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Abstract The reductive cleavage of a series of organic

halides, including both aromatic and aliphatic compounds,

has been investigated in acetonitrile at glassy carbon (GC)

and silver electrodes. Ag exhibits extraordinary electrocat-

alytic activities for the reduction of most of the investigated

halides. During the reductive cleavage of a carbon–halogen

bond, electron transfer (ET) and bond breaking may occur

either in a single step or in two distinct steps. The com-

pounds examined in this study are representative of both

dissociative electron transfer (DET) mechanisms. In general

a link between the DET mechanism and electrocatalysis at

Ag is observed for the whole set of data. There is no catalysis

at all when the ET involves a substituent that gives a stable

radical anion. Furthermore, there is no catalysis for all aro-

matic chlorides. Instead, a remarkable electrocatalysis is

observed for all compounds undergoing a concerted DET

mechanism, regardless of the nature of the halogen atom.

Keywords Electrocatalysis � Silver electrode �
Dissociative electron transfer � Organic halides

1 Introduction

The electrochemical reductive cleavage of carbon–halogen

bonds in organic compounds has been the object of numer-

ous studies and several reviews are available [1–3]. The

great interest for this process is due to the important roles it

plays in synthetic [2, 4] and environmental applications,

[5–7] especially the abatement of volatile polychlorinated

organic compounds, but also to mechanistic aspects.

It is well known that the injection of one electron into an

organic halide, by reaction with homogeneous electron

donors as well as by electrochemical or other means, leads

to the fragmentation of the carbon–halogen r bond. There

are two possible reaction mechanisms for such reductive

cleavages: electron transfer (ET) and bond breaking can

occur either in a stepwise manner, with the intermediate

formation of a radical anion (Eqs. 1, 2), or in a concerted

way in which the two fragments, the organic radical and

the halide leaving ion, are produced in a single step (Eq. 3).

RX + e� � RX�� ð1Þ
RX�� ! R� þ X� ð2Þ
RX + e� ! R� þ X� ð3Þ

Reduction of organic halides at inert electrodes or by

electrogenerated homogeneous electron donors has been

widely investigated to test the dissociative electron transfer

(DET) theory developed by Savéant [8] for the concerted

mechanism. While such mechanistic investigations rigor-

ously require the use of outer sphere electron donors, cata-

lytic electrode surfaces are highly demanded in preparative

scale processes. The radical R• may undergo typical radical

reactions or may be reduced to a carbanion (Eq. 4), its

reduction potential being generally more positive than that of

the halide, giving very useful following reactions.

R� þ e� ! R� ð4Þ

A major drawback of the electrochemical activation of

carbon–halogen bonds is that the process requires very

negative electrode potentials. Thus, much attention has
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been devoted to develop electrocatalytic processes, either

by utilizing homogeneous redox catalysts, such as metal

complexes or aromatic mediators, or by the use of

electrocatalytic cathodic materials. We have been active

in the field of electrocatalytic activation of organic halides

for several years. In particular, we focused our attention on

silver [9–14], which is among the best catalytic materials

for the reduction of RX [15].

The electrocatalytic properties of silver have been

exploited in several electrosynthetic processes, in particular

the electrosynthesis of fine chemicals and pharmaceutical

products by electrocarboxylation of the corresponding

chlorides [16, 17]. In some cases, also a first scale-up has

been developed with very encouraging results [18].

The mechanism of the electrocatalytic process at Ag has

been investigated from different viewpoints. It has been

shown that several factors play an important role in the

electrocatalytic process; these include the molecular

structure of the organic halide, the nature of the halogen

atom, the surface morphology of the electrode, the

adsorption of the reagents and products, especially halide

ions, and also the solvent [19].

Recently we have found that also the mechanism of the

DET has a crucial role in the electrocatalytic process [20].

We have investigated the electrochemical reduction of a

series of chlorides, representative of both stepwise and

concerted DET mechanisms, at Ag. This study has shown a

clear link between electrocatalysis and DET mechanism. In

fact, we have found that for all chlorides undergoing a

stepwise DET no electrocatalytic activity is exhibited by

Ag, whereas for all of the chlorides undergoing a concerted

DET, Ag exhibits an impressive electrocatalytic activity; in

the latter case, the reduction potentials at Ag are shifted to

more positive values by several hundreds of millivolts with

respect to a non-catalytic electrode such as glassy carbon

(GC).

We have extended this investigation to other cathodic

materials with the aim of verifying if this finding is peculiar

of Ag or is a more general one [21]. In such study, the

electroreduction of various organic chlorides, as before,

representative of both stepwise and concerted DET mech-

anisms, was comparatively analysed at GC and at some

potential electrocatalytic cathodes, namely Ag, Ag na-

noclusters electrodeposited on GC [22], Cu [23] and Pd

[24]. These metals as well as their Ag–Pd [25] and Cu–Pd

[26] alloys have been reported to be good electrocatalytic

materials for the reduction of several alkyl iodides. For all

of the investigated cathodic materials, we have obtained a

clear mechanistic discrimination: no electrocatalytic

activity was observed for all those compounds undergoing

a stepwise DET, whereas remarkable electrocatalytic

activities of comparable strength were displayed by all of

the cathodic materials when the process occurred by a

concerted DET mechanism. In the latter case, impressive

positive shifts of the reduction potentials of up to 800 mV

were observed for the catalytic electrodes as compared to

GC.

The correlation between the electrocatalytic activity and

the mechanism of DET gives new insights on the com-

prehension of electrocatalysis. While this correlation

appears to be very clear in the reduction of organic chlo-

rides, less information is available for bromides and

iodides. With the aim of studying in depth the role of DET

mechanism in the electrocatalytic activity of cathodic

materials, we have investigated the reduction of a series of

organic halides at silver. The investigated halides are

depicted in Scheme 1 and were selected to be representa-

tive of both stepwise and concerted DET mechanisms as

well as all types of halogen atoms. We have compared the

electrochemical behaviour at Ag with that at GC, by ana-

lysing the voltammetric responses in CH3CN.

2 Experimental

Acetonitrile (Merck, HPLC grade) and the supporting

electrolyte Et4NBF4 (Fluka, puriss) were used as received.

The organic halides (Scheme 1) were purchased from

Sigma-Aldrich and were used without further purification.

Electrochemical measurements were performed in a

three electrode glass cell, using a computer controlled

potentiostat (AutoLab PGSTAT30, Eco Chemie, The

Netherlands). The working electrodes were GC and Ag,

while the counter and reference electrodes were a Pt coil

and a saturated calomel electrode (SCE), respectively. The

polycrystalline silver electrodes were prepared by electro-

deposition of Ag on a Pt wire (diameter: 0.05 cm, length:

1 cm) from a 10 g dm-3 KAg(CN)2 bath at a current

density i = 0.5 mA cm-2 for 15–18 h, using a silver foil

R        X
CH3     Cl       6a
CH3     Br       6b
CH3     I          6c
NO2    Cl        7a
NO2    Br        7b

XR

X

X

X

N

X

X =  Br     1a
       I      1b

X =  Br     2a
       I       2b

X =  Cl     4a
       Br     4b
       I       4c

NC X X =  Cl     3a
       Br     3b

8X =  Cl     5a
       Br     5b

Br

Scheme 1 Molecular structure of investigated organic halides
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as anode. The electrode was then carefully washed with

deionized water followed by 5 min sonication in acetoni-

trile in a Bransonic 221 ultrasound bath. This procedure

affords reproducible, controlled surfaces [27] and thus a

freshly prepared electrode was used in each experiment.

The GC electrode (AMEL, 3 mm diameter disk) was pol-

ished with a wet diamond powder (Aldrich, 1 lm) on a

polishing cloth (Struers, DP-Nap) and ultrasonically rinsed

in CH3CN for 5 min. All measurements were carried out at

298 K and the solutions were deoxygenated with pure

nitrogen prior to use.

3 Results

The relevant voltammetric data pertaining to all of the

investigated halides are reported in Tables 1 and 2 for GC

and Ag electrodes, respectively. Besides peak potentials,

we report the results of voltammetric analyses, in particular

the values of the ET coefficient a, which have been esti-

mated, as a first approximation, both from the peak potential

slope qEp/qlogv and from the peak width Ep/2 - Ep,

according to the equations qEp/qlogv =-1.15RT/Fa and

Ep/2 - Ep = 1.857RT/Fa, which are valid for an irrevers-

ible ET [28]. In Table 2, also the catalytic activity of Ag,

which may be quantified by DEp = Ep
(Ag) - Ep

(GC), is

reported in the last column.

Assuming that GC is a non-catalytic material, the ET

may be considered as an outer sphere process, at least from

the viewpoint of the donor. Thus, in the case of a stepwise

mechanism, we expect the ET coefficient a to be around or

greater than 0.5. This is, in fact, the case for halides 5a, b,

6a, b, c and 8. In the case of the nitro derivatives 7a, b, use

of the above mentioned equations is not permissible

because ET to these compounds is both chemically and

electrochemically reversible.

The values of a calculated by the same equations for the

ET at Ag are less indicative than in the case of GC, owing

to the possible involvement of silver surface in the ET,

especially in the case of bromides and iodides. In partic-

ular, the presence of adsorption phenomena modifies the

shape of the peaks, making calculation of a from the peak

width quite unreliable. The results obtained by the two

equations are often comparable (Table 2), though signifi-

cant differences can be observed in some cases. Since,

unlike the peak width, qEp/qlogv is little influenced by

adsorption phenomena, data obtained from the slope can be

used for mechanistic considerations.

3.1 Chlorides

The investigated chlorides are representative of both con-

certed (3a, 4a) and stepwise (5a, 6a, 7a) DET mechanisms.

It is well recognised that aromatic chlorides undergo a

stepwise DET (Eqs. 1–3), thanks to their low lying p*

orbitals in which the incoming electron is accommodated.

Moreover, since the aromatic radical produced by the

rupture of the bond, is more easily reducible than the

starting halide, often the first reduction peak corresponds to

a two electron process leading to the formation of the

chloride ion and a carbanion, which is protonated by any

proton donor HA present in solution (Eq. 5) [29, 30].

R� þ HA! RHþ A� ð5Þ

If the aromatic hydrocarbon RH is reducible, as, for

example, in the case of chloropyridine (see Fig. 1), the

voltammetric response relative to its reduction is always

present and does not appreciably depend on the nature of

the electrode material.

The voltammetric responses at GC are typical of a

stepwise DET: a is[0.5 in the case of chloropyridine, both

at GC and Ag. Also for chlorotoluene a is[0.5, but in this

case we have only the value at GC. In fact, at Ag the

solvent-electrolyte discharge starts at about -2.55 V so

that the reduction peak of chlorotoluene is completely

covered. The voltammogram reported in Fig. 1 was

Table 1 Data for the electrochemical reduction of RX in

CH3CN ? 0.1 M Et4NBF4 at GC

RX Ep
a (V) -qEp/qlogv

(V)

ab Ep/2 - Ep

(V)

ac DET

mechanismd

1a -2.57 0.170 0.28 c

1b -2.29 0.074 0.40 0.144 0.33 c

2a -2.37 0.140 0.34 c

2b -2.03 0.068 0.44 0.121 0.39 c

3ae -2.04 0.103 0.29 0.145 0.33 c

3b -1.55 0.092 0.32 0.156 0.31 c

4af -2.25 0.103 0.29 0.159 0.30 c

4bf -1.80 0.090 0.33 0.138 0.35 c

4cf -1.46 0.095 0.31 0.116 0.41 c

5ae -2.30 0.047 0.63 0.064 0.75 sw

5b -2.15 0.056 0.53 0.073 0.65 sw

6a -2.77 0.057 0.52 0.075 0.64 sw

6b -2.58 0.071 0.42 0.113 0.42 sw

6c -2.12 0.074 0.40 0.104 0.46 sw

7a -1.09 0 0.058 sw

7b -1.06 0 0.057 sw

8 -1.69 0.041 0.72 0.060 0.80 sw

a Ep (vs SCE) was measured at v = 0.2 V s-1

b Calculated from qEp/qlogv = -1.15 RT/Fa
c Calculated from Ep/2 - Ep = 1.857 RT/Fa
d DET mechanism: concerted (c) or stepwise (sw)
e Taken from Ref. [21]
f Taken from Ref. [13]
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obtained by subtracting a blank cyclic voltammogram from

that recorded for a solution of the substrate. Although a

well defined peak is not obtained even after this procedure,

this experiment allows a rough estimation of the reduction

potential at Ag, which, as shown, is quite similar to that at

GC. This means that no electrocatalytic effect is displayed

by Ag for the reduction of this substrate.

The behaviour of 4-nitrochlorobenzene 7a is quite dif-

ferent from the other aromatic chlorides. It shows a

reversible peak couple (Fig. 1) followed by several

reduction peaks (not shown) and associated anodic peaks.

The first reduction peak corresponds to a reversible one ET,

which is typical of nitrocompounds [31, 32]. It is worth

noting that the behaviour on GC and Ag is practically the

same: no electrocatalysis is displayed by Ag, as expected

for a stepwise DET, but also there is no influence on the

reversibility of the first ET, which is completely centred on

the nitro group. These results confirm the general finding

that, in the case of a reversible (i.e. fast) ET, both Ag [20]

and other electrocatalytic cathodic materials [21] act sim-

ply as outer sphere electron donors.

For the chlorides 3a and 4a, which undergo a concerted

DET, a measured at GC is significantly lower than 0.5. In

effect, concerted DETs generally exhibit values of

a\ 0.35, since the high overpotential required to over-

come the high activation energy mainly due to the breaking

bond, shifts the reduction peak to potentials considerably

more negative than the standard potential and thus,

according to Marcus-Hush ET theory, a is greatly dimin-

ished. Quite low values of a have been obtained also at Ag,

indicating that also at this electrode the reductive cleavage

of 3a and 4a follows a concerted mechanism. The most

relevant result of this comparative analysis is that, for these

chlorides, Ag exhibits a remarkable electrocatalytic activ-

ity and, as shown in Table 2, the reduction peak at Ag is

shifted to more positive potentials with respect to GC; the

observed positive shifts are DEp = 0.72 and 0.46 V for 3a

and 4a, respectively.

3.2 Bromides

Some representative examples of the voltammetric patterns

of the bromides, which constitute the most extensive of the

examined series, are illustrated in Figs. 2 and 3. In most

cases, the first reduction peak represents an overall 2e-

process leading to the hydrodehalogention of the substrate.

When the newly formed compound RH is reducible before

the cathodic solvent-electrolyte discharge, further reduc-

tion peak or peaks, which are independent of the nature of

the electrode material, are observed; we report as an

example the complete cyclic voltammogram of 1-bro-

mopyrene 8 (Fig. 2).

The voltammetric behaviour of the nitro derivative 6b is

similar to that of the corresponding chloride 6a; the first

reduction step involves only one electron and is both

chemically and electrochemically reversible. Since this

reduction step is centred on the nitro group, no catalytic

effect is observed at the Ag electrode.

Each of the aliphatic bromides 1a, 2a, 3b and 4b exhibit

both at GC and Ag electrodes a single, irreversible

reduction peak. These compounds undergo a concerted

DET and, as expected, the transfer coefficients calculated

Table 2 Data for the

electrochemical reduction of

RX in CH3CN ? 0.1 M

Et4NBF4 at Ag

a Ep (vs SCE) was measured at

v = 0.2 V s-1

b Calculated from

qEp/qlogv = -1.15 RT/Fa
c Calculated from

Ep/2 - Ep = 1.857 RT/Fa
d DET mechanism at GC:

concerted (c) or stepwise (sw)
e DEp = Ep

(Ag) - Ep
(GC) (Ep

(Ag)

and Ep
(GC) are the peak potentials

measured at Ag and GC

cathodes, respectively)
f Taken from Ref. [21]
g Taken from Ref. [13]
h Taken from Ref. [20]

RX Ep
a

(V)

-qEp/qlogv
(V)

ab Ep/2 - Ep

(V)

ac DET

mechanismd
DEp

e

(V)

1a -1.60 0.101 0.29 0.167 0.29 c 0.97

1b -1.23 0.071 0.42 0.056 0.85 c 1.06

2a -1.58 0.095 0.31 0.133 0.36 c 0.79

2b -1.45 0.083 0.36 0.086 0.55 c 0.58

3af -1.32 0.090 0.33 0.130 0.37 c 0.72

3b -0.97 0.193 0.15 0.192 0.25 c 0.58

4ag -1.79 0.102 0.29 0.141 0.34 c 0.46

4bg -1.08 0.113 0.26 c 0.72

4cg -0.98 0.137 0.22 0.212 0.23 c 0.48

5ah -2.28 0.040 0.74 0.063 0.76 sw 0.02

5b -1.55 0.099 0.30 0.082 0.58 sw 0.60

6a B-2.8 sw

6b -1.75 0.106 0.28 0.188 0.25 sw 0.83

6c -1.23 0.071 0.42 0.103 0.46 sw 0.89

7a -1.09 0 0.060 sw 0

7b -1.06 0 0.061 sw 0

8 -1.41 0.096 0.31 0.105 0.45 sw 0.28

2220 J Appl Electrochem (2009) 39:2217–2225

123



at both electrodes are significantly smaller than 0.5.

Remarkable electrocatalytic effects are observed for the

reduction of these compounds at Ag; as compared to GC,

Ep at Ag positively shifts by 0.59-0.97 V.

The voltammetric analysis of compounds 5b, 6b and 8

give contrasting results at the two electrodes. At GC, the

average values of a calculated for 5b, 6b and 8 are 0.59,

0.42 and 0.76, respectively. Although a of 6b is smaller

than 0.5, the DET mechanism of all these bromides can be

fairly assigned as stepwise. Regarding Ag, the values of a
calculated from qEp/qlogv are much smaller than 0.5 and

this may be taken to be indicative of a concerted DET

mechanism. The silver electrode shows good catalytic

activities also for these compounds.

3.3 Iodides

All investigated iodides exhibit irreversible reduction

peaks, with peak potentials strongly depending on the

cathodic material (Fig. 4). The transfer coefficients calcu-

lated for all iodides at both electrodes are in the range from

0.36 to 0.43. Although these values are smaller than 0.5,

indicating that the process is kinetically controlled by the

ET, they do not allow unequivocal assignment of the DET

mechanism. In analogy with chlorides and bromides, which

have been more extensively investigated [3, 33, 34], we

may assume a concerted DET mechanism for the aliphatic

iodides 1b, 2b and 4c at both electrodes. As to the aromatic

compound 6c, DET of iodobenzenes is reported to be a

Fig. 1 Cyclic voltammetry of 4-chlorotoluene 6a (4 mM), 4-chloro-

nitrobenzene 7a (0.79 mM) and 3-chloropyridine 5a (1.05 mM) in

CH3CN ? 0.1 M Et4NBF4 recorded at 0.2 V s-1 at GC (full lines)

and Ag (dashed lines)

Fig. 2 Cyclic voltammetry of 4-bromonitrobenzene 7b, bromopyri-

dine 5b and bromopyrene 8 (0.75 mM) in CH3CN ? 0.1 M Et4NBF4

recorded at 0.2 V s-1 at GC (full lines) and Ag (dashed lines)

Fig. 3 Cyclic voltammetry of bromoacetonitrile 3b (0.75 mM) and

bromoethane 1a (1 mM at GC and 3 mM Ag) in CH3CN ? 0.1 M

Et4NBF4 recorded at 0.2 V s-1 at GC (full lines) and Ag (dashed lines)
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borderline between concerted and stepwise mechanisms,

with the possibility of a passage from one mechanism to

the other, depending on the reaction conditions [35].

Therefore, we may assume a borderline situation for 4-

iodotoluene. Interestingly, Ag exhibits extraordinary elec-

trocatalytic activities for all four compounds, even if the

catalytic effect shows a strong dependence on the molec-

ular structure of the substrate. In fact, the positive shifts of

Ep with respect to GC span a quite wide range from 0.58 V

for 2b to 1.06 V for 1b.

4 Discussion

The comparison between the electrochemical behaviour of

compounds 1–8 at GC and Ag gives some interesting

indications on the role of the ET mechanism on the elec-

trocatalytic activity of silver. Analysis of the data reported

in Tables 1 and 2 allows identification of three main dif-

ferent types of behaviour.

4.1 Nitro compounds

The mechanism of the electrochemical reduction of nitro

compounds has been widely investigated and is well under-

stood [32]. The ability of the nitro group to accommodate the

incoming electron, thanks to the strong delocalisation of the

p* orbital, makes this group the host for, at least, the first

electron uptake, independently of the structure of the com-

pound. Thus, it is a general finding that the first reduction of

nitro compounds corresponds to a reversible one reduction

process, with the formation of a very stable radical anion.

As already found the electrocatalytic activity of silver

and other catalytic materials [20, 21] is insignificant in the

case of reversible ETs. For example, the reduction of

aromatic hydrocarbons, such as anthracene, phenanthrene,

etc., is practically indifferent to the cathodic material.

Interactions between the cathodic surface and the p* orbital

are practically absent and the process is generally a typical

outer sphere ET.

The two investigated nitro halides, 7a, b, give similar

voltammetric responses, typical of nitrobenzenes. The first

voltammetric peak corresponds to a reversible one electron

reduction (see Figs. 1 and 2) with the formation of a stable

radical anion. This process is completely unaffected by the

cathodic material employed: the same voltammetric

response, typical of a reversible ET, has been obtained both

at GC and Ag electrodes. The peak potentials are identical

and practically independent of the scan rate; the peak

widths are comparable and are very close to the theoretical

value of 56.5 mV; the ratio Ipa/Ipc = 1. All these findings

confirm that the ET involves the nitro group which is very

little influenced by the halogen atom in the ring.

The peak potentials, or E� for bromo and chloro nitro-

benzene are very similar, indicating a very poor influence

of the halogen atom on the reduction process. This is in line

with the above consideration that the nitro group is the

centre of the reduction process and the halogen atom exerts

only a typical substituent effect. In this context, Br is

slightly more electron withdrawing than Cl (their r- values

are 0.25 and 0.19, respectively [36]) and, indeed, the

reduction potential of the bromo derivative is slightly more

positive than that of the chloro derivative.

The voltammetric responses show that the reversible ET

to the nitro group is diffusion controlled. This means that

the intramolecular ET, from the p* orbital of the nitro

group to the r* carbon–halogen orbital is very slow and

occurs far from the electrode surface, which does not exert

any influence on this intramolecular ET and the consequent

carbon–halogen bond breaking.

4.2 Aliphatic halides

The electrochemical reduction of aliphatic halides occurs

via a concerted ET. The absence of an energetically

accessible p* orbital and the very high energy of the r*

carbon–halogen orbital makes unfavourable the formation

of the corresponding radical anion. Thus, the only viable

way of accommodating the incoming electron is elongation

of the carbon–halogen bond to lower the energy of the r*

Fig. 4 Cyclic voltammetry of iodotoluene 6c and iodoethane 1a
(3 mM) in CH3CN ? 0.1 M Et4NBF4 recorded at 0.2 V s-1 at GC

(full lines) and Ag (dashed lines)
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orbital which, upon injection of the electron, goes on to the

complete breaking. In these cases, the dynamics of the

heterogeneous ET may be sensitive to the nature of the

cathodic surface. Thus, in the case of cathodic materials

possessing catalytic activities such as Ag [13–16, 19–22],

Cu [21, 23, 24] and Pd [21, 25, 26], there are significant

interactions between the electrode surface and, possibly the

reagents, products, and mainly the activated complex [21],

resulting in a lowering of the activation energy of the ET.

As a consequence, the reduction process occurs at more

positive potentials (less overpotential is required) with

respect to a non-catalytic electrode.

For all of the investigated aliphatic halides 1a, b, 2a, b,

3a, b and 4a, b, c, the data reported in Tables 1 and 2 are in

good agreement with the concerted DET mechanism. In

particular, the ET coefficient a, at GC, is generally lower

than 0.35. This is true also at Ag, even if in some cases the

process is not completely diffusion controlled because of

the interactions with the electrode surface. Very strong

catalysis has been observed for all these halides, as shown

by the last column of Table 2: a positive shift of the

reduction peak of several hundreds of millivolts is always

observed.

Examination of the reported DEp suggests some further

considerations. At GC the reduction potentials of RX are in

line with the well known behaviour: I [ Br [ Cl. This is

well evidenced by compounds 4a, b, c, which allow a

comparison of all three halides, but also by all other cou-

ples of halides, Cl versus Br or Br versus I. This finding is

strongly related to the bond dissociation energy (BDE),

which increases in the opposite direction (I \ Br \ Cl),

because this parameter influences both the thermodynamics

(E�
RX=R

�;X� of the concerted DET depends on BDE [3]) and

the kinetics (the intrinsic barrier and, consequently, the

activation energy contain a contribution equal to BDE/4

[8]) of the process. This is true also at Ag, indicating that

BDE always plays a primary role. In this case, however,

surface interactions with reagents, products and activated

complexes are also important and therefore the electro-

catalytic activity has not always the same sequence.

In general the electrocatalytic effect is expected to be

related to the difficulty of reduction of RX or simply to the

BDE of the carbon–halogen bond. This means the greater

the overpotential (more difficult reduction), the greater the

expected electrocatalytic effect. On the other hand,

adsorption of the products, in particular the halide ions,

provides a thermodynamic contribution to the electroca-

talysis. It has recently been shown that adsorption of Br-

and I- at Ag is relevant at potentials greater than -1.33

and -1.50 V vs SCE, respectively [37]. The desorption

potential of Cl- is less defined, but is certainly more

positive than that of Br-. Now, in the case of compounds

1a, b, the Ag electrode exhibits higher catalytic effects for

iodoethane than for bromoethane, whereas the opposite is

true for compounds 2a, b. Comparing Cl with Br, there is

higher catalysis for the chloride than for the bromide in the

case compounds 3a, b, whereas the opposite is true for

compounds 4a, b. A comparison of the whole set of hal-

ogen atoms is possible only for the benzyl halides 4a, b, c,

in which case the highest electrocatalytic effect is found for

the bromide, similar electrocatalytic effects being observed

for the chloride and iodide.

A survey of the reduction potentials reported in Table 2

and the desorption potentials of Br- and I- reveals that

thermodynamic contribution due to specific adsorption of

halide ions on Ag could be important only in the case of 1b,

2b, 3b, 4b, 4c and 6c. On the other hand, the kinetic effect is

always present and is expected to increase with increasing

BDE. It appears that kinetic contribution prevails for com-

pounds 2 and 3, whereas a strong thermodynamic

contribution due to specific adsorption of I- causes an

inversion of the sequence for compounds 1a, b. In fact, at the

reduction potential of 1a at Ag, Br- is not adsorbed at the

electrode, whereas adsorption of I- plays a crucial role in the

electrocatalytic reduction of 1b, which is reduced at poten-

tials where the halide ion is strongly adsorbed. Also the

electrocatalytic trend observed for compounds 4a, b, c can

be rationalised by considering both kinetic and thermody-

namic contributions. In particular, while the kinetic

contribution of Ag surface is always present with the normal

sequence I \ Br \ Cl, the thermodynamic contribution due

to adsorption is present only in the case of Br- and I-, with

the usual sequence I [ Br, whereas it is insignificant for the

Cl-. Thus, benzyl chloride has only the BDE contribution,

whereas both the bromide and the iodide have two contri-

butions and because of this the catalytic effect observed for

4a is smaller than that of the bromide 4b. Comparable

electrocatalytic effects are observed for 4a and 4c, even

though the latter has two contributions. Possibly, the addi-

tional thermodynamic contribution of the iodide is

compensated by the considerably higher kinetic effect of the

chloride; the bond dissociation energies of 4a, 4b and 4c are

309, 235 and 187 kJ mol-1, respectively [38]. Comparing

4b and 4c, since both compounds have an important ther-

modynamic contribution, the role of the BDE prevails in the

overall electroatalytic effect, resulting in a higher catalysis

for the bromide.

4.3 Aromatic halides

The electrochemical behaviour of the aromatic halides is

more complex than that of the aliphatic halides and is

strongly influenced by the nature of halogen atom. The

voltammetric responses of 5a, b, 6a, b, c and 8 at GC are

coherent with the stepwise DET mechanism. However,

some differences can be outlined: the ET coefficient a is

J Appl Electrochem (2009) 39:2217–2225 2223
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quite higher than 0.5 for compounds 5a, b, 6a and 8,

whereas it is slightly lower than 0.5 for compounds 6b, c.

This finding seems to indicate that stepwise DET is the

more preferred mechanism and this preferrance increases

with increasing accessibility of the p* LUMO, i.e. with

lowering of its energy. At the same time, increasing the

BDE increases the activation free energy of the concerted

mechanism, thus favouring the stepwise route. The role of

the p* orbital energy becomes well evident by a close

examination of both the chloride and bromide series. The

trends of p* energies are 5a \ 6a for the chlorides and

8 \ 5b \ 6b for the bromides [39, 40]. This trend is

exactly the opposite of that found for the a values. On the

other hand, if we reasonably assume that the effect of the

halogen atom on the energy of the p* orbital of the aro-

matic system is negligible, a is found to be related to the

BDE; roughly the two parameters show the same trend:

5a [ 5b, 6a [ 6b [ 6c.

The behaviour of chlorides 5a and 6a is in perfect

agreement with the general finding [20, 21] for chlorides:

in the case of stepwise ET no catalysis is displayed by Ag.

Quite different is the situation for bromides, which, at

least at GC, undergo stepwise reductive cleavages. In these

cases, Ag always displays electrocatalysis, even though the

degree of catalysis strongly depends on the molecular

structure and appears to be related to the stepwise tendency

of the DET. In the case of bromopyrene 8, the highly de-

localised p* orbital in which the incoming electron is

accommodated, makes the stepwise mechanism more

favourable than the concerted DET and, consequently,

electrocatalysis is less significant. On the contrary, a very

high electrocatalytic effect is observed for bromotoluene

6b in which the p* orbital is less delocalised with respect to

8 and hence the stepwise mechanism is less favourable. In

this case, also a change of mechanism could occur at Ag,

which would add a further thermodynamic contribution

because of the more positive E� for the concerted mecha-

nism with respect to the stepwise one.

The electrocatalytic effect is very high also for the

iodide 6c. In this case, there is undoubtedly an important

thermodynamic contribution due to the specific adsorption

of I- at Ag. It is worth noting, however, that the DET

mechanism at the non-catalytic electrode is in a borderline

situation and it is highly likely to shift to the concerted

limiting situation as the driving force of the reaction

decreases owing to the electrocatalytic effect of Ag.

5 Conclusions

The electrocatalytic activity of silver towards the reduction

of organic halides is strongly affected by the DET mech-

anism. Remarkable electrocatalysis is always displayed in

the case of concerted DET, independently of the nature of

the halogen atom, even if the extent of catalysis may be

affected by the possibility of adsorption of halide anions

when the reduction potential at Ag is not so negative that

electrostatic repulsions prevent X- adsorption.

In the case of stepwise DET, the situation is less univ-

ocal. If the centre of the ET is completely circumscribed to

the host group, which does not interact with the halogen

atom, as in the case of the nitro group, no electrocatalysis is

displayed by Ag, independently of the type of the halogen

atom.

Dissociative ET to aromatic chlorides follows a stepwise

mechanism owing to the very high energy level of the

carbon–chlorine r* orbital. In these cases, as already

reported in the literature, no catalysis is displayed by Ag

(as well as by other cathodic materials). Thus, for chlorides

electrocatalysis is clearly discriminated by the DET

mechanism. Conversely, there is no clear-cut discrimina-

tion of catalysis based on the DET mechanism in the case

of aromatic bromides. In fact, Ag exhibits good electro-

catalytic activities for all of the investigated aromatic

bromides, which undergo stepwise DET at a non-catalytic

electrode such as GC. A first indication of a possible cor-

relation between the electrocatalytic effect and the

dynamics of the DET seems to be apparent from the

reported data: the more pronounced the stepwise mecha-

nism, the lower the electrocatalytic effect. More extensive

investigations are required to better develop this possible

correlation, taking into consideration also the possibility of

a mechanism change from stepwise to concerted.

In the case of the only aromatic iodide investigated, a

remarkable electrocatalytic effect was observed. In this

case the DET mechanism is borderline at GC and probably

becomes concerted at Ag with significant thermodynamic

advantage. In addition, adsorption of the iodide ion at Ag

provides a further thermodynamic advantage, significantly

contributing to the electrocatalysis.
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