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ARTICLE INFO ABSTRACT

Article history:

More than 20 years after its birth, green chemistry has definitely entered its golden age. In
this account, we highlight some of our progress made over the last 10 years towards the
development of green methodologies. We investigated various aspects of green chemistry
such as new reagents, catalysts, transformations and solvents and also the utilization of
renewable resources. We report herein four mature projects illustrating our efforts in
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1. Introduction

Waste minimization has always been a consideration
since the beginning of industrial chemistry. As early as the
19th century, Ernest Solvay depicted a clean process for the
production of sodium carbonate that generates only water
and calcium chloride as ultimate by-products, thus ending
the polluting “Leblanc process”. If this discovery had been
made today, it would have been surely called green
chemistry. Since the term has been coined by Paul Anastas
in 1991 and the 12 principles have been erected as
guidelines for its development, this concept has emerged
as a new field on its own, having now its own scientific
community, peer-reviewed journals, specialized meetings
and so on. The main reason for this fast-growing interest is
not only the awareness of sustainable development but
also the fact that it provides new challenges for both
academic and industrial researchers. One striking example
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is the preparation of 2,5-furandicarboxylic acid (2,5-FDCA)
from renewable resources. This product has recently
drawn a lot of attention for the potential replacement of
phthalates in polymers such as polyesters or polyamides.
The production of FDCA is in the focus of many chemical
industries but is also of great interest from a fundamental
point of view; new, cleaner and safer methodologies
should be developed in order to render its access as green
as possible.

In our laboratory, green methodologies have been
developed for several years, keeping in mind that they
should be amenable to large scale and easily transferable to
industry. That is why, in most of the cases, our projects were
conducted in collaboration with industrial partners. These
partnerships led us to explore many different aspects of
green chemistry, such as the development of new, cleaner
and safer reagents, catalysts, transformations and solvents
and the utilization of renewable resources as feedstock.
Herein, we illustrate each facet with a mature project:

¢ new reduction methodologies using polyhydrosiloxanes
for the replacement of boron and aluminum hydrides;
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e valorization of glycerol through reductive alkylation
with aldehydes or acids;

o use of water, ionic liquids or supercritical carbon dioxide
as low-environmental impact solvents;

e C(sp?)-H activation methodologies as alternatives to
classic cross-coupling reactions.

2. New reagents: reduction with tetramethyl-disiloxane
for the substitution of classic hydrides

Nowadays, it is necessary to design and elaborate new
processes and reagents in order to reduce or eliminate the
safety risks (both for operators and production chains)
linked to the utilization of hazardous substances. The
reduction of different functions (amide, ketone, aldehyde
or ester) can be performed with high selectivity and
efficiency with boron and aluminum hydrides. These
reducers, produced at 2000-3000 t/year and widely used
in industry, are dangerous partly due to their extreme
reactivity with water [1]. They are often used in excess and
reactions are usually performed in water-soluble solvents
[2]. Treatment of such reactions is often complex due to the
large production of salts which are potentially toxic [3-5]
and present in large quantities. An alternative to these
technologies is the development of silicon hydrides
associated with organometallic complexes [6]. Indeed,
the ultimate waste of silicon derivatives is inert. Among
silicon hydrides, hydrosilanes have been known to
selectively reduce organic functions depending on the
nature of the associated metal. However, even if the results
are highly interesting in term of efficiency and selectivity,
there remain some risks to exploit these compounds
notably due to their toxicity and their flammability.
Moreover, some of them (HSi(OEt); or HSiCl3), in the
presence of a transition metal, can generate, via a
redistribution reaction, a highly pyrophoric gas (SiH4).
These drawbacks can explain the limitation to the
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development of these methodologies in large scale [7].
On the other side, polyhydrosiloxanes, which are relatively
cheap and stable (in air and water), can also be used for the
reduction of organic functions even in industry. Poly-
methyl-hydrosiloxane (PMHS) is typically a colourless
liquid that is soluble in most organic solvents and inert
towards air and moisture [8]. PMHS, which is prepared
from cyclic siloxanes, is commercially available and has
shown promising results for the reduction of organic
functions, in some cases with good enantio-selectivity.
Amongst polyhydrosiloxanes, tetramethyl-disiloxane
(TMDS) offers several benefits in comparison with PMHS.
Notably the formation of a gel during the reaction was
never observed with TMDS and the quantity of hydride is
usually close to the stoichiometry. TMDS is issued from
silicon industry and the by-product obtained at the end of
the reaction can be employed as a water-repellent
treatment of materials. Nevertheless, until now, it was
less explored [9-11]. With the collaboration of two
industrial partners, we have previously reported the
utilization of TMDS for the reduction of a large variety
of organic functions. The initial study was dedicated to the
reduction of phosphine oxides (Scheme 1). The reduction
of secondary and tertiary phosphine oxides has been
performed in the presence of TMDS and Ti(O'Pr),.
Mechanistic studies have shown the formation of a Ti'"!/
Ti" cluster which could be the active species [12]. The
same metallic complex with TMDS can efficiently reduce
nitriles to amines and amides to aldehydes [13]. The
replacement of titanium derivative by an iron complex
allows the reduction of aromatic nitro to the corresponding
aniline [14]. Using palladium on charcoal, alkoxy-silanes
can be prepared from alcohols, aldehydes or ketones and
via the ring-opening of cyclic ethers [15]. By working in
acidic medium with the same palladium complex, acetals
give alcohols in high yields [16]. Copper triflate associated
with TMDS can reduce both acetals and carboxylic acids
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Scheme 1. TMDS as a nucleophilic hydride source for the reduction of organic functions.
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into alcohols [17]. Other systems have also been developed
for the reduction of esters in alcohols [18]. Finally, indium
tribromide was employed for the reduction of carboxylic
acid in alcohols or in ethers and phosphine oxides in
phosphines [19].

All methodologies developed in the laboratory used
polyhydrosiloxanes with a quantity of hydrides close to the
stoichiometry (number of hydrides in comparison with the
function to be reduced). This consideration is important
from an economic point of view as well as for security
reasons. The nature of the used solvent such as methylcy-
clohexane and methyltetrahydrofuran has a low environ-
mental impact because they are not hydrosoluble. Metals
with low toxicity, like titanium and iron, have been favored
and utilized in catalytic quantities. The work-up of the
reaction only needs a small quantity of water to hydrolyze
titanium complexes. This hydrolysis step is not exother-
mic, contrary to the treatment of reaction using aluminum
or boron hydride.

3. New resources: glycerol as a precursor for amphiphilic
compounds

Biodiesel, i.e. fatty acid methyl esters, has been widely
implemented in the EU and the US since it has proved to be
a valuable fuel for diesel engines, being both renewable
and clean [20,21]. It is obtained from vegetable oils
(soybean, rapeseed...) by a transesterification process
with alcohols. The sharp rise in world biodiesel production
has created a glut of glycerol, which is a by-product of the
transesterification process. Today, its production is esti-
mated to 2.6 million metric tons against 1.0 million metric
tons in 2005 thus resulting in lower prices for this raw
material. Therefore, the sustainability of this branch
requires the development of new markets. In our
laboratory, we have been interested in the synthesis of
glycerol derivatives, especially of non-symmetrical 1-O-
These compounds are amphiphilic molecules used as
performance additives in various industrial fields (textiles,
leather, metallurgy) and are also present in the formula-
tions of end-user products such as detergents, cosmetics,
industrial cleaning [22]. Non- symmetrical 1-O-alkyl
glycerol ethers belong to the family of non-ionic surfac-
tants that are very popular because of their low irritancy
and their high stability in acidic medium. Traditionally,
these ethers are prepared via the Williamson ether
synthesis, despite the need for a strong base and the
generation of stoichiometric amounts of saline waste [23].
Moreover, the few procedures that are reported in the
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literature for the synthesis of ethers implementing
catalysts (nickel on silica, platinum oxide, acid catalysis)
give only low yields.

More than 15 years ago, our group discovered an
alternative method to the Williamson etherification of
carbonyl compounds with linear alcohols using Pd/C as a
catalyst under hydrogen pressure [24]. This method allows
the synthesis of ethers with high yields and generates
water as the sole by-product. However, to the best of our
knowledge, this method has never been applied to polyols
in mild conditions. The few examples reported are patents
that describe two-step procedures, at high pressures and
temperatures [25]. This long-underexploited reaction was
recently trendy with the increased interest for glycerol
chemistry that allowed us to find a real application in
cooperation with a major industry in the French sector of
vegetable oils/proteins and a leader company in specialty
chemicals. The application of this reaction to glycerol was
realized through the use of 1 mol% of Pd/C, 10 bar of H,
pressure, and a Brgnsted acid as a co-catalyst at 140 °C.
Under these conditions, the reaction of an aldehyde or a
ketone with glycerol afforded the corresponding 1-O-alkyl
glycerol ethers (Scheme 2) with both high yields and
selectivity [26]. The same products can also be obtained
from carboxylic acid and glycerol. In this case, the reaction
was realized at 120 °C under 50bar H, pressure in the
presence of 1 mol% of Pd/C and a solid acid co-catalyst
(Amberlyst A35) [27]. After 16 hours of reaction, the
catalyst is filtered off and the product separated from the
medium by a liquid/liquid extraction. These two method-
ologies have also been extended to larger polyols such as
diglycerol.

In conclusion, we have developed a straightforward and
mild eco-friendly process for the synthesis of 1-alkyl
mono- and diglycerol ethers with both high yield and
selectivity as well as no production of undesired inorganic
salts but water as the only stoichiometric by-product. This
highly selective process opens a new alternative to the
Williamson etherification for the synthesis of linear 1-O-
alkyl (di)glycerol ethers with modular hydrophilic-lipo-
philic balances, that are of great interest in many research
fields.

4. New solvents: water, room-temperature ionic liquid
and scCO, as a new alternative to common organic
solvents

Water is currently considered as the best solvent for
organic synthesis but presents some limitations and

0
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OH H, (50 bar) *
OH 120°C, 16 h OH
Isolated Yield: 73% HO\)\/OH
40 equiv.

Scheme 2. Access to 1-0-alkyl glycerol ethers.
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Scheme 3. Asymmetric catalytic hydrogenation in RTILs, water and scCO,.

drawbacks for organic and organometallic chemistry. Due
to its high polarity, its use in the presence of apolar
molecules is much reduced in industrial and academic
research. Therefore, organic solvents are intensively used
in industrial chemical processes and extremely efficient in
term of reactivity. However, organic solvents have the
tendency to be flammable, highly volatile, expensive and
toxic (carcinogenic, mutagenic and reprotoxic). From a
scientific point of view, the green chemistry concepts
(principles 5 and 12) force the use of new alternatives and
make them compatible with sustainable development.
During the last decade, new solvents coming up to societal
expectances and regulations have been developed. There
are intensive efforts to make novative reactions and
processes based on ionic liquids, supercritical fluids (such
as carbon dioxide with critical point at P.=74bar and
T.=31°C) and fluorinated derivatives as new solvents.
Through various examples published by our group, the use
of aforementioned solvents as media for catalyzed reac-
tions or processes for treatment, separation or recycling
has been reported. The first example deals with the
selective extraction of polar nitrogen compounds (toward
sulfur compounds) from hydrocarbon feed using liquid/
liquid extraction, using chloride based ionic liquids
(imidazolium and pyridinium ions) [28]. The enantio-
selective hydrogenation of 3-ketoester has been studied in
the presence of a polar ammonium BINAP catalyst and
room-temperature ionic liquids (RTILs). The results have
shown similar conversion and yield in comparison with
those observed in the presence of water as a solvent

scCO, (10 MPa, 175°C)
OH K,CO3, Benzonitrile O>:
(0]

A OH W0

Scheme 4. Direct carbonatation of glycol derivatives under scCO,.

conv. 44%, yield 20%

(Scheme 3) [29]. The synthesis of fluorinated ligands for
asymmetric hydrogenation catalyzed by ruthenium has
been performed in supercritical medium. Acetamido-
acrylate has been reduced in apolar and homogeneous
system due to the high affinity of fluorinated systems for
carbon dioxide [30].

In a recent study, we have demonstrated the formation
of glycol carbonate in supercritical condition where scCO,
has been used as both solvent and chemical reagent [31]. It
is probably one of the most interesting routes in terms of
synthetic method and atom economy (Scheme 4). Our
efforts are now focused on the synthesis of new solvents
from natural resources.

5. New transformations: carbon-carbon bond formation
by C(sp?)-H activation. An alternative to metallo-
catalyzed cross-coupling reactions.

Aryl-aryl bond formation is one of the most important
tools of modern organic synthesis, due to their large
representation in natural products, pharmaceutical, agro-
chemical, material and polymer specialties [32]. The direct
arylation to promote the direct functionalization of the
C(sp?)-H bond has received great attention from the
chemistry community with an increasing number of recent
publications related to the extension of the methodology

Classic metallo-catalyzed cross-coupling reactions:

M =2n, Sn, Mg, B, Si

Ar-M  + X=1, Br

Ar'-X —— Ar-Ar

Direct Arylation:

Ar-H + Ar'-X —— Ar-Ar X=1,8r,Cl

Scheme 5. Metallo-catalyzed cross-coupling reactions vs direct arylation.
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Scheme 6. Direct arylation of thiophene 2-carbonitrile.

to miscellaneous studies, mechanistic investigations as
well as computational studies [33]. From a synthetic point
of view, this reaction can be considered as an efficient
alternative to well-known metallo-catalyzed cross-cou-
pling reactions (Kumada-Corriu, Suzuki, Sonogashira, Stille,
Negishi) [34]. These synthetic and methodological tools
have been widely used in an impressive number of multi-
step or total syntheses, requiring the former preparation of
organometallic species as precursors (magnesium, boron,
tin and zinc derivatives). In the case of the direct arylation,
the metallic part of the molecule is replaced by an hydrogen,
avoiding the costly preparation of these highly functional-
ized precursors (Scheme 5). Avoiding this supplementary
synthetic step represents a significant saving in terms of
solvent, purification, time, waste. ..

Recent reviews about C-H activation were recently
published with an overview of the last twenty years of
efforts [33]. The direct arylation is a promising synthetic
methodology. In particular, regarding the environmental
guideline requirements of green and sustainable chemistry,
the methodology of direct arylation fits perfectly with three
principles: atom economy (principle 2); reduction of
derivatives/synthetic intermediates (principle 8); catalysis
(principle 9) [35]. During the last fifteen years, our group
has been involved in this reaction concerning the functio-
nalization of a wide range of heterocyclic systems, regarded
as the main building blocks in major pharmaceutical
industries due to their important biological/therapeutical

Ry

S

R, = H, Br, CHO, CN,
OCH;, OCH,CF3, COAr, OAr

Alkaline phosphatases inhibitors

Hsp 90 inhibitor

properties [36]. The first example reported in the group was
discovered with direct arylation of thiophene, focusing on
the discovery of a new polymerization process for the
preparation of polyalkylated thiophenes. The classic
syntheses using iron! in excess or Grignard reagents
represent a serious restriction to an industrial development
of these new materials. Activated thiophenes at C(2)
position were subjected to coupling in the presence of
aryl halide, tetrabutylammonium bromide, potassium
carbonate and palladium acetate in a mixture acetoni-
trile/water (9/1) (Scheme 6). This ligandless procedure led
to increased yields on C(2) substituted thiophenes in
comparison with C(3) substituted thiophenes. The nature
and the position of the substituent strongly influence the
outcome of this reaction [37].

The procedure was next extended to benzo(b)thio-
phenes substituted in C(3) position, providing a new
synthetic route to 2-arylbenzo(b)thiophenes [38]. More
recently, a new direction was investigated promoting the
fruitful expertise gained in methodology to target mole-
cules of high therapeutic interest. The application of direct
arylation to numerous heterocyclic systems offers the
opportunity to design novative alkaline phosphatases
(to address osteoarthritis) [39], NorA pump (antibacterial
agent) [40] or heat shock protein 90 inhibitors (anti-cancer
agent) [41]. Rhodamines displaying excellent photophy-
sical properties have been also prepared following this
strategy (Fig. 1) [42].

SO4H

Fluorescent rhodamine

Fig. 1. Direct arylation implemented to bioactive molecules.
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This new methodology, aiming to improve the atom
economy and contributing to sustainable development, led
finally to a great ability to create more original structures
with high impact on biological targets (both on enzymes as
well as on receptors).

6. Conclusion

In conclusion, we have reported here four long-term
programs illustrating our efforts to develop green and
sustainable methodologies. First, we have shown that
TMDS, in association with a metallic catalyst, could be a
usable alternative to boron and aluminum hydrides. This
reagent usually gives good chemio- and regio-selectivities
and could be employed for a large panel of reduction
reactions. Moreover, it is intrinsically safer than other
hydrides, more stable to air, water and moisture and gives
harmless by-products that could be valorized. We hope
that further development will tend to decrease its price,
which is currently higher than classic boron and aluminum
derivatives. Then, we have shown that glycerol or
diglycerol could be valorized through a mild reductive
alkylation reaction using aldehydes or carboxylic acids as
alkylating agents. This clean transformation allows the
preparation of amphiphilic compounds that could be
potentially used as non-ionic surfactants. Large-scale
preparation of such compounds and study of their physical
properties are now under progress. In a third project, we
have described the use of ionic liquids, water and
supercritical carbon dioxide as alternatives to classical
solvents for asymmetric hydrogenation using hydrogen as
clean reductant. The preparation and the utilization of
adequate chiral ligands have permitted to reach high levels
of enantioselectivity (up to 95% in water). The use of
supercritical carbon dioxide was further extended to the
direct carbonatation of glycol derivatives to give the
corresponding carbonates, opening new routes to the
transformation of such compounds. Finally, we have
demonstrated that green methodologies could also be
developed within the frame of bioactive molecules. Direct
arylation of activated thiophenes and benzothiophenes
gave the corresponding substituted heterocycles with
good yields and good atom-economies. This method was
applied to the preparation of alkaline phosphatases, NorA
pump, Hsp 90 inhibitors and to fluorescent rhodamines.
The future will be definitely oriented towards sustainable
chemistry and one step beyond towards green chemical
engineering. This contribution pointed out some academic
efforts correlated to green chemistry.
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