q)
(1) in the presence of azacrown ethers 2a-c (Fig. 1) as nucleophiles in acetonitrile solution. The
mechanistic pathway of the electrode reaction was discussed and calculated the observed
homogeneous rate constants (kops) of the reaction of catechol-cation radical (HQ™) with azacrown
ethers 2a-c. Furthermore, the electrochemical oxidation of a mixture of catechol (H,Q) (1)/azacrown
ethers (2a-c) in acetonitrile solutions has studied in the presence of some transition metal ions (Zn2+,
Ni** and Cd2+) and the effect of these metal ions on electrochemical oxidation of catechol (H,Q) (1) in
the presence of azacrown ethers (2a-c) has been discussed.
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Figure 1. Chemical structure of azacrown ethers (2a-c).

2. EXPERIMENTAL PART

2.1. Apparatus and reagents

Reaction equipments and chemicals are described in an earlier article [23]. The homogeneous
rate constants were estimated by analyzing the cyclic voltammetric responses using the simulation
DIGIELCH software [34].



Int. J. Electrochem. Sci., Vol. 4, 2009 1585
3. RESULTS AND DISCUSSION

3.1. Electrochemical study of catechol in the presence of azacrown ethers

Electrochemical oxidation of catechol (H,Q) (1) in aqueous solutions shows one two-electron
oxidation wave which corresponds to the transformation of catechol to o-benzoquinone as shown in
Scheme 1 [35].
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Scheme 1.

In contrast to the one two-electron step in aqueous solutions, in acetonitrile solution containing
0.1 M tetra-n-butylammonium perchlorate as supporting electrolyte, catechol (H,Q) exhibits one quasi-
reversible one-electron redox couple (A; and C;) at 1.00 and 0.34 V vs. Fc/Fc", respectively, and an
irreversible oxidation peak (A4) occurs at 1.99 V vs. Fc/Fc™ to give a product which is reduced at -0.17
V vs. Fe/Fc* (peak Cy). (Fig. 2, curve a). The cathodic peak C, disappeared when the switching
potential reduced to 1.5 V vs. Fc/Fc™ (Fig. 2, curve b). The first couple represents a quasi-reversible
oxidation of catechol (H,Q) to the semiquinone cation radical (H,Q™). The formed radical cation
rapidly loses a proton to form the semiquinone radical (HQ") [36-39]. The one-electron oxidation of
semiquinone radical (HQ") followed by deprotonation completes the overall two-electron process to
give the quinone (Q) which, because of its instability, appears as an irreversible peak [35]. The
reduction peak that is observed at 0.34 V (peak C,) for the reverse scan of the initial catechol oxidation
peak is due to reduction of semiquinone radical (HQ') followed by proton abstraction to give the
catechol (H,Q).

The oxidation of catechol (H,Q) (0.5 mM) was studied in the presence of 0.5 mM diaza-18-
crown-6 (DA18C6) (2a) as a nucleophile. Fig. 3 shows the cyclic voltammogram obtained for catechol
(H2Q) in the presence of 2a in acetonitrile containing 0.1 M tetra-n-butylammonium perchlorate
(BusNCIOQ4) as supporting electrolyte. In this condition, anodic and cathodic peaks A; and C;
decreases and voltammogram exhibits two new anodic (A; and A3) and cathodic (C; and Cs) peaks. The
cation radical formed at the first oxidation step of H,Q is unstable. If the solution contains a
nucleophile or a base, the radical cation (H,Q™) reacts with that nucleophile or base. The product of
this reaction is easier to oxidize than cation radical [40]. Thus, in the presence of DA18C6 (2a) as a
nucleophile, the anodic peak A3 appears at less anodic potential (0.33 V vs. Fc/Fc") (Scheme 2). In this
condition, also, another new anodic peak (A) appears at potential between E, a1 and Epaz (0.56 V vs.
Fc/Fc™). This peak (A,) appears only in electrochemical oxidation of catechol in the presence of 1,10-
diaza-18-crown-6 (DA18C6) (2a) and 1,7-diaza-15-crown-5 (DA15C5) (2b).
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Figure 2. (a and b) Cyclic voltammograms of 0.5 mM catechol (1) at glassy carbon electrode, in
acetonitrile solution containing 0.1 M tetra-n-butylammonium perchlorate. (¢) Same as (a) without
catechol. Scan rate: 400 mVs™. t =25 + 1°C.
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Figure 3. Cyclic voltammograms of catechol (1) (0.5 mM): (a) in the absence, (b) in the presence of

0.5 mM DAI18C6 (2a) at glassy carbon electrode, in acetonitrile solution containing 0.1 M tetra-n-
butylammonium perchlorate. Scan rate: 400 mVs'. t=25+1°C.
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Figure 4. Cyclic voltammograms of catechol (1) (0.5 mM): (a) in the absence, (b) in the presence of
0.5 mM A15C5 (2¢) at glassy carbon electrode, in acetonitrile solution containing 0.1 M tetra-n-
butylammonium perchlorate. Scan rate: 400 mVs™. t =25 + 1 °C.
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According to proposed mechanism, the anodic peak A; pertains to the oxidation of H>Q to the
H,Q™ and cathodic peak C; is its counterpart. The new anodic peaks A, and Az can be related to
electrochemical oxidation of 4a and 3a, respectively. Clearly, the cathodic peaks C, and C; correspond
to the reduction of the compounds Sa and 4a, respectively.

Fig. 4 shows the cyclic voltammogram obtained for catechol (H,Q) in the presence of aza-15-
crown-5 (A15CS5) (2¢) in same conditions. In this condition, anodic and cathodic peaks A; and C;
decreases and voltammogram exhibits a new anodic (A3) and its cathodic counterpart (Cs) peaks. This
new anodic peak (Aj) is related to oxidation of radical H,Q™-A15C5 (3¢) to cation HyQ™-A15C5 (4c¢)
(Scheme 3).
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In continuation, the effect of some transition metal ions (Cd**, Ni** and Zn*") on the
electrochemical behavior of catechol (H,Q)/azacrown ethers has been studied. Figure 5, shows the
cyclic voltammograms obtained for H,Q in the presence of DA18C6 (2a) and Cd**. In this condition,
anodic peaks A, and Az and cathodic peaks C; and C; disappear and peak C; reappears. This means
that, in the presence of Cd2+, because of the complexation of transition metal ions with azacrown
ethers, the nucleophilicity of azacrown ethers is decreased. In the presence of Cd**, the potential of
peak A (Epar) and its cathodic counterpart (Epci) are shifted to negative direction. This may be related
to formation of an ion-pair between nitrate ion and semiquinone cation radical (NO;-H,Q™). The same
results obtained in the presence of Ni** and Zn®" ions.
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Figure 5. Cyclic voltammograms of 0.5 mM catechol: (a) in the absence (b) in the presence of 0.5 mM
azacrown ethers and 0.5 mM Cd(NOs3),.4H,0 at glassy carbon electrode in acetonitrile containing 0.1
M tetra-n-butylammonium perchlorate. Scan rate: 400 mVs™. t =25 + 1 °C.

4. DIGITAL SIMULATION

Digital simulation is a useful method in evaluation of complicated electrode reactions [41]. In
this direction, when simulated cyclic voltammogram curves fit the experimental cyclic voltammogram
curves, we can confirm the reaction mechanism and obtain thermodynamic and kinetic parameters
concerning the electron transfer and chemical processes [40]. By the development of simulation
softwares cyclic voltammetry has become a very powerful technique. On the contrary, without
simulation software, cyclic voltammetry is not as convenient [40]. To confirm the assumed reaction
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mechanisms in Schemes 2 and 3, and obtaining the observed homogeneous rate constants (k,ps) of
reaction of electrochemically generated HyQ™ (1a) with azacrown ethers (2a-c), the simulated cyclic
voltammograms have been compared with experimental cyclic voltamograms (Fig. 6).
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Figure 6. Experimental (green color) and simulated (red color) cyclic voltammograms of 0.5 mM
catechol (1) in the presence of 0.5 mM DAI18C6 (2a) and A15C5 (2¢) at glassy carbon electrode, in
acetonitrile solution containing 0.1 M tetra-n-butylammonium perchlorate. Scan rate: 400 mVs™. t =
25 +1°C.

The simulation was carried out assuming semi-infinite one-dimensional diffusion and planar
electrode geometry. The experimental parameters entered for digital simulation consisted of the
following: Egart, Eswitch, Eend, t=25 °C and analytical concentration of HQ and azacrown ethers (2a-c).
The transfer coefficient () was assumed 0.5, and the formal potentials were obtained experimentally
as the average of the two peak potentials observed in cyclic voltammetry. The heterogeneous rate
constant for oxidation of H,Q were estimated by use of an experimental working curves [42]. The
procedure is performed based on achieving the best fit between simulated and experimental cyclic
voltammograms. The calculated values of rate constants for reaction of cation radical (H,Q™) with
azacrown ethers (2a-c) have shown in Table 1. As shown in Table 1, the magnitude of observed
homogeneous rate constants (ko) is dependent on the ring size of crown ether and number of nitrogen
atom. DA18C6 (1a) and DA15C5 (1b) are bidentate nucleophiles (bis-donors) so that they are much
better nucleophile as compared with A15C5 as a monodentate nucleophile. On the other hand, the
comparison of kops in the cases of bidentate nucleophiles, DA18C6 (1a) and DA15CS (1b) shows that
the ks increases with increasing ring size of crown ether. This is most probably due to the existence of
longer distance between the two nitrogen atoms in the case of DA18C6 (1a), exhibits better bidentate
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nucleophilicity and therefore, greater observed homogeneous rate constants (kops) than DATSCS (1b)
with shorter distance between the nitrogen atoms.

Table 1. Calculated observed homogeneous rate constants (kobS/M'ls'l) for the reaction of 0.5 mM

catechol (1) in the presence of 0.5 mM azacrown ethers 2a-c in acetonitrile containing 0.1 M
BusNClO, at 25+ 1 °C.

kobs (M's™)?
DAI18C6 DA15C5 A15C5

200+0.10 170+0.10 70+0.04

*For n = § in various scan rates.

S. CONCLUSIONS

The results of this work show that the electrochemically generated cation radical (HQ™) from
the first one-electron oxidation step of catechol, is reactive and can be attacked by azacrown ethers. In
this report, the mechanism of electrochemical oxidation of catechol (H,Q) (1) in the presence of
azacrown ethers (2a-c) is proposed and confirmed using digital simulation. The cyclic voltammograms
were digitally simulated under ECCEEC (for 1,10.diaza-18-crown-6 (DA18C6) (2a) and 1,7-diaza-15-
crown-5 (DA15CS5) (2b) as bidentate nucleophiles) and ECCEC (for aza-15-crown-5 (A15C5) (2¢) as
a monodentate nucleophile). The simulated cyclic voltammograms show good agreement with those
obtained experimentally. The magnitude of observed homogeneous rate constants (kqbs) is dependent
on the ring size of crown ether and number of nitrogen atoms. In addition, the effect of some transition
metal ions (Cd**, Ni** and Zn**) on the electrochemical behavior of catechol (H,Q)/azacrown ethers
has been studied. The results indicate that, in the presence of these metal ions, because of the
complexation of azacrown ethers with them, the nucleophilicity of azacrown ethers are decreased.

ACKNOWLEDGEMENTS

We would like to thank Dr. M. Rudolph for his cyclic voltammogram digital simulation software
(DigiElch SB) and the authors acknowledge the Bu-Ali Sina University Research Council and Center
of Excellence in Development of Chemical Methods (CEDCM) for support this work.

References

1. Z. B. Huang and S. H. Charg, Synlett., 14 (2005) 2257.

2. C.J. Pedersen, J. Am. Chem. Soc., 89 (1967) 2495.

3. G. E. Maas, J. S. Bradshaw, R. M. Izatt and J. J. Christensen, J. Org. Chem., 42 (1977) 3937.
4. J.J. Christensen, D. J. Eatough and R. M. Izatt, Chem. Rev., 74 (1974) 351.



Int.

5.

6.

7.

8.

9.

10.
11.
12.
13.
14.
15.

16.
17.
18.
19.
20.
21.
22.
23.

24.
25.
26.
27.
28.

29.
30.
31.
32.
33.
34.
35.
36.

37.
38.
39.
40.

41.
42.

J. Electrochem. Sci., Vol. 4, 2009 1592

R. M. Izatt, R. E. Terry, B. L. Haymore, L. D. Hansen, N. K. Dalley, A. G. Avondet, and J. J.
Christensen, J. Am. Chem. Soc., 98 (1976) 7620.

R. M. Izatt, D. P. Nelson, J. H. Ryttling, B. L. Haymore, and J. J. Christensen, , J. Am. Chem. Soc.,
93 (1971) 1619.

D. J. Lamb, R. E. Asay, G. E. Maas, J. S. Bradshaw, J. J. Christensen, and S. S. Moore, J. Am.
Chem. Soc., 99 (1977) 6134.

J. M. Lehn, Pure Appl. Chem., 52 (1980) 2441.

J. C. Chambron and J. P. Sauvage, Tetrahedron Lett., 27 (1989) 865.

A. Carroy and J. M. Lehn, J. Chem. Soc., Chem. Commun., (1986) 1232.

H. An, J. S. Bradshaw, R. M. Izatt and Z. Yan, Chem. Rev., 94 (1994) 939.

C. J. Pedersen and H. K. Frensdorff, Angew. Chem. Int. Ed. Engl., 11 (1972) 16.

B. Dietrich, J. Chem. Educ., 62 (1985) 954.

N. Marcotte, F. Rodrigues, D. Lavabre and S. Fery-Forgues, New J. Chem., 28 (2004) 295.

R. A. Bartch, V. Ramesh, R. O. Batch, T. Shono, and K. Kimura, Lithium Chemistry, Eds. A. M.
Sapse and P.V. R. Schleyer, Chapter10, John Wiley, New York (1995).

. S. Jjeri and A. K. Srivastava, Polyhedron, 22 ( 2003) 569.

. E. Krakowiak, J. S. Bradshaw, and D. J. Zamecka-krakowiak, Chem. Rev., 89 (1989) 929.

. Nematollahi, E. Tammari, J. Org. Chem., 70 (2005) 7769.

. Nematollahi, M. Alimoradi and S. Waqif Husain, Electroanalysis, 16 (2004) 1359.

. Nematollahi, A. Ariapad and M. Rafiee, J. Electroanal. Chem., 602 (2007) 37.

. Nematollahi, E. Tammari and R. Esmaili, J. Electroanal. Chem., 621 (2008) 113.

. Nematollahi and M. Hesari, J. Electroanal. Chem., 577 (2005) 197.

. Nematollahi, L. Mohammadi-Behzad and S. S. Hossainy Davarani, Electroanalysis, 21 (2009)
1099.

J. B. Raoof, R. Ojani, D. Nematollahi and A. Kiani, Int. J. Electrochem. Sci., 4 (2009) 810.

D. Nematollahi, A. Amani and E. Tammari, J. Org. Chem., 72 (2007) 3646.

D. Nematollahi and M. Rafiee, Green Chem., 7 (2005) 638.

L. Fotouhi, D. Nematollahi, M. M. Heravi and E. Tammari, Tetrahedron Lett., 47 (2006) 1713.

D. Habibi, D. Nematollahi, Z. Seyyed Al-Hoseini and S. Dehdashtian, Electrochim. Acta, 52
(2006) 1234.

D. Nematollahi and S. M. Golabi, J. Electroanal. Chem., 405 (1990) 133.

D. Nematollahi, E. Tammari and H. Karbasi, Int. J. Electrochem. Sci., 2 (2007) 986.

D. Nematollahi and S. Dehdashtian, Tetrahedron Lett., 49 (2008) 645.

D. Nematollahi and H. Goodarzi, J. Electroanal. Chem., 510 (2001) 108.

D. Nematollahi, M. Rafiee and A. Samadi-Maybodi, Electrochim. Acta, 49 (2004) 2495.

M. Rudolph, J. Electroanal. Chem., 529 (2002) 97. Also, see: http://www.digielch.de

D. Nematollahi, M. Rafiee and L. Fotouhi, J. Iran. Chem. Soc., 6 (2009) 448.

J. Q. Chambers, The Chemistry of Quinoid Compounds, S. Patai, Ed., Vol. 2, Chapter 3, Wiley-
Interscience, New York (1974).

R. N. Adams, Electrochemistry at Solid Electrodes, Marcel Dekker, New York (1969).

R. A. Morton, Ed. Biochemistry of Quinones, Academic Press, New York (1965).

M. D. Stallings, M. M. Morrison and D. T. Sawyer, Inorg. Chem., 20 (1981) 2655.

K. Izutsu, Electrochemistry in nonaqueous solutions, 1st Ed, Wiley, New York (2001), p. 258 and
261.

M. Rudolph, D. P. Reddy and S. W. Feldberg, Anal. Chem., 66 (1994) 589A;

R. Greef, R. Peat, L. M. Peter, D. Pletcher and J. Robinson, Instrumental Methods in
Electrochemistry, Ellis Horwood, New York (1990), p. 189

DOOUOUOUORL

© 2009 by ESG (www.electrochemsci.org)




