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Deactivation of Co-Schiff Base Catalysts in the Oxidation of para-
Substituted Lignin Models for the Production of Benzoquinones 

Ernesto C. Zuleta,
a,b

 Gabriel A. Goenaga,
c
 Thomas A. Zawodzinski,

b,c
 Thomas Elder

d
 and Joseph J. 

Bozell*
a,b 

The effect of quinones on the deactivation of four- and five-coordinate Co-Schiff base catalysts used for the oxidation of 

lignin models is systematically studied. 2,6-Dimethoxy-1,4-benzoquinone does not affect the catalytic activity of any of the 

studied Co-Schiff base catalysts, but 1,4-benzoquinone and 2-methoxy-1,4-benzoquinone have a strong effect on the 

catalytic activity. Quinone solubility in the reaction solvent does not correlate with catalyst deactivation, but added 

pyridine (a basic axial ligand) promotes catalyst deactivation by quinone. The synthesis and characterization of a 

catalytically inactive Co-Schiff base-quinone complex is presented and preliminary computational analysis of this complex 

in comparison to a dimeric Co-Schiff base peroxo complex is also discussed. Quinone and the Co-Schiff base redox 

potentials are found to correlate with catalyst deactivation. Thus, catalysts with a lower redox potential were more 

susceptible to deactivation, and quinones with a higher redox potential deactivate the catalysts. Based on these results, 

two mechanisms for deactivation of the catalyst are proposed. The first mechanism describes how the formation a Co-

Schiff base-quinone complex prevents formation of the key catalytically active Co-superoxo complex. The second proposed 

mechanism suggests that quinones inhibit the Co-Schiff base catalyst by scavenging intermediate Co-superoxo radicals. 

1. Introduction 

Transition-metal catalyzed oxidative depolymerization of lignin 

is a means to expand a sustainable fuel and chemical industry 

based on lignocellulosic biomass.
1-6

 We have examined the 

aerobic oxidation of lignin and lignin models catalyzed by Co-

Schiff base complexes for the production of para-

benzoquinones.
7-10

 Quinone production from lignin is of 

interest to biorefining as quinones are an important class of 

organic molecules that have industrial application in the 

fabrication of dyes,
11

 the manufacture of batteries and organic 

solar cells,
12-14

 and the production of anthraquinone, used in 

industry as a catalyst for hydrogen peroxide production and as 

additive to improve alkaline pulping in the pulp and paper 

industry.
15, 16

 

The accepted reaction mechanism for the Co-Schiff base-

catalyzed production of quinones is shown in Scheme 1.
17-21

 

The oxidation of para-substituted phenolic lignin models is 

initiated when a four-coordinate Co-Schiff base catalyst, 

denoted as L4Co(II), binds molecular oxygen in the presence of 

an donor ligand (B) to produce a superoxo radical complex 1.
22-

27
 

22-27
 Using syringyl alcohol 2 as an example, the superoxo 

adduct 1 abstracts a phenolic hydrogen from 2 giving phenoxy 

radical 4 and a hydroperoxo metal complex 3 that breaks 

down to regenerate the starting catalyst. The reaction of 4 

with a second molecule of Co-superoxo radical affords the 

intermediate peroxy-para-quinolato cobalt complex 5 that is 

isolable under some conditions.
17, 28, 29

 Finally, the elimination 

of a molecule of formaldehyde from 5 generates 

dimethoxybenzoquinone 6 (DMBQ) and the Co-hydroxy 

species 7, which is known to be catalytically active in the 

oxidation of phenols.
29, 30

 The preference for the oxidation 

reaction at para-position is attributed to the bulkiness of 

Co(salen)-superoxo complexes.
19

 

Despite current advances in lignin and lignin model 

oxidation using Co-Schiff base catalysts, the key issue of 

catalyst deactivation remains poorly understood.
10, 31-33

 

Catalyst deactivation is one of the most critical aspects in 

homogeneous transition metal catalysis.
34

 Collectively, 

multiple pathways are available for catalyst deactivation and 

include ligand degradation, metal deposition, dimer formation, 

or reaction with the products, the solvent or the substrate. 

Each of these processes stops or inhibits the formation of the 

desired products.
35, 36
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Loss of catalytic activity in the Co-Schiff base-catalyzed 

oxidation of syringyl alcohol to DMBQ can occur by the 

formation of inactive species during the reaction. Co-Schiff 

base complexes react with either oxygen alone or with oxygen 

and a substrate of low reactivity to generate an unidentified 

complex with no catalytic activity.
22

 Deactivation of the 

catalyst due to oxidation of the ligand system of the cobalt 

complex as well as formation of a dimeric μ-peroxo cobalt 

complex has been reported in the cobalt-Schiff base catalyzed 

oxidation of olefins by dioxygen.
37

 Formation of Co(salen)-OH 

has been suggested to reduce the catalytic activity during 

hydrolytic kinetic resolution of epichlorohydrin, but this 

species is active in phenol oxidation.
23, 38

 Deactivation by 

reaction of the catalyst was reported in the oxidation of 2,6-di-

tert-butylphenol to 2,6-di-tert-butyl-para-benzoquinone. The 

exact identity of the inhibitor and mechanism of such 

deactivation was not established, although organic acids were 

proposed.
17, 23

  

Quinones can deactivate some homogeneous transition 

metal catalysts and enzymes. For example, cobalt catalyzed 

oxidation of hydrocarbons (ortho-xylene and tetralin) was 

inhibited when 1,2-naphthoquinone formed a complex with 

the catalyst leading to precipitate formation, color changes,  

and loss of catalytic activity.
39

 Inhibition of Cytochrome P450 

enzymes by quinones was also reported.
40

 Co-Schiff base 

catalyst deactivation by quinones, however, has not been 

reported. Formation of quinone-Co adducts and electron 

transfer (ET) reactions are known to take place between 

quinones and Co-Schiff base complexes.
41-46

 Quinone-ET 

reactions are the basis of some catalytic systems, such as the 

use of quinones as redox shuttles in Pd-catalyzed 1,4-

diacetoxylation of cyclohexadiene.
47

 ET reactions between 

quinones and Co-Schiff base complexes, without the formation 

of adducts, have been studied, but not as a means of catalyst 

deactivation.
41, 48-50

 Formation of adducts between Co-Schiff 

base complexes and quinones was studied as a way to model 

reactions in respiration and photosynthesis, but those studies 

were not related with a loss of catalytic activity.
41, 51, 52

  

Given that our ongoing work in Co-Schiff base-catalyzed 

oxidation of lignin and lignin models led to the formation of 

quinones as primary products, we decided to examine whether 

these products could also serve to deactivate the Co catalyst. 

In this paper, we report a series of experiments that evaluate 

the effect of different quinones on the deactivation of Co-

Schiff base catalysts and the conditions that originate this 

deactivation. Also, we report electrochemical characterization 

of some quinones and Co-Schiff base catalysts, as well as the 

synthesis and characterization of Co-Schiff base-quinone 

complexes. We discuss two different mechanisms of 

deactivation for the Co-Schiff base catalyst in the oxidation of 

phenols. The study of the conditions that lead to deactivation 

of the Co-Schiff base complexes will allow the design of a new 

generation of catalysts for the oxidation of lignin models that 

can be resilient towards the deactivation by quinones and 

expand the sustainable chemical industry based on 

lignocellulosic biomass.
22
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2. Results and discussion 

2.1. Deactivation of Cobalt-Schiff base catalysts in the oxidation of 

syringyl alcohol 2. 

We compared the effect of three quinones (DMBQ 6a), 2-

methoxy-1,4-benzoquinone (MMBQ, 6b), and 1,4-

benzoquinone (1,4-BQ, 6c) on the deactivation of cobalt-Schiff 

base catalysts. These quinones represent the products that 

might be observed in the oxidation of different lignin sources 

(e. g., hardwood, softwood or herbaceous feedstocks, 

respectively). Three Co-Schiff base catalysts, 5-coordinate 

(pyridine)[N,N′-bis(salicylidene)ethylenediamino]cobalt(II) 

(Co(II)(Salen)/py, 8), [N,N′-

bis[(salicylidenamino)ethyl]amine]cobalt(II) (Co(II)(N-Me Salpr, 

9), and 4-coordinate N,N′-bis[(3,5-di-tert-butylsalicylidene)-

1,2-cyclohexanediamino]cobalt(II) (Co(II)(Salen*), 10) (Figure 

1) were studied. Each quinone and the Co-Schiff base catalyst 

were incubated in methanol for 48h, and the quinone-catalyst 

mixtures were tested for their ability to oxidize 2 and produce 

6a (Table 1).  The conversion of 2 and the yield of 6a were 

determined by HPLC 

Catalyst 8 gave both the highest yield of DMBQ and 

conversion of 2 when no quinone was added to the oxidation 

reaction (Table 1, entry 1).  Quinone 6a did not affect the yield 

of DMBQ and the conversion of 2 by using catalyst 8 (Table 1, 

entry 2). But when this catalyst was exposed to quinones 6b 

and 6c the DMBQ yield was drastically reduced to 44 and 29 %, 

respectively, and the conversion of 2 dropped to 51 and 34%, 

respectively (Table 1, entries 3 and 4).  

In the absence of quinone, catalyst 9 also gave a high 

conversion of 2, but the yield of DMBQ was lower than catalyst 

8 ( Table 1, entry 5). Exposing catalyst 9 to both quinones 6b 

and 6c reduced the conversion of 2 and the DMBQ yield (Table 

1, entries 7 and 8), although the extent of reduction was lower 

than for 8. Finally, when catalyst 9 was incubated with 6a, no 

significant effect on the conversion of 2 and DMBQ yield was 

observed. (Table 1, entries 6). 

Unlike the five-coordinate catalysts 8 and 9, the 4-

coordinate Co-Schiff base 10 was not affected by any of the 

studied quinones. In all the cases that this catalyst was used, 

the lignin model was oxidized to DMBQ in high yield regardless 

of the quinone added, although the DMBQ yield was lower 

(Table 1,  entries 9-12).  

Since the oxidation of 2 generally affords DMBQ 6a as a 

precipitate, we decided to evaluate the effect of quinone 

solubility on the deactivation of the Co-Schiff base catalyst. 

The solubility of quinones 6a, 6b and 6c in MeOH is 12.9, 17.6, 

and 73.9 mg/ml, respectively (see SI for details). Comparing 

the conversion of 2 and the DMBQ yield (Table 1) with the 

quinone solubilities, we conclude that there is not a direct 

correlation (Figure 2). Whereas the solubility of quinones 6a 

and 6b in methanol is quite similar, their effect on the 

deactivation of catalyst 8 and 9 is very different (Table 1, 

entries 2 and 3, and 6 and 7, respectively). Similarly, quinones 

6b and 6c produce a noticeable loss in the catalytic activity of 

complexes 8 and 9 (Table 1, entry 3 and 4, and 7 and 8, 

respectively), despite their significant difference in solubility. 

Finally, for catalyst 10, differences in quinone solubility do not 

have any effect on the catalyst’s activity.  
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Table 1 Oxidation of 2 with Co-Schiff base catalysts 8, 9 and 10 in presence of quinones 

6a-c. 

2.2. Effect of the quinone incubation time and concentration on 

the deactivation of Co-Schiff base catalysts. 

 

The effect of incubation time of quinones 6b and 6c with 

catalyst 8 was evaluated. For quinone 6b, after 48h of 

incubation time, the oxidation of 2 yielded 44% DMBQ, 

whereas, with no incubation time (i. e., all components were 

mixed at once), the average yield was significantly higher 

(64%) (See Table S2 for details). On the other hand, quinone 6c 

gave a statistically equivalent yield reduction for the oxidation 

of 2 with either no incubation or after 48 hours of incubation 

(33 and 30% yield, respectively; see SI for statistical analysis). 

The difference between the reactivity of quinones 6b and 6c 

suggests that the deactivation of catalyst 8 occurs very quickly 

with quinone 6c. 

To evaluate the effect of the concentration of quinones 6b 

and 6c on the deactivation of catalyst 8 (Figure 3), we 

estimated the quinone amounts that halve of the DMBQ yield 

(the IC50) by using a 4-parameter logistic model (see SI).
53

 The 

concentration-inhibition fitted models are shown as the 

continuous line in Figure 3a and 3b. According to these 

models, quinone 6c inhibits catalyst 8 with an IC50 value of 1.4 

mol/mol of catalyst, whereas the IC50 value for 6b is 2.3 

mol/mol of catalyst. This result shows that both quinones have 

a significant concentration-dependent deactivation effect on 

the catalytic activity of Co(salen)py 8 even without any 

incubation time, with this effect being higher for quinone 6c.  

 

 

2.3. Effect of axial ligands on the inhibition of 4-coordinate Co-

Schiff base catalysts. 

Motivated by the results of Table 1, the effect of axial ligands 

on the inhibition of Co-Schiff base activity was evaluated. The 

oxidation of 2 using 4-coordinate Co(II)(salen) produced DMBQ 

and syringaldehyde 12 (Table 2, entry 1). When no axial ligand 

coordinates Co(II)(salen), the addition of 6c does not affect its 

catalytic activity (Table 2, entry 2). The catalytic activity of 4-

coordinate catalyst 10 is also affected by the presence of axial 

ligands. Although the conversion of 2 and the DMBQ yield is 

enhanced when pyridine is added to the reaction (Table 2, 

entry 3), the addition of this axial ligand simultaneously makes 

this Co-Schiff base catalyst susceptible to the catalytic 

inhibition by the quinone 6c (Table 2, entry 4). 

To further confirm the effect of the axial ligands in the 

deactivation of the catalyst, we evaluated the effect of adding 

pyridine to  (Co(II)(salophen), 11, a complex that has been 

reported as a catalyst for the aerobic oxidation of 

hydroquinone.
54, 55

 We found that 11 gave a high conversion of 

2, yielding DMBQ and 12 in modest yields (Table 2, entry 5). 

When pyridine is added to the reaction, the conversion of 2 

and the yield of DMBQ reach the maximum values (Table 2, 

entry 6), but when pyridine and quinone 6c are present, only a 

very small amount of the lignin model is converted to DMBQ 

(Table 2, entry 7). This result confirms that the conversion of 2 

to the corresponding quinone by 4-coordinate Co-complexes is 

strongly promoted by an axial base, but the catalyst/base 

 

Entry Co-Schiff 

base catalyst 

Quinone 

added  

2 

Conversion (%)a 

6a 

Yield (%)a 

1 8 None 100  99 (1.6) 

2 8 6a 100 99 (1.0) 

3 8 6b 51 (1.6) 44 (1.7) 

4 8 6c 34 (4.5) 29 (4.8) 

5 9 None 100  88 (0.9) 

6 9 6a 100 84 (0.3) 

7 9 6b 81 (5.0) 59 (0.2) 

8 9 6c 59 (3.6) 38 (2.1) 

9 10 None 100 (0.7) 72 (0.7) 

10 10 6a 99 (0.3) 74 (7.1) 

11 10 6b 99 (0.7) 73 (0.5) 

12 10 6c 99 (0.5) 75 (5.4) 

a Average of three replicate runs. Values in parentheses are standard 

deviation 

Page 4 of 12Catalysis Science & Technology



Journal Name  ARTICLE 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 5  

Please do not adjust margins 

Please do not adjust margins 

complex is also subject to significant deactivation in the 

presence of certain quinones.   

 

  

Table 2 Effect of axial ligand base on the deactivation of Co-Schiff base catalyst. 

 
Entry Co-Schiff base py 

(mol %) 

6c 

(mol %)  

2  

Conversion (%)a 

DMBQ 

Yield (%)a 

12 

Yield (%)a 

1 Co(II)(salen) 0 0 94 29 26 

2 Co(II)(salen) 0 40 95 32 31 

3 10 100 0 100 92    0 

4 10 100 40 11 7 0 

5 11 0 0 98 29 36 

6 11 100 0 98 100 0 

7 11 100 40 6 4 0 

aAverage of three replicate runs.  

 

 

2.4. Synthesis, characterization and computational study of Co-

Schiff base-quinone complexes. 

We studied the synthesis of the complex [Co(III)(salen)py]2Q
2-

 

(13), formed by the reaction between Co(II)(salen)py and 

quinone 6c, to understand whether formation of adducts 

between Co-Schiff base catalysts and quinones was a possible 

route for catalyst inhibition and electron transfer. Dinuclear 

adducts of Co-Schiff base complexes and para-quinones have 

been characterized as binuclear complexes bridged by a 

hydroquinone dianion ligand (Q
2-

) and have been used to 

understand the magnetic and electronic properties of 

quinones as redox-active ligands (Scheme 2; see SI).
41, 43, 51, 56-59

  

Infrared spectroscopy was used to study the structure of 

the coordinated hydroquinone ligand in complex 13.
60

 As 

shown in Figure 4, the IR spectrum of 13 resembles that of the 

parent Co(II)(salen). No characteristic signals for the original 

C=O group of the quinone (1700-1560  cm
-1

) are observed in 

13, which indicates that the quinone was reduced.
51

,
61, 62

 The 

imine C=N vibrations (1605 cm
-1

) shift slightly (~10 cm
-1

) to 

lower energies.                                                                                           

While we were able to synthesize complex 13, attempts to 

synthesize and isolate analogous complexes between 6b and 8, 

or between 6b and 6c and catalysts 9 and 10 were 

unsuccessful. Based on these results, we carried out DFT 

analysis to model complex 13 and compare it to the complex 

expected from the reaction of Co(II)(salen*)py and quinone 6c. 

We analyzed the results of our computational modelling using 

the distance between the salen ligands as criteria for likelihood 

of formation of the dimers (Figure 5). For the [Co(II)(salen)py]2-

Q
2-

 (13) dimer, the conformational analysis indicates that the 

minimal distance between the hydrogens of the salen ligands 

(5.681 Å), is higher than the Van der Waals radii between them 

(2.4 Å), so that steric factors do not inhibit formation of the 

complex. 
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For the [Co(II)(salen*)py]2/quinone dimer, the salen* 

ligands are significantly closer, but the minimal distance 

between the hydrogens of the tert-butyl group of the salen* 

ligands, 2.530 Å, is still higher than the Van der Waals radii of 

the two H atoms, so the steric factor does not conclusively rule 

out the formation of the dimeric complex. Even though the 

computational analysis suggests that this last conformer is 

theoretically possible, we were not able to synthesize it, so a 

more detailed study should be done to try to isolate it.  

 

2.5. Electrochemical studies of Co-Schiff base catalysts and 

quinones. 

 

Different authors have pointed out the importance of the 

redox properties of quinones and Co-Schiff base complexes 

and the reactions that occur between them (i. e., ET reaction 

or adduct formation).
41, 48, 51

 Therefore, we conducted a series 

of electrochemical experiments to evaluate the values of 

anodic, cathodic and halfwave potentials (Epa, Epc and E1/2, 

respectively), and peak-to-peak separation (∆E) of para-

quinones 6a, 6b and 6c, and Co-Schiff base catalysts 8, 9 and 

10 (Table 3). Based on their ∆E, all the studied Co-Schiff base 

catalysts and quinones exhibit quasi-reversible redox behavior 

(∆E > 59.2 mV).  

There is an association between the one-electron redox 

potential of the Co(II)/Co(III)-Schiff base couple and its 

catalytic activity (the lower the potential, the higher the 

catalytic activity).
24, 63

 Our results support this relation. 

Catalyst 8, with a E1/2 of -0.25 V, shows the maximum DMBQ 

yield (Table 1, entry 1), whereas catalyst 9 and 10, with more 

positive halfwave potentials, have a lower DMBQ yield (Table 

1, entries 5 and 9, respectively). It has been reported that the 

redox potential of Co complexes show a linear correlation with 

the logarithm of the equilibrium constants for the formation of 

the corresponding dioxygen complexes.
64-66

 The formation of 

the superoxo radical complex 1 is accompanied by the transfer 

of electron density from the cobalt center to the half-filled π-

antibonding orbitals of the oxygen.
67

 Therefore, the oxygen-

carrying ability of a Co-Schiff base catalyst depends on its ease 

of oxidation (more negative potential).
66, 68

 Although steric 

factors are also important, a lower redox potential enhances 

the Co-Schiff catalytic activity in the oxidation of phenols 

towards quinones.
24, 63
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Table 3 Electrochemical data for Co-Schiff base catalyst oxidation and quinones 

reduction in protic solvent.
a
 

Compound Ecp (V) Eap (V) ∆E (V) E1/2 (V) 

8 -0.32 -0.18 0.14 -0.25 

9 -0.13 0.15 0.27 0.01 

10 0.08 0.15 0.07 0.11 

6a -0.35 -0.27 0.08 -0.31 

6b -0.28 -0.19 0.08 -0.24 

6c -0.20 -0.12 0.08 -0.16 

aPotentials vs Ag/AgCl. See SI for experimental details. 

 

We also found a relation between the Co-Schiff base catalyst’s 

redox potential and their susceptibility to deactivation. 

Catalysts 8 and 9, which exhibit lower redox potentials, were 

most strongly affected by quinones 6b and 6c (Table 1). In 

contrast, catalyst 10, with a higher redox potential, was not 

deactivated by the quinones. It can be concluded that a lower 

redox potential makes the Co-Schiff base catalysts more 

oxidizable by quinones. 

We found that the reduction potential of quinones 6a, 6b 

and 6c is a linear function of the number of electron-donating 

methoxy substituents (Figure 6a).
69

 The OMe groups decrease 

the redox potential of the quinone by increasing the electron 

density.
70-73

 The more positive the reduction potential, the 

more easily the quinone is reduced.
74

 This explains why 

quinones 6b and 6c have a higher effect on the deactivation of 

Co-Schiff base catalysts (See Section 3). Finally, the peak-to-

peak potentials ∆E of the three quinones are the same, 

indicating that they share a common ET process at the 

conditions evaluated. 

The effect of the solvent on quinone electrochemical 

behavior was also studied. In a neutral aprotic solvent, such as 

acetonitrile, two successive one-electron reductions of para-

benzoquinones lead to the formation of the paramagnetic 

semiquinone anion radical Q
•- 

and the diamagnetic quinone 

dianion Q
2-

 (equation 1) that are characterized by two separate 

redox waves in a voltammogram (Figure 6b, red line).
70, 72, 75

 

 

 

(1) 

We found that in methanol the electrochemical reduction 

of para-benzoquinones occurs reversibly as a single-step, two-

electron transfer process (Figure 6b, black line). Similar results 

have been also reported for different kind of quinones, 

including quinones 6a and 6c, in other alcohols and aqueous 

systems at neutral pH.
76-80

 It has been proposed that this 

process is possible because the radical anion and the dianion 

are stabilized by hydrogen bonding with the solvent.
81-83

 

Although both peaks shift to more positive potentials, the peak 

associated with the reduction of Q
•- 

to
 
Q

2-
 shifts more than the 

Q to Q
•- 

reduction peak, creating an overlapping of the two 

redox peaks that are seen as one single Q Q
2-

 redox wave 

(equation 2).
84

  

 

 

(2) 

 

2.6. Mechanistic proposal for Co-Schiff base catalyst deactivation 

 

Based on the experimental results described above and the 

literature reviewed, we propose two different mechanisms to 

explain the observed quinone deactivation of the Co-Schiff 

base catalysts reported in Tables 1 and 2.  

 

2.6.1. Deactivation by the formation of Co-Schiff base-

quinone complexes. The first proposed mechanism results 

from the formation of the 2:1 adducts, leading to the oxidation 

of the cobalt catalyst (Scheme 3). According to this 

mechanism, the cobalt complex L4BCo(II) would react with a 

quinone by forming a reduced complex 14b, that quickly reacts 

with a second L4BCo(II) molecule to generate 14. A similar 

mechanism has been proposed for the formation of dinuclear 

complexes of para-benzoquinones and Co(CN)5
3-

.
52, 85, 86
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According to this mechanism, the loss of the catalytic activity 

of 8 would be appreciable if a competitive reaction for the 

formation of catalytically active cobalt superoxo radical 1 and 

14b took place. This seems to be the case when evaluating the 

effect of the quinone concentration on the deactivation of Co-

Schiff base catalysts (Figure 3a and 3b): when the 

concentration of the quinone in the solution increased, the 

oxidation of the phenolic substrate decreased 

It has been proposed that the similarities between the 2:1 

Co-oxygen and the Co-quinone adducts formation are 

substantial.
41

 When the unpaired electron of the square planar 

tetradentate d
7
 Co(II)(salen) complex is located in the dxy 

orbital, where it is not available for approaching oxygen 

molecule, the formation of Co-O2 complexes is unfavorable.
87

 

We argue that this is also true for four-coordinate Co-Schiff 

base catalysts and quinones 6d and 6c. In absence of a suitable 

axial base, the unpaired electron of the catalysts like 10, 11 

and Co(II)(salen) are not available to form a complex with any 

surrounding quinone.  Although methanol can act as a weak 

axial ligand that helps those four-coordinated Co-Schiff base 

catalysts to bind oxygen,
54, 88-90

 our results suggest that this 

effect is not enough to make the four-coordinate complexes to 

bind quinones (Table 1 and 2).  

In contrast, when a donor ligand B like pyridine is added to 

the reaction medium (or when an N axial base is already 

present like in catalyst 9) it pulls the cobalt out of the salen 

ligand plane and donates two more electrons that shift the dZ
2
 

orbital from nonbonding with a pair of electrons to 

antibonding with a single electron.
91, 92

 This makes the Co-

Schiff-py base complex more reactive towards oxygen.
17, 33, 68, 

93, 94
 We believe that this process also makes the complexes 

Co(II)(salen)py (8), Co(II)(salen*)py, and (salophen)py  Co(N-

Me salpr) more reactive towards some quinones. Therefore, 

the formation of a -bonding between the oxygen of the 

quinone and the cobalt center of the five-coordinated complex 

8 and 9 would be responsible for the formation of the Co-

Schiff-quinone complexes (13). 

Finally, it has been reported that the formation and the 

stability of complexes between metal-Schiff bases and 

quinones are related with their redox potentials. For instance, 

whereas the dinuclear complex of tetramethyl-1,4-

benzoquinone (duroquinone) and Fe(salen) decomposes in 

contact with air, tetrachloro-1,4-benzoquinone (para-

chloranil), which has a higher redox potential, was more stable 

and did not decompose.
41

 Similarly, ortho-quinones with 

higher redox potential were reported to react more easily with 

metal-Schiff base complexes than quinones with lower 

potential values.
51

 According to this, the high halfwave 

potentials values of 6c and 6d (Table 3) would explain why 

they readily deactivate 8, whereas quinone 6b, with a lower 

redox potential, does not deactivate the catalyst.  
 

2.6.2. Scavenging of Co-Schiff base-superoxo complexes 

by quinones. The second proposed deactivation mechanism is 

based on an ET reaction between the quinones and the Co-

superoxo radical without the formation of Co-quinone 

complexes. This mechanism is based on the capacity of the 

superoxide anion radical O2
•-

 to act as both a reducing and 

oxidizing agent depending on the redox potential of the 

substrate with which it reacts. 
95-98

 When superoxide anion 

reacts with a quinone, the corresponding semiquinone anion 

and oxygen are produced (equation 3).
99

  

 
(3) 

This capacity of quinones to scavenge superoxide anion 

radicals has been observed.
100-108

 Joshi and Gangabhagirathi 

reported the scavenging of superoxide radical and 

hydroxyethyl radical by  5-hydroxy-2-methyl-1,4-

naphthoquinone with the formation of semiquinone 

radicals.
109

 Reaction of 1,4-benzoquinone with α-hydroxyalkyl 

radicals occurred only by electron transfer.
100

 Finally, Petillo 

and Hultin reported the use of Coenzyme Q10 as a free radical 

scavenger against a lipid‐soluble free radical generator, 2,2′‐

azobis(2,4‐dimethylvaleronitrile).
104

 

Although there are few examples of reactions between a 

quinone and a superoxide anion coordinated to a metal,
42

 the 

chemistry of metal-superoxo anion radicals has been 

compared with the superoxide anions.
68, 110-113

 Thus, in this 

deactivation mechanism, we argue that the reaction of 

quinones with the  

Page 8 of 12Catalysis Science & Technology



  

 

ARTICLE 

  

Please do not adjust margins 

Please do not adjust margins 

 

 

Co-superoxo anions L4BCo(III)-O2
•-

 would quench the 

oxygenated catalytically active species (Scheme 4).  

The one-electron transfer reaction that occurs between Co-

superoxo radical like 1 and the quinones in Scheme 4 would 

depend on the redox potential of the species involved. As 

mentioned  earlier,  the more negative the redox potential  of 

the quinones, the more difficult it is to reduce them.
74

 

According to this, the low E1/2 value of 6a becomes a barrier 

for any successful electron transfer reaction from the Co-

superoxo complex to the quinones. In contrast, quinones 6b 

and especially 6c, with a more positive redox potential, endow 

thermodynamic favorability of reduction by the Co-superoxo 

radicals.  

It is important to notice that according to equation 3, the 

semiquinone can be oxidized to regenerate the quinone and 

superoxide in a one-electron transfer reaction.
114-116

 The redox 

potential of the quinone controls the equilibrium of the 

reaction between its corresponding semiquinone and dioxygen 

to form the superoxide anion.
74

 The lower the reduction 

potential, the higher the rate constant for the formation of 

superoxide from the reaction of the SQ
•−

 with dioxygen. 

Therefore, semiquinone from 6b would be a better reducing 

agent than semiquinone from 6c. Reported rate constants k for 

the reaction of Q•- with dioxygen to form superoxide of 5 ×10
4
 

M
–1

·s
–1 

for 1,4-benzosemiquinone and 1.5 × 10
6
 M

–1
·s

–1
 for 2-

methoxy-1,4-benzosemiquinone support this trend.
74, 117

  

The synthesis of complex 13 from Co(salen) and quinone 6c 

in pyridine shows quinones will complex to Co-Schiff base 

complexes, supporting the first proposed mechanism. 

However, the fact that we were unable to synthesize similar 

catalyst-quinone complexes for the other cobalt complexes 

suggests that the second mechanism is also possible. The 

scavenging of superoxide radicals by quinones, which have 

been used as antioxidants, accounts for the second alternative 

mechanism.  

4. Conclusions 

Catalyst deactivation has been always a concern in the use of 

Co-Schiff base catalysts for the oxidation of lignin models. 

Here, we have demonstrated that some quinones can 

deactivate the five-coordinate Co-Schiff base catalysts used in 

the oxidation of lignin models. This result is important for the 

oxidative depolymerization of lignin using Co-Schiff base 

catalysts because five-coordinate catalysts are generally more 

selective for the production of quinones. Even catalysts with 

sterically bulky ligands such as Co(salen*) are susceptible to 

deactivation by quinones.  This must be considered when 

designing new Co-Schiff base catalysts for the oxidation of 

lignin in the production of quinones.  

Traditionally, methanol has been used as a solvent in the 

oxidation of lignin models by using Co-Schiff base catalyst. The 

idea is that quinones with low solubility in this solvent (in 

particular, 6a) precipitate from the solvent, making them easy 

to separate. However, we have shown that the hydrogen 

bonding with methanol increases the redox potential of the 

quinones, making them more reactive toward the five-

coordinate Co-Schiff base catalyst.  
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Those features which enhance the reactivity of Co-Schiff base oxidation catalysts can also 
contribute to their demise.
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