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Abstract: We describe a new sol-gel molecular elec-
trode made of a thin layer of organosilica doped
with the nitroxyl radical TEMPO (2,2,6,6-tetrame-
thylpiperidine-1-oxyl) electrodeposited on the sur-
face of an ITO-coated glass and its employment as
a selective and versatile oxidation catalyst in the
electrochemical conversion of different alcohols to
carbonyl compounds. Environmentally friendly
water or a water/acetonitrile mixture buffered with
bicarbonate is used as solvent. The electrode is
highly stable and it can be reused for a prolonged
period of time allowing easy separation from the
products.
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The design of clean, efficient and simple synthetic
routes has become a central issue of chemical re-
search both in industry and in the academy. For exam-
ple, in chemical oxidations for economic, ecological
and legislative reasons the chemical industry will cur-
rently not apply toxic transition metals as stoichio-
metric oxidants and will avoid environmentally unsafe
solvents.[1] Hence, the aerobic oxidation of alcohols to
carbonyl compounds – crucial precursors of drugs,
dyes and fine chemicals – has become a major goal of
contemporary chemical research because older indus-
trial processes made use of toxic heavy metals (nota-
bly Cr and Mn salts) in copious amounts generating
15–20 kg of hazardous heavy-metal waste per kg of
useful product.[2]

Similarly, avoiding the use of carcinogenic and bio-
accumulating chlorinated (or aromatic) hydrocarbon
solvents in which these conversions are carried out is
also urgent[3] since solvents have a considerable life
cycle impact and continue to be used according to an
obsolete resource depletion model typical of tradi-

tional chemical methods.[4] Accordingly, the use of
water as reaction medium is highly desirable as water
is a readily available, safe and environmentally friend-
ly solvent which is currently finding a number of sur-
prising applications in synthetic chemistry.[5]

Research efforts in the field of alcohol oxidation
have lately resulted in a number of aerobic heteroge-
neous metal catalysts of impressive selective activity,
mostly based on Ru,[6] Pd,[7] and, more recently, bi-
metallic Pd-Au[8] catalysts. These metal/O2 catalytic
systems are all atom-efficient;[9] and yet the ideal goal
is to avoid the use of any chemical oxidants prevent-
ing all risks associated with the manipulation of O2 or
H2O2 in the presence of organic compounds.

In place of metal catalysts mentioned above, stable
di-tertiary alkylnitroxyl radicals such as 2,2,6,6-tetra-
methyl-1-piperidinyloxyl (TEMPO) are increasingly
finding use in industry as oxidation catalysts due to
their high selectivity and pronounced versatility
(Scheme 1).[10]

In these catalytic oxidations the active species is
the cyclic nitrosonium ion generated in situ by an aux-
iliary oxidant. However, the species can be generated

Scheme 1. Electrochemical oxidation of primary alcohol
mediated by TEMPO.
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also electrochemically by applying a small electric po-
tential (0.7 V vs. Ag/AgCl) to a solution of nitroxyl
radicals. Hence, recently a number of different alco-
hols were oxidised in good yield and selectivity either
to carbonyl compounds (in organic solvent mixed
with 5% water) or to carboxylic acids in H2O.[11]

Similarly, the electrochemical oxidation of several
alcohols can be heterogeneously carried out either (in
organic solvent) using a graphite electrode coated
with a thin poly(acrylic acid) (PAA) layer grafted
with 4-amino-TEMPO;[12] or (in water) using silica-
entrapped TEMPO coupled to catalytic Br+ anodical-
ly regenerated from bromide.[13]

Now, we report the preparation of a molecular elec-
trode able to afford high yields of commercially
valued carbonyl compounds in water with complete
selectivity and marked stability as shown by repeated
use of the same electrode in consecutive reaction
runs. Indeed, only one and the same electrode was
used in all the experiments discussed in the following.

The electrode is made of a thin film of sol-gel orga-
nosilica doped with nitroxyl radicals deposited on the
surface of an indium-tin oxide (ITO) electrode ac-
cording to a recent method[14] that exploits the pH in-
crease at the electrode surface by reduction of pro-
tons near such a surface [Eq. (1)].

Such proton consumption in the proximity of the
electrodeLs surface catalyses the sol-gel polycondensa-
tion of an organosilane such as methyltrimethoxysi-
lane [MTMS, Eq. (2)] and thus ensures the electrode-
position of a thin layer of organosilica [Eq. (3)]:

Carrying out this organosilica electrodeposition in
the presence of aminopropyl(trimethoxy)silane deri-
vatised with the TEMPO moiety (via reductive ami-
nation with 4-oxo-TEMPO), a thin film of TEMPO-
entrapped ORMOSIL (organically modified silicate)
is obtained (Scheme 2 and Figure 1) which shows ex-
traordinary performance in terms of both selective ac-
tivity and stability.

Voltammetry experiments recorded in a single cell
(Figure 2) comparing the electrode thereby obtained
(TEMPO@DE) with the CV of the bare ITO elec-
trode (Figure 3) clearly show the powerful electro-
chemical activity imparted to the electrodeposited
electrode by the entrapped radical (the negative sign
of current at positive potential is due to the instru-
mentLs software).

The scope of the method is illustrated by the range
of primary, secondary, allylic and benzylic alcohols
that are oxidised in high conversion and selectivity
(Table 1) to form either their corresponding alde-
hydes or ketones. All oxidative runs were carried out

setting the voltage (relative to the reference elec-
trode) at 1.4 V and in the presence of 0.2M hydrogen
carbonate acting both as the electrolyte and as the
base needed for proton abstraction (Scheme 1). A
typical CV had the shape shown in Figure 4.

For control, under the same reaction conditions no
oxidation of benzyl alcohol occurred both at a bare
ITO electrode and at an ORMOSIL-modified ITO
electrode without entrapped TEMPO even after
200 h. On the other hand, when the protocol was ap-
plied to benzyl alcohol using TEMPO@DE, after
180 h reaction was complete (Figure 5) and all the
benzaldehyde formed – which partly separated from
solution due to its low water solubility (0.1 gL�1 at
20 8C) – was recovered from the reaction mixture by

Scheme 2. Synthesis of the TEMPO@DE electrode.

Figure 1. . TEMPO@DE is obtained by electrodeposition of
a thin layer of organosilica doped with TEMPO upon appli-
cation of �1.1 V (vs. Ag/AgCl) for 15 min to a solution of
suitable organosilanes (left). The electrocatalytic film there-
by obtained selectively converts benzyl alcohol dissolved in
0.2M NaHCO3 to pure benzaldehyde by simply applying a
1.4 V voltage (right).
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final extraction with ethyl acetate. No traces of benzo-
ic acid were detected (by GC) throughout the reac-
tion using a highly sensitive FID detector connected
to a column for separation of carbonyl compounds
and organic acids.

A brief analysis shows the potential applications of
this new technology. Benzaldehyde is industrially ob-
tained by as a by-product in the oxidation of toluene
directed towards the production of phenol or directly
by the catalytic aerobic oxidation of toluene.[15] On

the other hand, its production by the method de-
scribed herein starting from benzyl alcohol[16] might
be desirable for the fragrance and pharmaceutical in-
dustries where this aromatic aldehyde is employed in
large amounts as an intermediate in the manufacture
of flavours, perfumery chemicals and pharmaceuticals.

Figure 2. Scheme of the oxidation cell. TEMPO@DE is the
working electrode (WE) while the reference electrode (RE)
is made of Ag/AgCl and the counter electrode (CE) is a
platinum thin wire.

Figure 3. Cyclic voltammetry of bare ITO and sol-gel doped
electrodes in 0.2M KNO3.

Table 1. Conversion of primary and secondary alcohols.[a]

Substrate Product Time
[h]

Conversion
[%]

Selec-
tivity

1-phenyletha-
nol

acetophenone 12 98 99

benzyl alco-
hol

benzaldehyde 180 88 99

geraniol[b] citral 100 85 99
cinnamyl al-
cohol

cinnamaldehyde 90 87 99

[a] Conditions: 0.5 mmol alcohol, TEMPO@DE (1 cm2),
water (10 mL), NaHCO3 (0.2M), V=1.4 V vs. Ag/AgCl.
Conversion and selectivity determined by GC.

[b] Reaction in H2O/CH3CN (7:3).

Figure 4. Cyclic voltammetry of sol-gel doped electrode
TEMPO@DE in 0.2M NaHCO3 and 0.05M 1-phenylethanol
at voltage between 0 and 1.7 V (vs. Ag/AgCl).

Figure 5. Benzyl alcohol oxidation in water mediated by the
electrode TEMPO@DE (V=1.4 V vs. Ag/AgCl).
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The use of water instead than organic solvent and
the absence of transition metals and traditional chem-
ical oxidants would indeed afford a product of unpre-
cedented purity.

Despite being highly desirable, electroorganic syn-
theses traditionally have been limited by the low se-
lectivity typical of the electrochemical reactivity of
most conductive surfaces (metals or semi-metals)
where reactions take place.[17] Indeed, a few synthetic
electrochemical processes are carried out on an indus-
trial scale including the 340,000 t/year production of
adiponitrile[18] [it is of relevance to this report that the
success of this process was also due to the use of
water as reaction solvent and to the relatively low
voltage (3.8 V) employed]; and the production (with-
out mediator) of aryl aldehydes on a 5000 t/year scale
from toluenes.[19]

On the other hand, functionalised sol-gel electrodes
have a rich and varied electrochemistry due to their
vast accessible inner porosity that allows the oxidant
and reducing reactant molecules to diffuse through
the material and eventually to the surface of a con-
ducting electrode that can be modified and tailored to
selectively target specific applications.[20] For instance,
a major advantage of the sol-gel technique herein de-
scribed is the ability to prepare electrodes with the
desired surface hydrophilicity-lipophilicity balance
(HLB) in order to render them suitable for the oxida-
tion of alcohols in water and prevent overoxidation to
acids.

Hence, whereas in water solution with TEMPO,
benzyl alcohol is anodically oxidised to benzoic
acid,[11] the use of the hydrophobic sol-gel molecular
electrode TEMPO@DE affords uniquely benzalde-
hyde. We make the hypothesis that such a selectivity
is due to the HLB of the organosilica surface which
prevents diffusion of the hydrated aldehyde molecules
(gem-diol) to the hydrophobic surface of the elec-
trode (Scheme 3). Indeed, supporting this hypothesis,

the surface of a similar, markedly alkylated ORMO-
SIL not only is highly hydrophobic but also shows a
pronounced low degree of hydrophilicity due to de-
pletion of silanol groups at the organosilica matrix
surface.[21]

Finally, in contrast with the immobilisation of ni-
troxyl radicals by surface derivatisation of an organic
polymer resulting in a material whose stability was
not reported,[12] sol-gel encapsulation in the inner po-
rosity of the ORMOSIL film protects the radicals
from chemical degradation which is due to intermo-
lecular quenching of the radicals tethered at the sur-
face.[22] As a result, we were able to use the same cat-
alytic electrode in tens of experiments with different
substrates without any treatment between consecutive
oxidative runs besides sonication with ultrasound in
distilled water.

Clearly, reaction rates that are here limited by the
electrodeLs low area for the experiments described in
this report, need to be improved by using larger elec-
trodes. Moreover, far less amounts of water can be
successfully employed which here was prevented by
the limited versatility of the reaction cell employed.
Finally, we are currently investigating the reason why
encapsulation of the TEMPO moiety within a thin
layer of methylsilica results in an alteration of the
electrochemistry of the dopant TEMPO molecule
which in solution has an oxidation potential at about
0.7 V (vs. Ag/AgCl) and upon entrapment shows a
relatively high current occurring already at 0.2 V
(Figure 3).

However, considering both the ease and reproduci-
bility of electrochemical TEMPO-mediated oxida-
tions[23] and of the sol-gel electrodeposition process
for the preparation of organosilica films,[14] the find-
ings described in this report may open the route to
the commercial electrochemical oxidation of alcohols
in the fine chemicals industry, especially in the case of
small scale reactions.

Experimental Section

All chemicals were purchased from Aldrich and used with-
out further purification. Ultrapure water (Milli-Q Millipore
System) was used in all the experiments. Cyclic voltammetry
and amperometric curves were performed by using a CH In-
struments (Austin, TX) potentiostat CHI630B Electrochem-
ical Workstation. A standard three-electrode cell was used
for the experiments. The volume of the reaction vessel was
10 mL and an Ag/AgCl electrode in 3M KCl was used as
reference electrode. The counter electrode was a platinum
wire (d=0.5 mm) whereas the working electrodes were
indium-tin oxide (ITO) plates obtained from Delta Technol-
ogies (Stillwater, MN) with a coated surface area of
0.36 cm2. The ITO-coated glasses were washed prior to film
deposition with water, 80% (v/v) ethanol and water after
which they were dried at room temperature for 2 h.

Scheme 3. Alcohols are oxidised at the inner surface of
TEMPO@DE (1 ! 2) but not so the hydrophilic hydrated
aldehydes (3 ! 4) which cannot enter the pores due to the
HLB of the material (see text).
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General Procedure for the Preparation of the Doped
Electrode

The organosilane precursor solution (solution A) was ob-
tained adding 5 mL of 3-aminopropyl(trimethoxy)silane to a
solution of 1.32 g of 4-oxo-TEMPO (4-oxo-2,2,6,6-tetrame-
thylpiperidine-1-oxyl) and 221.2 mg of NaBH3CN (95%) in
MeOH (18 mL) in a reaction flask kept closed under a ni-
trogen atmosphere which results in the required compound
as described elsewhere.[24] The resulting mixture was stirred
for 48 h, after which the excess of sodium cyanoborohydride
was quenched with 7M HCl (50 mL).

The solution for the electrodeposition of sol-gel film con-
sisted of 0.612 mL of MeTMS (methyltrimethoxysilane),
0.612 mL of solution A, 5 mL of ethanol and 5 mL of a solu-
tion buffered at pH 4 (Fisherbrand) and 0.4M in KNO3.
Upon stirring this solution for 1 h at room temperature to
promote hydrolysis in the presence of the ITO electrode, a
constant negative potential of �1.1 V vs. Ag/AgCl was ap-
plied to the solution for 15 min under fast stirring. The re-
sulting coated electrode was washed with water and absolute
ethanol and then dried at room temperature for 6 h.

General Procedure for the Oxidation of Alcohols

Cyclic voltammetry experiments were recorded in 0.2M
KNO3 at potentials between �0.2 V vs. Ag/AgCl without
stirring. The oxidation of alcohols (0.5 mmol) was carried
out in 10 mL of buffered water (0.2M in NaHCO3) although
for alcohols with low water solubility (geraniol, for instance)
a CH3CN/H2O solution 30:70 (v/v) was employed. Initial
substrate concentration was 0.05M. For all the substrates
the selected potential was 1.4 V and the electrolysis was car-
ried out under fast stirring (900 rpm). Substrate and product
concentrations were assessed by a Shimadzu GC-17 A gas
chromatograph equipped with a Supelcowax 10 capillary
column (30 m, 0.25 mm ID) by the internal standard method
(with previously calculated response factors) using 10 mL
decane as internal standard.
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