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Abstract: Silica gels organically modified and doped
with the ruthenium species tetra-n-propylammonium
perruthenate (TPAP) are leach-proof, selective cata-
lysts for the aerobic oxidation of alcohols to carbonyl
compounds with dioxygen at low pressure in com-
pressed carbon dioxide. The catalytic sol-gels are
recyclable and the correlation between the reactivity
of the materials and their surface polarity and textural
properties suggests valuable information on the
chemical behaviour of sol-gel entrapped silica cata-
lysts in oxidation catalysis which is of relevant interest

considering the importance of heterogeneous oxida-
tive dehydrogenation of alcohols in fine chemistry.
An explanation of the structure-activity relationship
is proposed to provide guidelines for the further
development of efficient solid oxidation catalysts for
conversions in supercritical carbon dioxide.
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Introduction

Heterogeneous catalysts for the selective oxidation of
alcohols are of primary industrial importance,[1] carbon-
yl compounds being precursors of valuable commercial
fine chemicals including drugs, vitamins, fragrances and
important synthons for complex syntheses. Traditional
industrial oxidations, in fact, are becoming obsolete
processes being mainly carried out in organic solvents
using as oxidants stoichiometric (at best) amounts of
toxic chromates or manganates.[2] Hence, the introduc-
tion of heterogeneous catalytic processes using O2 as
primary oxidant is one of the main objectives of current
industrial and academic research efforts in chemistry
towards sustainability.[3]

Furthermore, the replacement of the volatile organic
solvents used as reaction medium with water or with
other environmentally benign solvents such as ionic
liquids[4] or supercritical fluids[5] is also desirable be-
cause, as recently remarked by researchers in the
pharmaceutical industry,[6] ™solvents despite current
low prices, in addition to their impacts through use and
final disposal, have a considerable life cycle impact and
their broader total costs are not cheap∫.
In this context, carbon dioxide in the supercritical

state (scCO2) has emerged as a promising alternative
reaction medium due to its advantageous physical and
chemical properties including:[5]

(a) low critical temperature (Tc� 31 �C) and vapour
pressure (Pc� 73.8 bar);

(b) excellent miscibility with reagents such as O2 and
H2;

(c) lack of flammability in the presence of O2;
(d) low viscosity and superior mass transport proper-

ties (absence of a gas-liquid phase boundary).

In addition, heterogeneous catalytic conversions, that
are particularly important for industry, can be efficiently
carried out in scCO2 using small, high-throughput
reactors in continuous processes where the CO2 is
recycled while the substrates are converted,[7] and at the
end of reaction carbon dioxide is completely removed
from the products (thanks to its high volatility) resulting
in an overall ™solvent-free∫ reaction.[8]

Now, we report that ormosils doped with the catalytic
ruthenium species TPAP are suitable catalysts for the
oxidative dehydrogenation of primary alcohols in super-
critical carbon dioxide with O2 at a low partial pressure
(Scheme 1).

Scheme 1.
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We show how the thorough choice of the material
properties affords recyclable, selective catalysts with the
pronounced selectivity of TPAP in the liquid-phase and
offer an explanation of the structure-activity relation-
ship aiming to provide guidelines for the development of
efficient sol-gel oxidation catalysts under supercritical
conditions.

Results and Discussion

The comparison between the reactivity of unsupported
TPAPandTPAP encapsulated in the representative sol-
gel ormosils A-Me2 (50% methylated) in the aerobic
oxidation of benzyl alcohol under the supercritical
conditions of Scheme 1 shows immediately that sol-gel
encapsulation enhances its activity.
Interestingly, it may be noted that, despite the

insolubility of the ionic species (Pr)4N-RuO4 in the
supercritical CO2 phase,[9] a moderate degree of activity
is observed with reaction going to completion in 11
hours.
The analogous course of the reactions for unsupport-

ed TPAP and TPAP encapsulated inA-Me2 also shows
that in scCO2, despite a much slower rate,[10] the

mechanism of TPAP-catalysed alcohol oxidations in
organic solvent is unvaried, with a faster stage up to 40 ±
50% conversion followed by a slower stage probably
involving RuO2.[11]

Indeed, the reaction mediated by gel A-Me2 takes
place within the sol-gel cages and is heterogeneous in
nature since no ruthenium was detected in reaction
samples withdrawn during reaction from the sc phase
(with a Ru detection limit � 1 ppb).

Effects of Catalyst Hydrophobicity, Textural
Properties and Preparation Conditions

Based on our recent findings on the pronounced effect
of xerogels× surface polarity on their aerobic activity in
organic solvent,[10a] we prepared several sol-gel entrap-
ped catalytic ormosils by varying the MTMS/TMOS
ratio in order to study analogous effects of the xerogels×
surface polarity and textural properties on the reactivity
also in the non-polar CO2 reaction medium.
Hence, we prepared 2 different batches of catalytic

xerogels (A and B) with different water/silane/co-
solvent ratios, varying in each case the relative amount
of organosilane employed in the sol-gel polycondensa-
tion (Table 1).
In addition, to investigate the relationship between

the condensation process and the reactivity of the
resulting materials, each precursor sol in the series A
andB was gelled with andwithout NaFas condensation
catalyst and the respective activities compared. Cata-
lytic amounts of fluoride, in fact, have a dramatic effect
on the textural properties of the final xerogels by largely
affecting the condensation rate of the sol-gel process.[12]

Using benzyl alcohol as model substrate, Figure 2
clearly shows that, on average, catalysts of batch A are
more active than thoseof batchB; while in both cases the
employment of NaF as polycondensation mediator
yields materials of lower activity, with effects that in
some cases are as drastic as in the case of the 50%
methylated gelA-Me2whose activity, when prepared in
the presence of NaF, becomes lower than that of
unsupported TPAP.Figure 1. Conversions in the aerobic oxidation of benzyl

alcohol in scCO2 over TPAP unsupported (white) and
entrapped in gel A-Me2 (grey).

Table 1. Composition of the sol-gel entrapped TPAP catalytic ormosils.

Batch A Si:H2O:MeOH� 1 : 8 : 1 Batch B Si:H2O:MeOH�1 : 4 : 4 TMOS (%) MTMS (%)

A-Me0 B-Me0 100 0
A-Me1 B-Me1 75 25
A-Me2 B-Me2 50 50
A-Me3 B-Me3 25 75
A-Me4[a] B-Me4[a] 0 100

[a] Fully methylated gels are obtainable only using NaF.
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Catalyst Stability and Applicability

To test the catalyst stability, each gel was recovered and
reused at the end of several consecutive reaction runs
showing full retention of the selective activity in each
case. Indeed, the intermediate yields in said consecutive
runs (which truly measures a catalyst×s stability)[13] were
remarkably constant; and no leaching of perruthenate
during catalysis was observed since no ruthenium was
detected in samples withdrawn during reaction from the
homogeneous supercritical phase.
Notably, upon each reaction run the catalysts ap-

peared clean and macroscopically unmodified and no
post-reaction physical or chemical treatment was nec-
essary to ensure retention of their activity, which is in
contrast with the behaviour of sol-gels in liquid solvents
where pore clogging by adsorbed reactants often occurs,
requiring a mild treatment of the used catalyst with
ultrasound, hot solvents or aqueous bicarbonate to
remove the adsorbates and reopen the pores.[14]

Finally, in order to prove the generality of themethod,
the catalytic gel B-Me3 (prepared without NaF) was
used also in the conversion of less easily oxidisible
aliphatic and alkenyl alcohols (Table 2).
Notably, the gel proved again to be leach-proof and

selective with no oxidation of the olefinic double bonds
occurring, generally showing lower activities but with
reaction proceeding to the same extent as observed in
toluene for each substrate.
To explain the marked variations in the catalytic

behaviour of these materials in scCO2, the correlation
amongstN2-BET surface area/porosity, degree ofmatrix

alkylation, and catalytic activity suggests valuable
information.
Addressing first the gels of theA series (Figure 4), it is

seen how, in contrast to what happens in the liquid
phase,[15] for reactions mediated by sol-gels in com-
pressed CO2 the N2-penetrability measured by the BET
experiment at � 196 �C seems to be of relevance also to
the reactivity of other molecules adsorbed under differ-
ent conditions.
Hence, for example, the catalyst with the biggest pore

volume and surface area (A-Me2 prepared without

Figure 2. Conversions after 4 h in the aerobic oxidation of
benzyl alcohol in scCO2 over different gels prepared without
(left bars) and with NaF (right bars).

Table 2. Aerobic oxidation of alcohols mediated by TPAP
encapsulated in 75% methylated gel B-Me3.[a]

Alcohol Product Conversion (%)
at 4 h

Benzyl alcohol Benzaldehyde 60
1-Octanol Octylaldehyde 30
9-Decen-1-ol 9-Decenal 8
4-Hexen-1-ol 4-Hexenal 4

[a] Gel obtained without NaF.

Figure 3. A typical TPAP-doped ormosil (here are shown
SEMmicrographs of the fully methylated gel B-Me4) is made
of silica particles (above) that upon magnification (52,000� )
reveal a nanostructured spongy morphology (below). No
changes are observed after reaction in scCO2.
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NaF) is more active than the corresponding more
hydrophobic gel A-Me3, while the fully methylated gel
A-Me4 with the smallest pores size in the series (and
which can be prepared only using NaF) shows again
moderate activity. This a picture that changes dramat-
ically when TPAP is encapsulated in gels prepared at
lower water/silane ratio (batch B, Figure 5).
First, it is seen that the effect of the addition of fluoride

on the textural properties and on the activity is less
pronounced than for catalysts of batchA. For example,
the 50% methylated gels B-Me2 have almost identical
porosity/surface area and activity independently of NaF
addition.
Moreover, going from TPAP encapsulated in un-

modified SiO2 (B-Me0) to the 50%methylated silica gel
(B-Me2) the activity is apparently independent of sur-
face hydrophobicity and of textural properties; then,
however, the 75% methylated gel B-Me3 prepared
without fluoride shows a jump in the activity converting
60%ofbenzyl alcohol to benzaldehyde in 4hours.Based
therefore on a predominant hydrophobic effect, one
might expect to observe the highest activity with the
fully methylated gel B-Me4 which, however, shows
again amoderate activity similar to that shown by all the
remaining gels in the B series obtained employing NaF
as condensation mediator.

These results provide new, valuable information on
the catalytic behaviour of doped sol-gel materials in
supercritical CO2. First, the highest activities are now
observed over partly methylated silica gels; moreover,
TPAP encapsulated in unmodified SiO2 (A-Me0, pre-
pared without NaF), which in toluene was practically
inactive,[10a] in compressed CO2 shows a pronounced
catalytic activity that is, for comparison, 2 times higher
than that of the most active alcohol oxidation catalyst in
scCO2 reported so far (Pt supported over fluorinated
graphite, yielding amaximumbenzyl alcohol conversion
of 63% after 24 h).[16a]

The enhanced reactivity of the SiO2 doped gelA-Me0
is likely to be due to the largely enhanced diffusivity of
the substrate and product molecules dissolved in the
supercritical medium through the vast accessible poros-
ity (0.95 cm3 g�1) of the gel that accelerates the transfer
of molecules from the internal and external catalyst
surface;[5b] and yet, such enhanced diffusivity does not
explain the general structure-activity relationship ob-
served with the doped ormosils.
Indeed, one might remember that in contrast to

traditional supported catalysts that bear the catalytic
species unprotected at the support surface, doped sol-
gel materials are chemical sponges with the dopant
molecules encapsulated within nanoporous cages with

Figure 4. Dependence of the activity of encapsulated TPAP
in MTMS/TMOS mixed gels (batch A) on the gel composi-
tion, specific surface area (SSA) and pore specific volume
(PSV).

Figure 5. Dependence of the activity of encapsulated TPAP
in MTMS/TMOS mixed gels (batch B) on the gel composi-
tion, specific surface area and pore volume.
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chromatographic properties (i.e., which adsorb and
concentrate the reactants at their surface).[17] On the
other hand, the employment of organo-alkoxysilanes
R×Si(OR)3 in the sol-gel process yields hydrophobic
silica gels with the organic groups mostly concentrated
at the cage surface[18] in which the considerable lesser
proportion of hindering intra-cage hydrogen-bonding
silanol groups is crucial in enhancing the reactivity of
encapsulated dopants (by promotingmobilitywithin the
cages).[17,10,13b]

Accordingly, the graphics in Figure 4 show that at high
values of water/silane molar ratio (r), a compromise
amongst the sol-gel cages accessibility and hydropho-
bicity may be in action that ensures optimal reactivity
with themost activematerial (A-Me2) having both large
porosity (1.47 cm3 g�1) and good surface hydrophobicity
(50% alkylated).
However, the data reported in Figure 5 show that

using a lower water/silane ratio and an higher amount of
co-solvent, the most active catalyst is the 75% methy-
lated gel B-Me3 prepared without F� which, despite
having pores almost 2 times smaller (0.66 vs.
1.17 cm3 g�1), is 5 times more active than the fully
methylated gel B-Me4 prepared with NaF.
To explain these complex observations, one should

consider that the employment of fluoride as catalyst of
the sol-gel process strongly enhances the rate of the
condensation by multiple F� coordination to the silane
Si centres,[12] while a lesser amount of H2O diminishes
the rate and extension of the silane monomer hydrolysis
favouring condensation which in the case of ormosils[19]

takes place only via elimination of water, and not by
alcohol formation.
The resulting overall effect is that slowly generated

R-Si(OH)3 monomers rapidly condense in micellar-like
structures[15a] that are typical of the very early stages of
the sol-gel process in which hydrolysed monomers tend
to arrange themselveswith the polar�Si(OH)3 groups at
the forefront of the growing sol-gel material, and the
hydrophobic non-polymerisable R residue orientating
away from the interfacial strongly hydrogen bonding
solvent (water/methanol).[15a] In the presence of the
hydrophobic TPAP molecules this results in the partial
burying of the catalytic ion pair in the core of the
micelles and eventually in the bulk of the resulting silica
xerogel where they are inaccessible for catalysis.
This hypothesis explains the inhibiting effect of

fluoride on the materials activity and the higher
reactivities of catalysts of batch A. In the latter case,
indeed, the higher amount ofH2O (and lesser ofMeOH)
favours thehydrolysis and slows down the condensation,
so that rapid aggregation of the early sol particles is
prevented and MTMS can fully hydrolyse to
CH3-Si(OH)3 and this copolymerises with the Si(OH)4
monomers obtained by the hydrolysis of TMOS. An
open network is eventually formed in which most of the
added TPAP molecules are encapsulated at the surface

of the resulting (hydrophobic) silica cages, where they
are accessible for catalysis resulting in gels that are
generally more active than those of batch B.
In all cases the remarkably high stability of the doped

ormosils in scCO2 is consistent with both the consid-
erably higher solubilities of organic molecules in super-
critical carbon dioxide (that prevents catalyst deactiva-
tion by the adsorbed species acting as cage blocking
agents), and with the stability towards leaching of metal
™onium∫ ion pairs encapsulated in sol-gel materials.[14]

Finally, scanning electron micrography (Figure 3)
reveals the catalysts morphologies showing that the
materials are constituted of silica aggregates and that
these are nanostructured which ± given that the surface
geometry experienced by the approaching reactant
molecules has a profound effect on the materials
reactivity,[20] and that the sol-gel methodology allows
one to tailor such geometry[21] ± may be a relevant
subject for further investigations aimed at optimization
of the materials catalytic performance.

Conclusions

In conclusion, sol-gel silica gels doped with TPAP and
organically modified are leach-proof selective catalysts
suitable for the aerobic conversion of alcohols into
valuable[5,7] carbonyl compounds in supercritical CO2.
The best performing catalysts require both a high degree
of surface hydrophobicity as well as high amounts of
water and co-solvent in the sol-gel polycondensation
process employed for the catalyst preparation.
Under the batch experimental conditions applied,

their activity in the supercritical phase is still consid-
erably lower than in the liquid phase:[10a] However, a
general interpretation of the structure-activity relation-
ship observed is offered to provide guidelines for the
development of efficient solid catalysts for oxidative
dehydrogenations which ± considering the commercial
and synthetic relevance of carbonyl compounds along
with the versatility of doped sol-gel materials[21] and the
technical and environmental advantages offered by
continuous reactions in supercritical phase[7] ± might
soon lead to practical applications capable to meet the
industrial requirements of catalyst versatility (including
combinatorial applications)[22] and process sustainabil-
ity.[6]

Experimental Section

Materials

Methyltrimethoxysilane (MTMS), tetramethyl orthosilicate
(TMOS), tetra-n-propylammonium perruthenate (TPAP),
benzyl alcohol, 9-decen-1-ol, 4-hexen-1-ol, and n-decane
were purchased from Sigma-Aldrich and used without further
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purification. Methanol and NaF were purchased from Fluka.
Ultra pure water (Millipore Type 1 quality) was used in all the
preparations.

Instruments

The reaction system employed for oxidations in scCO2 (a
modified Carlo Erba SFC 3000) was described elsewhere.[23]

The stainless steel 10-mL high pressure vessel is connected to a
restrictor through a 6-way HPLC valve for sample withdraw-
ing.

The carbonyl product content was determined by GC
analysis on a Shimadzu chromatograph equipped with a
Supelcowax 10 capillary column (30 m, 0.25 mm ID) using
the internal standard method (with previously calculated
response factors). The N2-BET textural values were obtained
with a Carlo Erba Instruments Sorptomatic 1900 powder
analyzer, and the Ru content in catalysts and reaction samples
assessed by ICP-MS on an HP 4500 spectrometer.

Catalyst Preparation

Several doped ormosils were prepared by sol-gel hydrolysis
and co-polycondensation ofMTMSandTMOS in the presence
of TPAP dissolved in methanol with and without NaF as
polycondensation catalyst and varying the relative amounts of
water, co-solvent (batch A, Si :MeOH:H2O� 1 :8 :1; batch B,
Si :MeOH:H2O� 1 :4 :4), and the organosilane/silane ratio.

A typical catalyst of batch A obtained with NaF (A-Me1,
Table 1), was preparedby addingMTMS(1.65 mL) andTMOS
(5.90 mL) to a solution of TPAP (55.5 mg) inMeOH (1.80 mL)
cooled in an ice bath followedby the addition ofH2O(5.70 mL)
and NaF (765 �L, 1 M) under fast stirring. The sol gelled
rapidly and the resulting alcogel was sealed and left to age at
room temperature for 48 h prior to drying in an oven at 50 �C
until reaching constant weight (5 days). The catalytic xerogel
thus obtained was powdered, washed under reflux (CH2Cl2�
2, 40 �C) and dried at 50 �C prior to use.

A typical catalyst of batch B such asB-Me3was obtained by
addingMTMS (4.90 mL) andTMOS (1.95 mL) to a solution of
TPAP (55.5 mg) in MeOH (7.30 mL) cooled in an ice bath
followed by the addition of H2O (2.65 mL) under fast stirring.
The sol gelled slowly and the alcogel thereby obtained was
sealed, left to age at room temperature for 48 h and eventually
dried at 50 �C for 5 days. The resulting powder xerogel was
washed as reported above. A typical catalytic load was
0.05 mmol TPAP/g ormosil.

Typical Oxidation Procedure

Benzyl alcohol (5 �L, 0.5 mmol) and 0.1 equiv. of catalyst
A-Me1 (100 mg) were added along with n-decane (5 �L,
1 mmol) as internal standard to the reaction vessel and the
reaction conditions chosen to ensure complete solubility of the
alcohol and of the aldehyde (Scheme 1) in the homogeneous
supercritical phase. In order to do so, we dissolved 0.5 mmol of
substrate and 0.5 mmol of product along with the internal
standard decane in 10 mLCH2Cl2, analysing its content at GC,
prior to charging the reactor with the same amounts of
substrate, product and internal standard. Keeping constant the

reaction vessel temperature at 75 �C, and assuming complete
dissolution of the hydrophobic decane, we varied the CO2

pressure inside the reactor from 140 to 240 bar while analysing
the content at GC in order to check the substrate and product
dissolution which was complete at 220 bar.

Hence, after purging with oxygen (1 bar partial pressure at
ambient temperature), the reaction vessel was sealed and
placed into an oven thermostatted at 75 �C. Liquid CO2 was
then pumped into the autoclave using a cryogenic pump to
bring the reactor pressure at 220 bar while the reactionmixture
was kept under stirring at 400 rpm (by means of an alternating
magnetic field stirrer) at the set temperature for the desired
reaction time. Samples withdrawn through the stainless steel
restrictor (kept at 90 �C) were trapped in dichloromethane
prior to GC analysis; and when the reaction was complete, the
heating was stopped and the system allowed to cool to ambient
temperature. The reactor was thus opened and the CO2

gradually vented off in CH2Cl2. When the total pressure inside
the reactor reached the atmospheric value, the product was
extracted with a further amount of CH2Cl2 and the recovered
catalyst was dried and reused as such in a subsequent reaction
run.
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