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Abstract: Silicates doped with catalytic species have
only been slowly adopted by the fine chemicals and
pharmaceutical industries, in spite of their remarkable and unique properties such as pronounced physical and chemical stability; high (enantio)selective
activity and ease of materials production and application. This is now changing thanks to stricter safety
regulations and to concomitant success of the first
commercial catalysts. In this account we tell the
story of these materials and identify some deficiencies in the innovation process that may serve as
lesson in guiding the future management of innovation in these relevant industries.
1 Introduction

1 Introduction
The first physically entrapped organometallic catalysts
in a sol-gel silica matrix (Rh, Pt and Co ammonium
ion pairs for hydrogen transfer catalysis) were described by Avnir and co-workers in 1993.[1] Generally
obtained by sol-gel physical or chemical encapsulation
of the active species in the inner porosity of an organosilica matrix [Eq. (1), which illustrates the essential
SiR bond in the organosilica product], these materials remained a chemical curiosity for the whole 1995–
2005 decade in spite of their impressive level of performance.[2]
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The catalytic material thereby obtained is a new
chemical system with new and usually enhanced
chemical and physical properties, exactly in the same
sense for which, in systems theory,[3] the properties of
a system encompass and go beyond the properties of
the comprising elements.
Getting back to the activity of these chemical systems, apparently not even their selective activities
higher than those in solution,[4] enantioselective catalysis with insoluble organometallic complexes in
water,[5] highly efficient asymmetric epoxidation of alkenes,[6] high-yield aerobic oxidations in carbon dioxide,[7] selective hydrogenations,[8] and asymmetric syntheses with enhanced enantioselectivity[9] and with
full recovery of the precious catalyst, were sufficient
to cause their adoption by the pharmaceutical and
fine chemicals industries. Thus, for years, lipases entrapped in organically modified silicates (ORMOSIL)
as discovered by Reetz in 1995[10] were the only solgel catalysts available on the market thanks to the 10fold improvement in activity upon encapsulation and
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to Fluka, the company which commercialized these
hybrid bio-glasses shortly after discovery.
Today, the pharmaceutical industry is among the
worlds largest industries with a global market expected to exceed $ 825 billion in 2010.[11] The industry certainly plays a central role in maintaining our
health,[12] but it does so generally by producing between 25 and 100 kg or more of waste for every kilogram of active pharmaceutical ingredient (API) manufactured. For comparison, the petrochemicals sector
produces 0.1 kg of waste for every kilogram of product.[13] API molecular structures are generally complex, the syntheses are lengthy, and patient safety demands very high purity. Waste is generally made up
of large amounts of solvent, metals, acids, bases and
other reactants that are employed in the typical consecutive reaction and purification steps of homogeneous syntheses, including large amounts of purification
media such as silica gels.
Of course, commercial volumes of drugs are relatively low, with an annual production between 1,000
678
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to 1 million kg per compound, compared with basic
chemicals that are produced in billions of kilograms
per year. Nevertheless, even at a nominal disposal
cost of $1 per kg, the potential savings just in waste
avoidance are significant (in the range of $ 500 million to 2 billion per year).[13]
How can we then achieve the same end product
using a different set of inputs and reactions such that
we eliminate waste from the process? By developing
new, effective solid catalysts allowing the elimination
of the separation step of the catalyst from the reaction mixture, to recover the costly catalyst, and to
conduct consecutive conversions in one-pot with no
lengthy intermediate separation steps.[14]
In 2004, some of us published an account[2] aimed
to show the large applicative potential of catalysis by
sol-gel doped materials. Shortly aftewards, we investigated the structural origins of the superior performance of these solids[15] and then, almost concomitantly, the first sol-gel catalysts for the fine chemicals
industry were commercialized.[16] Yet, their potential

 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Adv. Synth. Catal. 2011, 353, 677 – 687

Catalysis with Doped Sol-Gel Silicates

in terms of benefits to industry and the environment
remains far from being fulfilled. In this report we critically assess the state of a field that has evolved into a
well established sector of chemical research, also at
the industrial level, with forthcoming applications also
in the biofuel industry.[17] We use two examples to
show the advanced level of the technology and conclude the review with an analysis putting the technology in the context of contemporary fine chemicals
business.

2 Sol-Gel Silicate Catalysts: An Emerging
Technology
Catalysis with doped sol-gel silicates is an emerging
technology. Out of the 1526 papers dealing with
silica-based catalysts in the Boolean search using a
scientific database,[18] it is interesting to notice that
692 articles were published in the last five years
(2005–June 2010) pointing to an increasing interest in
the scientific community. Remarkably, only 30 papers
were published dealing with sol-gel catalytic ORMOSILs (Figure 1), despite the fact that these materials
were profitably marketed by Fluka as early as 1995.
In contrast to these figures, the number of papers
dealing with catalytic periodic mesoporous silica exceeds 2,300.
In principle, efficient catalysis over doped silicates
replacing both catalytic or stoichiometric homogeneous conversions with solid-state syntheses offers a solution to most problems encountered in pharmaceutical syntheses. SiO2 is an optimal commercial support

for industrial syntheses, thanks to its stability towards
harsh conditions, low swelling, accurate loading, fast
kinetics, easy filtration, and high mechanical and thermal stability (Table 1).
By further applying the “green chemistry” principles[19] to redesign existing manufacturing processes
companies are provided with a double economic benefit because more of the raw materials they purchase
end up in the products and less waste needs to be disposed of. Yet, until the early 2000s not only heterogeneous but also homogeneous catalysts in the fine
chemicals industry were notable, if at all, for their absence.[20]
The reason for this absence was mostly rooted in
the fact that this industry is a product (and not a process) oriented business, namely it focuses on the development of new products to maximize revenues in
the time span in which exclusive royalties are granted
by patented innovation.[21]
Current economic hypercompetition, however, and
ever stricter safety regulations (Table 2),[22] are causing a radical change in the fine chemical industry and
its main customers, namely the pharmaceutical and
cosmetic companies.
Efficient solid catalysts for clean, high-yield organic
syntheses are now in demand. This, in practice, excludes traditional heterogeneous catalysts that for decades have been prepared by surface heterogenization
Table 1. Advantages of using silica as catalyst support.
Fast kinetics

Silica is surface functionalized and reacts much
faster than conventional polymer-bound reagents where the reaction is slowed by the rate
of diffusion through the polymer and can be
slowed further by the polymers ability to swell.
Versatility Silica works under a wide range of conditions:
in all solvents, organic and aqueous. It has a
high thermal stability and can be used in microwave applications.
Ease of
Unlike polymer, silica is easy to weigh and
use
handle with no static issues and is easily amendable to automation. It is mechanically stable,
works in any format and is easily scaled. It requires little or no washing because it does not
swell in any solvent.

Table 2. Limits in metal residue levels in drug products.[a]
Concentration (ppm)

Figure 1. Number of papers published related to sol-gel catalyst. The keywords used for the Boolean search are shown
in the abscissa axis. [Date range: All years to June 20, 2010;
Source: Scopus.]
Adv. Synth. Catal. 2011, 353, 677 – 687

Metal
Pt, Pd, Ir, Rh, Ru, Os
Mo, V, Ni, Cr
Cu, Mn
Zn, Fe
[a]

Oral
5
10
15
20

Parenteral
0.5
1
1.5
2

Source: European Agengy for Evaluation of Medicinal
Products.
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reactions in which one organic or inorganic polymer
is mixed with a solution of a catalyst precursor. Such
derivatization of a materials surface leaves the anchored catalytic molecules unprotected at the material
pores surface. As a consequence, commonly observed
results are reduced catalytic activity, slower reaction
rates due to transport limitations, lack of accessibility
of the active sites, and leaching of the supported species.
Starting in the late 1990s, new academic research in
heterogenous catalysis for fine chemicals, often financed by industry, underwent a renaissance.[23] Periodic mesoporous organosilicas (PMOs) doped with
organometallic species;[24] polyurea encapsulated
metal catalysts,[25] heteropoly acids-anchored chiral
catalysts[26] and high molecular weight functionalized
resins[27] are just a few representative outcomes of
these efforts mainly carried out since the late 1990s.
Sol-gel silicates doped with entrapped catalysts are
another.

3 Amorphous Silicates vs. Polymers and
Periodic Silicates
Sol-gel organosilica glasses are chemical sponges that
adsorb and concentrate reactants at their inner surface.[28] They encompass the advantages offered by inorganic and organic (polymer) materials used for decades as supports in heterogeneous catalysis, and go
beyond the limitations of said materials that have limited applications. Hence, in contrast to zeolites and to
PMOs, amorphous silicates show a distribution of porosity which does not restrict the scope of application
of sol-gel catalysts to substrates under a threshold
molecular size, and allow us even to surpass the
severe mass transfer limitations posed by narrow micropores (pore size < 2 nm) in the liquid-phase synthesis of fine chemicals.
On the other hand, whereas flexible organic networks such as those of resins are often unstable giving
rise to catalyst leaching,[29] sol-gel silicates share the
high mechanical and chemical stability of glass. Furthermore, the sol-gel entrapment takes place in the
inner porosity where the catalyst is protected and stabilized.
As mentioned above, when catalyst molecules are
adsorbed at the external surface of polymers as well
as of silica gel, they are partly exposed and uuprotected. Hence, for example, the highly active organocatalyst TEMPO entrapped in an ORMOSIL matrix entirely retains its oxidation activity (Figure 2),[30] while
it progressively loses activity when tethered at the external surface of commercial silica gel.[31]
The underlying concept common to all applications
of catalytic sol-gel glasses is unique.[32] A mobile and
680
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Figure 2. Yields in the Montanari–Anelli oxidation of 1-nonanol to give nonanal in the presence of silica-supported
TEMPO (SG-TMP-O, front row), and of sol-gel ormosils
doped with TEMPO [SG-TEMPO-1 is 25% and SGTEMPO-2 is 100% methylated (middle and back rows, respectively)]. (Reproduced from ref.[30] , with permission).

a stationary component penetrate each other at the
molecular level with the catalytic species being welldefined, highly mobile and homogeneously distributed within the inner porosity of a chemically and thermally inert network, thus combining the advantages
of homogeneous (high selective activity and reproducibility) and heterogeneous (stabilization and easy
separation and recovery of the catalyst) catalysis.
Such as in the case of periodic mesoporous organosilicas (PMOs, pore size 2–50 nm)[33] in which organometallic species are immobilized at the inner walls of
mesoporous silica affording single-site solid catalysts,[24] spatial confinement governs the performance
of sol-gel entrapped catalysts. However, it is not only
the ease with which the pore diameter of these solids
may be readily controlled that confers upon them
such attractive opportunities.
ORMOSILs (Scheme 1) doped with catalytic species, for example, enable heterogeneous conversions
that are more selective and active than with conventional homogeneous catalyses. For example, the versatile aerobic oxidation catalyst TPAP (tetra-n-propylammonium perruthenate) entrapped in partially hydrophobized silica xerogel becomes more active than
the homogeneous catalyst dissolved in toluene
(Figure 3).[4]
In these nanohybrid glasses the alkyl-alkoxide precursor has a crucial role on the structure and catalytic
properties of hybrid sol-gel catalysts, by affecting the
mobility of the entrapped dopant.[34] In detail, the important factors affording optimal catalytic performance are two: predominance of six-membered siloxane rings (above 80% alkylation) and a low hydrophilicity-lipophilicity balance (HLB). Other relevant parameters of the sol-gel process such as the amount of
co-solvent and the water/Si alkoxide ratio (to promote hydrolysis) can be controlled independently to
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Scheme 1. Organically modified silica are sol-gel hybrid organic-inorganic material. Sol-gel process: hydrolysis and co-polycondensation.
Table 3. SiliaCat TEMPO characteristics. (Reproduced from
ref.[35] , with permission).
Accurate loading: 0.8–0.9 mmol g1
High reactivity and TON
Leach-resistant & reusable
Air stable, inert conditions not needed
Does not require activation prior to use
No swelling, solvent independency
Easy purification (filtration)

Figure 3. Oxidation kinetics in the aerobic conversion of
benzyl alcohol to benzaldehyde in toluene mediated by 10
mol% TPAP encapsulated in the sol-gel hydrophobic matrix
A-Me3 (&) and unsupported (&). (Reproduced from ref.[4] ,
with permission).

optimize the performance of the resulting catalyst, affording a true control and tailoring of the chemical
and physical properties of sol-gel molecular catalysts.[15]

4 New Catalyst for the Selective Oxidation
of Alcohols
SiliaCat TEMPO (Table 3) is a commercial solid catalyst that can efficiently be used in the selective oxidation of alcohols to carbonyl compounds. We have described elsewhere[35] its structure and preparation
along with the large applicative potential of this material due to its high activity, reusability, selectivity towards the oxidation of alcohols into aldehydes/ketones, and its capacity to carry out the oxidation in
either organic solvents or water.
In brief, the catalyst can smoothly afford high
yields of aldehydes (Table 4) under extremely mild
conditions (0 8C) in a biphasic water/solvent mixture
(Scheme 2), with full recovery and recycle of the cataAdv. Synth. Catal. 2011, 353, 677 – 687

Figure 4. Benzyl alcohol oxidation in water mediated by the
electrode TEMPO@DE (V = 1.4 V vs. Ag/AgCl). (Reproduced from ref.[39] , with permission).

lyst at the end of the reaction and without the serious
drawbacks in terms of selectivity, metallic wastes,
safety and harsh conditions posed by older processes
used for this fundamental transformation (Scheme 3).
Indeed, the oxidation of primary and secondary alcohols is one of the main transformations in organic
chemistry, that is widely employed in the pharmaceutical and cosmetic industry for the synthesis of drugs
and fragrances. Yet, as recently remarked with surprise by Sheldon,[36] the three most popular oxidants
used by Pfizers medicinal chemists to oxidize alcohols to aldehydes identified in a 2008 publication[38]
were the Dess–Martin periodinane (explosive and
very expensive), the Swern reagent (evil-smelling and
generating toxic by-products) and TPAP in a stoichiometric amount (extremely expensive).
Table 5 shows the high TON (turnover number)
achievable with this material in the oxidation protocol
of Scheme 2, while Table 6 displays the remarkable
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Table 4. Oxidation of alcohol substrates with SiliaCat TEMPO. (Reproduced from ref.[35] , with permission).
Entry

Substrate (R)

Si-TEMPO (mol%)

Time [min]

Conversion[a] [%]

1

4-NO2

0.2

2

4-NO2

0.4

3

4-MeO

0.4

4
5

4-MeO
4Cl

0.4
0.4

6
7
8
9
10
11

3-phenyl-1-propanol
1-phenyl-1-propanol
3-NO2
3-MeO
4-MeO
piperonal

0.4
0.4
0.4
7.8
8.2
10

60
90
60
90
60
90
60
60
90
60
180
90
16 h
16 h
20 h

49
74
89
98
36
36
79[b]
70
95
97
95[c]
100
96[d]
99[d]
100[d]

[a]
[b]
[c]
[d]

Conversion (%) determined by GC/MS.
0.05 equiv. of Aliquat 336 were used as phase-transfer agent.
Conversion [%] determined by 1H NMR (300 MHz).
Reaction conditions: I2 (1.8 equiv.), aqueous NaHCO3, pH 8, toluene, 22 8C.

Table 5. Results for reaction in Scheme 2 with different
amounts of SiliaCat TEMPO. (Reproduced from ref.[38] ,
with permission).
Scheme 2. Production
TEMPO.

of

benzaldehyde

over

SiliaCat

Entry

mol%

Time

Yield

Si

1
2
3
4
5
6

0.1
0.02
0.02
0.01
0.01
0.01

1h
2h
3h
2h
3h
4h

95%
96%
100%
83%
95%
96.5%

–
–
2 ppm
3 ppm
1.6 ppm
1.5 ppm

Table 6. Results of consecutive reaction runs in Scheme 2
with 1 mol% SiliaCat TEMPO. (Reproduced from ref.[38] ,
with permission).

Scheme 3. Traditional oxidation processes employed in industry to obtain fragrances generally made use hazardous
and toxic reactants.

stability in performance of the catalyst, that could be
reused with practically no loss in activity in all 10 consecutive reaction runs in which it was employed in
very small amount (1 mol%).[38]
So advanced is the level of the technology that the
same reaction can be carried out in water with no
chemical primary oxidant by applying only a small
voltage to a benzyl alcohol solution, and using as catalyst a sol-gel molecular electrode made of organosili682
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Recycle

Time

Yield

1st
2nd
3rd
4th
5th
6th
7th
8th
9th
10th

30 min
30 min
30 min
30 min
30 min
30 min
30/60 min
30/60 min
30/60 min
30/60 min

100%
100%
100%
100%
100%
100%
88/96%
95/100%
97/100%
90/100%

ca doped with the nitroxyl radical TEMPO electrodeposited on the surface of an ITO-coated glass
(Figure 4).[39]
All the aldehyde formed separates from the reactant solution due to its low water solubility, and no
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Such an electrochemical synthesis in water starting
from benzyl alcohol is highly desirable for the fragrance and pharmaceutical industries where this aromatic aldehyde (obtained by as a by-product in the
oxidation of toluene) is employed in large amounts as
an intermediate in the manufacture of flavours, perfumery and pharmaceuticals.

5 Entrapped Pd Catalysts for
Carbon-Carbon Bond Formation
Scheme 4. Alcohols are oxidized 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). (Reproduced from ref.[39] ,
with permission).

over-oxidation to benzoic acid takes place thanks to
the hydrophobicity of the ORMOSIL surface which
prevents diffusion of the hydrated aldehyde molecules
(gem-diol, Scheme 4).

Scheme 5. Suzuki coupling using SiliaCat S-Pd.

Figure 5. With applications in Suzuki and Sonogashira reactions, typical SiliaCat S-Pd particulates have a 0.3–
0.4 mmol g1 load and particle size 63–150 mm. (Reproduced
from ref.[40] , with permission).

Two new catalysts of the SiliaCat series doped with
Pd are now commercially available for Sonogashira
and Suzuki coupling reactions (Scheme 5).[40] Hence,
for example, the material SiliaCat S-Pd (Figure 5) affords high yields of coupled reaction products with
different substrates, including deactived ones such as
in entry 2 in Table 7.
Palladium-catalyzed Suzuki[41] and Sonogashira[42]
cross-coupling reactions are powerful methods for
carbon-carbon bond formation, and are widely employed in fine chemicals syntheses. In general, a homogeneous palladium catalyst and a ligand are required for these reactions. In the former case, the reaction that has become a standard method takes place
between a phenylboronic acid and vinyl or aryl halides; whereas in the Sonogashira coupling reaction,
carbon-carbon bond formation occurs on reacting terminal alkynes with aryl or vinyl halides. In both cases,
the reaction is catalyzed by Pd(0) formed in situ and
the presence of a base is required to neutralize the
hydrogen halide produced as the by-product.
However, cross-coupling reactions with homogeneous palladium have several shortcomings such as limited reusability, which impacts cost and palladium
contamination in the product. Removing residual palladium provides a challenging task for chemists in the
pharmaceutical industry to reduce its content to a

Table 7. SiliaCat S-Pd Suzuki coupling. (Reproduced from ref.[40] , with permission).
Aryl halide

Adv. Synth. Catal. 2011, 353, 677 – 687

Boronic acid

Time

Product

Yield

1h

97%

16 h

95%

1h

98%

2h

97%

2h

88%
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level that meets the demanding requirements of drug
regulators. Indeed, despite commercial success,
Suzuki coupling still poses many challenges. For example, catalyst costs remain high with some of the
newer, more active catalysts being too expensive.[43]
Clearly, the use of heterogeneous catalysis, enabling
straightforward recovery and reuse of the catalyst
from the reaction mixture by simple filtration is
highly desirable and a major objective of many research efforts.
Indeed two major commercial heterogeneous catalysts have been lately introduced for Suzuki coupling
reactions: the PdEnCat[44] catalyst made of Pd encapsulated in a polyurea framework, and Pd-Smopex111[45] made of a metal-scavenging styryl thiol-grafted
polyolefin fiber treated with palladium acetate.
Table 8 and Table 9 show that SiliaCat S-Pd employed
in the Suzuki and Sonogashira coupling reactions of

Scheme 6 and Scheme 7 is considerably more reactive
than other commercial supported catalysts.[41]

6 Economic Insights
Nanochemistry technologies are slowly reaching the
market place as innovative functional materials.[46] As
put by Hilarius, the major business trap of chemistryenabled nanotechnologies is the low market volume
of the products (Figure 6).[47] In other words, the
global market for nanomaterials is orders of magnitude smaller than for common chemicals. Catalytic
sol-gel silicates for fine chemicals are no exception.
All value creation resides in the application whereas

Table 8. Comparative test in Suzuki coupling using SiliaCat S-Pd and other commercial catalysts (Reproduced
from ref.[40] , with permission).
Catalyst

Time

Conversion

Yield

SiliaCat S-Pd
PdACHTUNGRE(OAc)2
Pd EnCat
Pd FibreCat

1h
1h
1h
1h

100%
100%
50%
30%

98%
98%
–
–

Table 9. Comparative test in Sonogashira coupling using
SiliaCat S-Pd and other commercial catalysts (Reproduced
from Ref.[40] , with permission).
Catalyst

Time

Conversion

SiliaCat S-Pd
PdACHTUNGRE(OAc)2
Pd EnCat
Pd FibreCat

4h
4h
4h
4h

100%
70%
72%
66%

Figure 6. “Nano materials = nano business?” The global
market for nanomaterials is orders of magnitude smaller
that than for common chemicals. All value resides in the application. (Reproduced from ref.[47] , with permission).

Scheme 6. Suzuki coupling using SiliaCat S-Pd.

Scheme 7. Sonogashira coupling using SiliaCat S-Pd.
684
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the value of the chemicals itself becomes unimportant. Thus, what is essential for a company manufacturing nanochemistry-based sol-gel catalysts is forward integration within the value chain, namely being
closer to the customer to which the company manufacturing the catalyst is actually selling a service –
their tailored function – rather than a generic chemical.
Now, despite the cost, customer pharmaceutical
companies conducting catalytic syntheses do not want
to reuse catalysts because even slight changes in performance can change the profile or stability of a process. As put by the head of research of one such company:[48] “Immobilized catalysts can be very good…
but few are available commercially, and producing
new high-performing ones is time-consuming. When
you have a new chemical entity, where you need a
new process and the time window is quite small, you
cant spend time screening homogeneous catalysts to
hopefully find one and then immobilize it and not be
guaranteed that you’ll get the same performance.“
“We try to optimize for once-through catalyst use,
and removing trace metals will probably be an issue
no matter what catalyst is used. Thus, catalyst separation is seldom a reason for not using a catalytic process. Its the price you have to pay”.
In addition, in a regulated industry where products
and processes must be validated prior to receiving
marketing approval, it is much more difficult to
change the process post-launch: by the time of product launch, the pharmaceutical industry aims to have
already applied green chemistry practices wherever
possible and “reap the benefits of that process from
day one of the launch”.[49]
Given these premises, it is perhaps of no surprise
that only few sol-gel entrapped catalysts were commercialized until 2005. Similarly, even if in 2005
Schth and co-workers could already write a long
review[50] on the employment of ordered mesoporous
materials in catalysis,[51] to the best of our knowledge
also these materials have found only limited practical
applications.[52] The demand for heterogeneous catalysts for fine chemicals, including sol-gel entrapped
catalysts, only arose when health and safety standards
in the USA and in Europe were made stricter in the
late 1990s. The toxic nature of transition metals used
as catalysts in many fundamental reactions such as
coupling reactions, oxidation and hydrogenation has
led to the reduction of tolerated residual concentrations in active pharmaceutical ingredients to single
digit ppm levels (Table 2).
This change in legislation is what, in practice, has
given place to a countable business (Figure 7) not
only for new silica-based catalysts, but also for silicabased metal scavengers made of functionalized sol-gel
silicas for the purification of the APIs from remaining
metal in place of traditional methods (chromatograAdv. Synth. Catal. 2011, 353, 677 – 687

Figure 7. Technology and innovation. (Reproduced from
ref.[47] , with permission).

phy, activated carbon, distillation, recrystallization, ultrafiltration, or reverse osmosis) that often lead to
problems such as high costs, time consumption, low
efficiency, and API losses.

7 Outlook and Conclusions
Sol-gel catalysts made of doped silicates are heterogeneous materials employing solid-liquid interphases,
that offer a number of clear advantages over homogeneous catalysts, including ease of production and scalability (Table 10). In brief, sol-gel entrapped catalysts
enhance yields, abate waste and enable full recovery
and re-use of the valued catalyst thus resulting in
drastically enhanced profitability.
We have briefly described the technology potential
using two new powerful commercial catalysts for two
fundamental organic reactions, namely selective alcohol oxidation and carbon-carbon coupling.
So what do we need to do to assist the widespread
adoption of sol-gel entrapped catalysts? To paraphrase Ozin,[53] we need young wise, educated scientists able to cross borders among fields and explaining
their advantages and potential to industrys manage-

Table 10. Advantages of sol-gel entrapped catalytic silicates.
Advantages over Homogenous
–
Purity
–
Enhanced selectivity
–
Reactivity (high turnover)
Easy to Use
Scalable
–
Mechanical and thermal stabilities
Economic (green chemistry)
–
Recyclable
–
Less waste (solvent, metals etc.)
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ment. For example, another innovative chemical technology of relevance here is solid-phase synthesis
either in batch[54] (for drug discovery and process development), or in microreactors[55] for carrying out
kilogram-scale syntheses in a continuous mode.
Future chemical syntheses will be carried out in flow,
as now happens with the construction of a car on a
production line, by performing catalytic reactions
safely, one after another, in continuous microreactors
minimizing the consumption of energy and production of waste.
Solid sol-gel catalysts made of porous silicates are
ideal candidates for meeting the stringent demands in
terms of performance and economic viability of this
technology. In this sense, we argue in conclusion, 3rd
generation sol-gel silicates developed for continuous
processes will likely require the development of uniform microparticles[56] in place of xerogel particulates,
in a process that is analogous to other advances that
have occurred in the science and technology of sol-gel
materials.
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