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1. Introduction

Vegetable biomass is generated from G@d HO using
sunlight as the energy source, producinga® a subproduct.
The primary products formed are-@nd G-sugars that form
cellulose (by polymerization of glucose) and hemicellulose
(a polymer of glucose and xylose). There is a third
component, lignin, that is a highly cross-linked polymer built
of substituted phenols and, together with cellulose and
hemicellulose, gives strength to plants. Besides those com-
ponents, plants are also able to elaborate energy storage
products such as lipids, sugars, and starches as well as other
products relatively rich in hydrogen and carbon (terpenes)
that are found in essential oils that are components of resins,
steroids, and rubber.

The Kyoto protocol, together with the desire to reduce
society’s dependence on imported crude oil, has directed
researchers’ attention to the use of biomass as a source of
energy and, more specifically, for transportation fuefsin
this sense, ethanol has been used for some time already,
blended with conventional fuels or transformed into ethyl
tert-butyl ether. However, if one considers the energy content
of the different biomass products, terpenes top the list,
followed by vegetable oils, lignin, and sugars. Since the
production of terpenes is too low to meet the requirements
for biofuels, it is not surprising that the most attention has
been focused on vegetable oils. However, the limited
amounts of triglycerides available, together with ethical
reasons, has directed future development for large-scale
production of biofuels toward lignocellulose as the most
interesting source. If lignocellulose can be used for biofuels,
then the more valuable sugars, vegetable oils, and terpenes

© 2007 American Chemical Society



2412 Chemical Reviews, 2007, Vol. 107, No. 6

Avelino Corma Canos was born in Moncoéfar, Spain, in 1951. He studied
chemistry at the Universidad de Valencia (1967—-1973) and received his
Ph.D. at the Universidad Complutense de Madrid in 1976. He was a
postdoctoral researcher in the Department of Chemical Engineering at
the Queen’s University (Canada, 1977-1979). He has been director of
the Instituto de Tecnologia Quimica (UPV-CSIC) at the Universidad
Politécnica de Valencia since 1990. His current research field is catalysis,
covering aspects of synthesis, characterization, and reactivity in acid—
base and redox catalysis. Avelino Corma is coauthor of more than 600
articles and 100 patents on these subjects. He is a member of the editorial
boards of the most important journals in the field of catalysis, physical
chemistry, and materials chemistry.

Sara Iborra was born in Carlet, Spain, in 1959. She studied pharmacy at
the Universidad de Valencia and received her Ph. D. in 1987. In the
same year she joined the Chemistry Department of the Technical University
of Valencia as Assistant Professor, becoming Lecturer in 1992 in the
same department, where she now teaches organic chemistry. In 1991,
she was appointed a member of the Institute of Chemical Technology, a
joint center depending on the Spanish National Research Council (CSIC)
and the Technical University of Valencia, where she joined the research
group of Prof. Avelino Corma. The main focus of her work is the application
of heterogeneous catalysts (acid, base, and redox solid catalysts) to the
synthesis of fine chemicals.

Corma et al.

Alexandra Velty received a B.S. in chemical engineering from the University
of Rennes and another in chemistry from the University of Nancy, France.
She obtained her Ph.D. at the Institute of Chemical Technology (ITQ) in
Valencia, Spain, under the guidance of Avelino Corma; the main focus of
her doctoral work was the use of solid acid and base catalysts in fine
chemical processes. She is currently a postdoctoral researcher at the
ITQ, where she works on biomass conversion using heterogeneous
catalysts for the production of fine chemicals.

opportunities. In the present paper, we have attempted to
review catalytic reactions that can help to transform carbo-
hydrates, vegetable oils, animal fats, and terpenes into
valuable or potentially valuable chemicals and fine chemicals,
their applications being described. While most potential
catalytic chemical routes have been considered, we have
concentrated our attention on chemical routes through
heterogeneous catalysis; homogeneous and enzymatic pro-
cesses are treated only marginally. Emphasis has been given
to describing environmentally friendly catalytic processes that
can substitute older ones using mineral acids or bases,
peracids, or stoichiometric hydrogen-donating molecules.

2. Chemicals from Biomass: Intermediate
Platforms

Nature produces the vast amount of 170 billion metric tons
(t) of biomass per year by photosynthesis, 75% of which
can be assigned to the class of carbohydrates. Surprisingly,
only 3—4% of these compounds are used by humans for food
and non-food purposésiomass carbohydrates are the most
abundant renewable resources available, and they are cur-
rently viewed as a feedstock for the Green Chemistry of the
future’~® Two types of sugars are present in biomass:
hexoses (six-carbon sugars), of which glucose is the most
common, and pentoses (five-carbon sugars), of which xylose
is most common. There are two ways to transform sugars
into bioproducts: one is the fermentation process, and the

can be employed for synthesizing products with a higher other is the chemical transformation. In the present section
added value, such as chemicals and fine chemicals. In thiswe will discuss the main bioproducts coming from the most
sense, one can think of replacing existing chemicals compet-important sugars from biomass by both processes.

ing directly with those derived from petroleum, or making

use of the functional groups existing in biomass components 2 1. Chemicals from Fermentation Processes:

to generate novel products with new and improved properties | cose Fermentation

for replacement of existing chemicals or for new applications.

When looking into biomass components, it is possible to  Glucose can be obtained from starch, cellulose, sucrose,
see their potential for making building block intermediates and lactose. On an industrial scale, glucose is produced from
that can be transformed into families of useful or potentially starch by enzymatic hydrolysis, corn being the main source
useful products. Of course, the final utility of a particular of glucose. The United States alone produces-ZHD x
synthesis route or family of products will depend on the 10°t of corn annually, ad 1 t of corn produces about 590
feedstock and processing cost, the current market volumeskg of glucose. The 25& 10° t of corn produced annually
and prices, and the possibility of creating new market contains the carbon equivalent of 500 million barrels of crude
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oil, i.e., about two-thirds of that currently consumed annually productivities are low, and the process is unfriendly to the
for production of chemicals. environment since it consumes sulfuric acid and produces a

Another important source of glucose for chemical produc- large quantity of calcium sulfate (1 ton of calcium sulfate
tion is woody biomass. Improvement of processes for per ton of lactic acid). Recent advances in membrane-based
harvesting and processing wood cellulose could result in aseparation and purification technologies, particularly in
glucose source much less expensive than corn. Advances irmicro- and ultrafiltration and electrodialysis, have led to the
woody biomass processing, along with enhancements in corninception of new processes which should lead to low-cost
production, will make glucose an easily available raw production without the environmental problems associated
material for the production of chemicals. with the conventional proced$:*6

In recent years, due to the large increase in petroleum cost, The production of lactic acid is around 350 000 t/year,
there has been a re-emergence of interest in large-volumeand the worldwide growth is believed by some observers to
production of fermentation chemicals. Biotechnology is be 12-15% per yeat®
providing new, low-cost and highly efficient fermentation Lactic acid exists in two optically active isomeric forms,
processes for the production of chemicals from biomass L(+) andp(—). It is utilized in the food, chemical, pharma-
resourced® 13 Moreover, with a wide range of micro- ceutical, and cosmetic industries. Lactic acid is a bifunctional
organisms available and many more recently discovered,compound bearing a hydroxyl group and an acid function,
fermentation of sugars represents an important route for thebeing amenable to numerous chemical conversions to useful
production of new bioproducts. However, the current eco- products. The chemistry of lactic acid has been reviewed by
nomic impact of fermentation bioproducts is still limited, in  Holtenl” and several reviews have summarized its uses and
large part owing to difficulties in product recovery. Thus, reactions®'81°An interesting application which is currently
substantial improvements in the existing recovery technology receiving great attention is their use as a monomer for the
are needed in order to allow the chemicals from fermentation synthesis of biodegradable polymé?d° Polylactic acid
to penetrate further in the organic chemical industry. In this polymers could be an environment friendly alternative to
section we will describe the most important bioproducts plastics derived from petrochemical materials. In April 2002,
coming from glucose fermentation and their conversion or Cargill Dow started up their first large-scale polylactic acid
potential conversion into important chemical building blocks plant in Blair, Nebraska. The plant has 140 000 t/year

(Scheme 1). capacity, and Cargill Dow projects a possible market of 8
. . billion pounds by 202322
Scheme 1. Important Products Obtained by Fermentation of Several reviews of the current state of polylactic acid
Glucose development and properties have been reported recérity,
OH o and the most important compounds derived from lactic acid
e : are presented in Scheme 2.
o}
Lactic Acid Scheme 2. Summary of the Most Important Chemicals
o Derived Directly from Lactic Acid
HO oH OH
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2.1.1. Lactic Acid Platform

Lactic acid (2-hydroxypropionic acid) can be produced by ~ 2.1.1.1. Polymerization of Lactic Acid. There is a
chemical synthesis or by fermentation of different carbohy- growing demand for biodegradable polymers that can
drates such as glucose (from starch), maltose (produced bysubstitute conventional plastic materials and can also be used
specific enzymatic starch conversion), sucrose (from syrups,in health-demanded new materials such as controlled drug
juices, and molasses), lactose (from whey),étdowever, delivery devices or artificial prostheses.
lactic acid is commercially produced today mainly through  As stated above, lactic acid polymers consist of mainly
the fermentation of glucose. An important step in the lactic lactyl units of only one stereocisomer or combination®of
acid production is the recovery from fermentation broth. The and L-lactyl units in various ratios. Lactic acid does not
conventional process for the recovery of lactic acid is still polymerize directly to a large extent, due to a competing
far from ideal. Indeed, it involves the precipitation of calcium depolymerization reaction in which the cyclic dimer of the
lactate after the separation of micro-organisms and thelactic acid, lactide, is generated. This limits the molecular
conversion of the salt to lactic acid by addition of sulfuric weight of the resulting polymer. The current route for
acid. The dilute lactic acid produced is then submitted to producing poly(lactic acid) involves first the oligomerization
purification. The separation and purification stages account of lactic acid, followed by a depolymerization into the
for up to 50% of the production cost. Moreover, reactor dehydrated cyclic dimer, lactide, which can be ring-opening
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polymerized to a high-molecular-weight lactic acid polymer. concentration, reactant molar ratio, water concentration, and
The polymerization mechanism can be cationic, anionic, or temperature on the reaction rate were studied. The reaction
coordinative or can proceed by reaction of free radicals. It rate was found to be first order with respect to catalyst and
is catalyzed by transition metals such as tin, aluminum, lead, acid concentration. The inhibiting effect of the water and
zinc, bismuth, ion, and yttriurfl. There are numerous patents butanol was evaluated; however, no data concerning yields
and articles on lactic acid polymers and copolymers and their of butyl lactate were given. The esterification of aqueous
properties, uses, and processes. A discussion of this work idactic acid solution with methanol, catalyzed by acidic cation-
beyond the scope of this review, and several reference articlesexchange resins in the protonic form, have been reported by
and patents can provide the reader further informafigte* 33 Choi et al*!* and Sanz et &f The activity of the acidic resin
2.1.1.2. Esterification Reactions2.1.1.2.1. Self-Esteri- Dowex 50w was compared with that of sulfuric attdand
fication: Production of LactideLactic acid esterifies itself, it was found that the initial rate of esterification catalyzed
giving two primary esterification products: the linear lactic Y sulfuric acid was larger than that with the acidic resin,
acid lactate (2-lactyloxypropanoic acid) and cyclic lactide Put as the reaction time increased the conversions obtained
(3,6-dimethyl-1,4-dioxane-2,5-dione). Lactide is an important USing sulfuric acu_j and the acidic resin were similar (30 and
compound, as it is the monomer for the production of poly- 35 wt %, respectlvely_). The s@udy of the e_ffect temperature
(lactic acid), or polylactide, and other copolymers. Different showed that thg reaction rate increases with temperature, but
heterogeneous catalysts for the preparation of lactide haveth® concentration of reaction mixtures at equilibrium was
been reported. Bellis et # disclosed a continuous catalyzed nearly constant at qm‘erent temperatures. Conversions around
vapor-phase process for the production of lactide by convert- 35 Wt % were achieved aité h of reaction time working
ing the lactic acid over a solid catalyst such as silica alumina, &t 333, 343, and 353 K. Similar results were found by Sanz
and preferably silica alumina with high silica content. Muller €t al. using Amberlyst 15 as catalyst.
et al® described a four-step method for producing high-  The esterification of aqueous lactic acid solution with
purity lactide in yields of 85-88%. The method involves  ethanol, accompanied by lactoyllactic acid hydrolysis, using
the oligomerization of lactic acid, followed by a thermal as heterogeneous catalysts heteropolyacid supported on ion-
depolymerization under reduced pressure in the presence oexchange resins has been repofte@he reactions were
heterogeneous catalysts such as oxides of Sn and Zn, yieldingperformed at 343 K, and the catalysts; 2% of tungsto-
lactide. Zinc oxide, stannous chloride, stannous sulfate, phosphoric (HPW:2040°xH20) and molybdophosphoric
stannous octanoate, and their mixtures were used as catalyst§dsPMo12040XH20) acid types of heteropolyacids over
for the synthesis of lactide. Thus, with a mixture of ZnO Lewait S100, showed higher activities that the resin itself.
and stannous octanoate, a 45% vyield of lactide was ob-Thus, 40 wt % conversion of lactic acid was achieved after
tained3® Wang et aP’ described the dehydration of lactic a 6 h reaction time using HPMo 10% loaded on the resin,
acid to lactide, catalyzed by nanosized lanthantitanium whereas using the resin alone, the conversion was 30 wt %.
composite oxides, and more recently a series of solid The effects of variables such as catalyst concentration,
superacids prepared with three kinds of metal oxides (ZnO, reactant molar ratio, and temperature on the reaction rate
SnQ, and LaOs) were studied for the synthesis of lactide. were studied. The study showed that molybdophosphoric acid
A 58% vyield of lactide was obtained using $QZnO— had slightly a higher activity than tungstophosphoric, which
SnQ/La®t as a catalyst, with a procedure involving the gave a slower deactivation rate. Kinetic analyses of the
dehydration of lactic acid to form lactic acid oligomers at reaction data showed that the number of available acid sites
temperatures between 393 and 423 K, followed by de- on the catalyst surface does not follow a linear trend with
polymerization of the oligomer from 423 to 483%K. respect to increasing HPA loadings, and the proton efficiency
2.1.1.2.2. Esterification Reactions of Lactic Acid with ©Of the catalysts decreases with increasing loading. On the
Alcohols. Esters of lactic acid and alcohols (particularly Other hand, deactivation is the main drawback of heteropoly-

methanol, ethanol, and butanol) are nontoxic and biodegrad-acid-supported catalysts.

able, high-boiling liquids having excellent solvent properties ~ Recently, the use of vapor-permeation-supported zeolite
and could potentially replace toxic and halogenated solventsmembranes for elimination of water generated by the reaction
for a wide range of industrial uses. Lactate esters are alsogave substantially enhanced yields of ethyl lactate ester. The
used as plasticizers in cellulose and vinyl resins and enhancg€action were performed without catalyst or with the aid of
the detergent properties of ionic surfactants. These com-& homogeneous catal§fsbr a heterogeneous catalyst such
pounds are even useful in the preparation of herbicidal @ Amberlyst 13° Under these reaction conditions, conver-
formulations39:40 sions of nearly 100% were achieved within & h reaction

Technical lactic acid is a mixture of free lactic acid ¢60  UMe- Acid zeolites have been demonstrated to be good
80%), dimers, and higher polymers of lactic acid {2%%) esterification catalyst§. Thus, producing zeolite membranes

and water (5-20%). For the esterification of lactic acid, a Vith adequate pore shape acidity and polattty should be

catalyst-free process and catalyst-assisted processes haRPSSible to improve the yields of lactate esters.

been described in the literature. The catalytic production of ~ The use of immobilized enzymes for the lipase-catalyzed
lactates is performed traditionally with homogeneous cata- Synthesis of organic lactates has been reported by Torres et
lysts using acids such as anhydrous hydrogen chloride,al** Novozym 435 was found to be a very active catalyst
sulfuric acid, phosphoric acid, and other conventional acids. for the esterification of lactic acid with fatty alcohols, even
However, only a few studies reported in the literature have in solvent-free conditions.

described lactic acid esterification with heterogeneous cata- 2.1.1.3. Hydrogenation of Lactic Acid and Lactates to
lysts, particularly with cation-exchange resf#s®® Thus, Propylene Glycol. Propylene glycol (1,2-propanediol) is a
Dassy et af? reported the synthesis of butyl lactate using commodity chemical with a variety of uses as a solvent for
Amberlyst-15 as acid catalyst in a batch reactor in dioxane the production of unsaturated polyester resins, drugs, cosmet-
and toluene as solvents. The effects of variables such as resiics, and foods. It is also used as a de-icing fluid and
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antifreeze. It is currently produced by hydration of propylene  Several research groups have studied the promoting effect
oxide produced from selective oxidation of propylene. This of tin on the ruthenium catalyst§$26770 |t is found that
process involves hydroperoxidation chemistry or the chloro- addition of tin to Ru-based catalysts significantly enhanced
hydrin process involving the use of hypochlorous acid. the selectivity to the corresponding alcohol. Luo ef‘al.
However, production of propylene glycol by direct hydro- reported that that RuB/yAl,Os, prepared by reductant
genation of lactic acid or lactates can be an alternative greenimpregnation, exhibits good activity for the hydrogenation

route to the petroleum-based process. of ethyl lactate at 423 K and 5.5 MPa, achieving 79%
conversion and 51% selectivity to propylene glycol (byprod-
OH ucts such as lactic acid, 2-hydroxypropyl lacta@ropanol,
OH and isopropyl alcohol were also formed in different propor-
° OH tions). Addition of tin (Sn/Ru atomic ratio of 7%) increases
LactioAcid  Hydrogenation _h_OH substantially the activity and selectivity to the glycol,
OH - 1.2-propanediol achievin_g in this case a selectivity of 91% for ethyl lactate
OR conversion of 90%. The same autf8itudied the effect of
0 other promoters (Co, Fe, Zn) on the RB/yAl,O; catalyst
Lactates on the activity and selectivity to 1,2-propanediol. They found

that the addition of Sn and Fe improves the activity and
Generally, direct hydrogenations of carboxylic groups are selectivity of the Re+B/yAl,O; catalyst, whereas with Co-

not practiced commercially, and instead the hydrogenation and Zn-promoted RuB/yAl,O; catalysts, a decrease in
of the corresponding ester is performed since it generally conversion along with an increase in selectivity to glycol
gives better yields. This is due to the reactivity of the \was observed.
carbonyl group of the acids being lower than of the esters |t has been shown in the literature that copper-based
and also because acids react with the alcohol formed, leadingcatalysts exhibit high selectivities for hydrogenation of esters
to the formation of esters. In any case, hydrogenations of and carboxylic acids to alcohol372 Recently, Cortright et
carboxylic acid and esters are often carried out under g| 74 reported the vapor-phase hydrogenation of lactic acid
vigorous reaction conditions due to weak polarizability and over silica-supported copper. The reactions were performed
intrinsic steric hindrance of the carbonyl grotg-or further at total pressures between 0.10 and 0.72 MPa and temper-
information, see Adkins et 4> They have studied the  atures between 413 and 493 K. Under these conditions, lactic
hydrogenation of several carboxylic acid and esters to acid gives predominantly propylene glycol (88% selectivity
alcohols. More specifically, the hydrogenation of ethyl lactate at 100% conversion), whereas no significant catalyst de-
to propylene glycol was carried out at 42323 K at high activation was observed.
hydrogen pressures (280 MPa) over copper/chromium 2.1.1.4. Dehydration of Lactic Acid to Acrylic Acid.
oxide and Raney nickel catalysts, achieving 80% yield of Acrylic acid is a commodity chemical of considerable value,
propylene glycol. Broadbent et#ireported the first catalytic  with an estimated annual production capacity of 4.2 million
hydrogenation of free lactic acid over unsupported rhenium metric tons’® Acrylic acid and its amide and ester derivatives
black as catalyst at 423 K and 27 MPa hydrogen pressure,are the primary building blocks in the manufacture of acrylate
achieving yields of propylene glycol as high as 80%. It is polymers. Numerous applications in surface coatings, textiles,
clear from the above that the development of active Cata|yStSadhe3ives, paper treatment, leather, fibers, detergents, etc.
for hydrogenation of esters and acids to the correspondingare know. Currently, 100% of acrylic acid is produced out
alcohols under mild conditions is a matter of great interest. of fossil oil, mostly via direct oxidation of propene; therefore,
In this sense, ruthenium-based catalysts have received muchhe production of acrylic acid via dehydration of lactic acid
attention for the hydrogenation of a wide variety of car- s an attractive target for new bio-based compounds, and most
boxylic acids and esters due to their excellent intrinsic |actic acid conversion studies have focused on this reaction.
hydrogenation activity>-2 For instance, it has been reported

that ruthenium on activated carbon is an effective catalyst OH

to perform the hydrogenation of lactic acid in agueous /K“/OH Dehydration O
solution®-64The reactions were performed in a batch reactor o} o

at temperatures between 373 and 543 K and hydrogen Lactic Acid Acrylic Acid

pressures of 714 MPa. Selectivities to propylene glycol

higher than 90% at 95% lactic acid conversion were Unfortunately, under thermal or acid-catalyzed conditions,

achieved. Moreover, an interesting finding is that calcium other reactions compete with dehydration, decreasing the

lactate, the usual product from fermentation, can be trans-selectivity of the process. Thus, during dehydration of acrylic

formed to propylene glycol by adding a stoichiometric acid, decarbonylation/decarboxylation to give acetaldehyde

quantity of sulfuric acid prior to the hydrogenatiéhOver and hydrogenation to form propanoic acid take place,

the same catalyst, in a continuous trickle bed at 373 K and reducing the acrylic acid yield. In 1958, Holmérfirst

at hydrogen pressures of-35 MPa, 90% yield of propylene  reported the vapor-phase conversion of lactic acid to acrylic

glycol was obtaine®® acid over sulfate and phosphate catalysts, achieving acrylic
Another Ru-based catalyst for the hydrogenation of acid yields of 68% over CaSfNa,SO, at 673 K. Later,

carboxylic acids has been recently reported by Mao &t al. Paparizos et al’ reported a 43% acrylic acid yield at 613 K

A magnesia-supported poly-aminopropylsiloxaneruthe- using AIPQ treated with ammonia. SawicRiachieved 58%

nium complex catalyst has been used for the hydrogenationyield and 65% selectivity to acrylic acid using MO,

of lactic acid (and other simple acids) in aqueous solution supported on silicaalumina with NaHCQ@as a pH controller

at 513 K and 5 MPa of hydrogen pressure during 18 h. Yields and working at 623 K.

of alcohol of 100% were obtained, and no deactivation of  Salts and esters of lactic acid dehydrate more easily than

the catalyst was observed after repeated reuse. the acid. Thus, using aluminophosphate treated with ammonia
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as a catalyst, Paparizos et ateported a 61% yield of acrylic  alkali lactate at 473513 K, in which the diketone is formed
acid starting from ammonium lactate, while from lactic acid in the condensed phase and removed as a vapor, has been
the yield was only 43%. Walkup et &8° developed a  patented®

process for converting lactate esters to acrylates using £aSO 5 1 1.6. Oxidation of Lactates and Lactic Acid to

as a catalyst in a fixed-bed reactor, achieving 61% of the pyryyvates and Pyruvic Acid. Pyruvic acid and its deriva-
theoretically possible yield, and the unreacted lactate wastjyes are chemicals whose commercial demand has been
separated and recycled. Takafumi et'alsed zeolites (NaX increasing because of their use as precursors in the synthesis
and NaY types) as catalysts for performing the dehydration f grugs and agrochemicals. Pyruvic acid has been prepared
of methyl lactate in the gas phase, _vvo_rklng.at temperaturesby glucose fermentation (with very low yields), enzyme-
between 473 and 623 K and achieving yields of methyl catalyzed reactions, and chemical synthesis. Established

acrylate of 93%.

Pyrolysis of then-acetoxy esters of methyl lactate has been
used as a route for converting lactic acid to acryl&tés.
The process involves the treatment of ethyl lactate with acetic
anhydride, giving methy-acetoxypropionate. The ester is
then thermally decomposed at 773 K to methyl acrylate and
acetic acid. The use of an inert reactor packing material
(carbon, quartz, or pyrex) gives methyl acrylate yields of
over 90% at 820 K while packing materials such as silica
gel, y-alumina, and transition metal oxides give mainly
cracking and low yields of acrylafé.

Anaerobic formation of acrylic acid is found in the
dehydration of lactic acid by the lactyl-CoA deydratase, an
enzyme which has been purified fro@lostridium propi-
onicum® This micro-organism uses lactic acid as an energy
source, giving as metabolic products propionic acid and
acetic acid. However, the direct reduction pathway which
leads to propionic acid may be blocked with 3-bytinoic acid.
Nevertheless, the acrylate concentration achieved is very
low.87

2.1.1.5. Condensation to 2,3-Pentanedioné/arious
studies of lactic acid dehydration have given products other
than acrylic acid. For instance, lactic acid is converted to
propanoic acid in 65% yield at 623 K using a mixed metal
oxide as catalyst Gunter et af° reported the formation of
2,3-pentanedione (along with acrylic acid and acetaldehyde)
from lactic acid working in vapor-phase conditions at 0.5
MPa over supported sodium phosphate salts. Both conversio
and selectivity to 2,3-pentanedione and acrylic acid increase
when increasing the basicity of the phosphates;a >
NaHPO, < NaH,PQy).

OH . 0
)\H/OH Condensation /\r/\
0o o
Lactic Acid 2,3-pentanedione

Using NaPQ, supported on silicaalumina, acrylic acid
selectivities of 36% were achieved at 623 K and short contact
times (0.6 s), whereas at lower temperatures {5583 K)
and longer contact time (3 s), 56% selectivity to 2,3-

pentanedione was obtained. This diketone has applications

as a flavor agent, photoinitiator, and biodegradable solvent
and is a useful intermediate for the synthesis of a variety of
products’®°1 Owing to this, one research group has under-
taken subsequent studies focused on enhancing the cataly
selectivity to thea-diketone. The authors reported 2,3-
pentanedione yields of nearly 60% of the theoretical with
80% selectivity using potassium and cesium salt supported
on silica as catalysts in a fixed-bed reactor and from lactic
acid in the vapor phasg. ¢ FTIR spectroscopy studies
showed that the alkali lactate salt, formed by proton exchange
between lactic acid from the vapor and the alkali metal salt,
was the main actives species on the catalyst sugpdrt.

n

procedures for its synthesis are the dehydrative decarboxyl-
ation of tartaric acid in the presence of potassium hydrogen
sulfate and the hydrolysis of acetyl cyanide. Alkyl lactates
(generally methyl or ethyl esters) can be oxidized to the
corresponding pyruvates using different heterogeneous cata-
lysts. Vapor-phase oxidation using®s-based mixed-oxide
catalysts has been described. Lactic acid conversion above
95% was obtained, with selectivity to pyruvates about
90%°?7-%8 Lead-modified palladium-on-carbdf,°! Pd/Pt-
based catalysf? and phosphates or polyphosphates of Mo
and V supported on silié& have been reported to be
effective for the selective gas-phase oxidation of lactates to
pyruvates. Hayashi et #1* 1% reported the oxidation of ethyl
lactate to pyruvate in the vapor phase over various oxides.
The screening showed a binary oxide, Te®™Og, to be an
active catalyst to afford pyruvate with high selectivity (over
90% selectivity at ethyl lactate conversion about 80% at 573
K). Studies by XRD, IR, DTA-TGA, and SEM/EPMA":108
suggested crystalline-Te;Mo0O; as the active phase. Telluro-
molybdates (MOTeeMoO3, where M= Co, Mn, Zn) also
showed excellent activities in the selective oxidation of ethyl
lactate to pyruvate at 5235673 K109

The direct oxidation of lactic acid to pyruvic acid is much
more difficult. Most of the catalysts presented above catalyze
the oxidative C-C bond fission, converting the major part
of lactic acid to acetaldehyde and g@ther than to pyruvic
acid. Indeed, very few attempts have been reported concern-
ing the oxidative dehydrogenation of lactic acid. Thus, Ai
et al*0111 performed the direct oxidation of lactic acid to
pyruvic acid at 500 K over iron phosphates with a P/Fe
atomic ratio of 1.2 (those included FeR@e&P,0;, and
Fe;(P.0v)2). During the reaction, FePQvas transformed to
another unknown phase (M-phase) consisting of bofH Fe
and Fé' ions. The best performance was obtained with the
catalyst composed of the M-phase, achieving 60% conversion
with 62% selectivity to pyruvic acid.

In a variety of living organisms, lactate can be converted
to pyruvate by lactate dehydrogenase, which acts in the
reverse reaction,

lactate+ NAD " — pyruvate+ NADH + H*

but at a preparative scale, it is difficult to use this enzyme
to obtain pyruvate because stoichiometric amounts of

séxpensive pyridine nucleotides (NAPhave to be used.

Lactate oxidase (LOX) catalyzes the direct formation of
pyruvic acid from lactic acid without requiring NADas a
cofactor. Burdick et al’? reported the oxidation af-lactic
acid to pyruvic acid with oxygen, catalyzed by the enzyme
LOX (from Pediococcul giving hydrogen peroxide as a
byproduct.

condensed-phase process using a mixture of lactic acid and CH;CHOHCOOH+ O, — CH;COCOOH+ H,0,
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However, the hydrogen peroxide decomposes pyruvic acid 1999 255 34), which means that bio-based succinate could
to acetic acid, carbon dioxide, and water, lowering the compete in price upon optimization of a large-scale process.
production yield. To limit the decomposition of pyruvic acid, Succinic acid (1,4-butanedioic acid) is a versatile com-
the LOX was co-immobilized with catalase, which destroys pound able to undergo a variety of reactions (Scheme 3) to
the hydrogen peroxide. Yields of pyruvic acid up to 47% useful products, and its production uses and reactions have
were obtained. More recently, Xu et'af 11¢studied lactase ~ been extensively reviewed in the literatdf@!?®The market
oxidase component-producing strainskEdwardsiellasp., potential for products based on succinic acid is estimated to
Pseudomonasp., andAcinetobactersp., as well as the  be 270 000 t/year, including 1,4-butanediol, tetrahydrofuran,
characteristics of this kind of enzyme component for pyruvate y-butyrolactone N-methylpyrrolidone, and linear aliphatic
preparation from lactate. They found that LOX could esters. In this section, we will discuss the most important
effectively oxidize p-lactate, L-lactate, andbL-lactate to commercial direct transformations of succinic acid and
pyruvate without production of hydrogen peroxide. Conver- succinates carried out under heterogeneous catalysis (Scheme
sions to pyruvate between 80 and 100% were observed. A3).
possible reason for this behavior was that the cell extracts
contain some other enzymes that can be he|pfu| to the Scheme 3. Reactions for Conversion of Succinic Acid into
biocatalysis, for instance catalase, which destroys hydrogenUseful Products
peroxide and limits the nonenzymatic decomposition of @
pyruvate to acetate and carbonate. o

N
; o}
lactate+ 1/ 2 O2 - pyruvate+ HZO 2- Pyrrolidones HO OH
P
NH3, RNH, ’ NH3, RNH, SuccinicOAcid
More recently, Gu et &’ showed that cell-free extracts \
from Pseudomonas putid8M-6 contain both LOX and ‘ -H20
catalase. They have been employed as catalysts for the Ha
conversion of lactate to pyruvate. In this case, the molar 4_/\0 D ﬁ o o ROH
conversion yield of pyruvate achieved on the basis of the But rf))lactone Succinic 2nhy dride
amount of lactate consumed was 0.80 g/g. R
Glycolate oxidase §-2-hydroxy acid oxidase, EC 1.1.3.15) o L RO"N

is an enzyme found in leafy green plants and mammalian z /O\/YOR
cells. It catalyzes the oxidation of glycolic acid to glyoxylic Ho™ S OH RO o}
acid. However, this enzyme can also catalyze the oxidation 1.4-Butanediol Succinate Esters
with oxygen ofiL-lactic acid to pyruvic acid, with production o ‘ RR1CO
of hydrogen peroxide as a byproddit:.*?° Also in this case, l z
it has been reported that the combination of glycolate oxidase O R Ry
with catalase leads to high yields in the oxidation of lactic o 9\)'\(%
acid to pyruvic acid (96% yield with 99% selectivit{pL-122 Tetrahydrofuran RO

O
More recently, genetically modified strain§Pichia pastoris Alkylidene Succinates

that express both the glycolate oxidase and catalase have

been used as whole-cell biocatalysts for conversianlaftic
acid to pyruvic acid?3124

2.1.2. Succinic Acid Platform

2.1.2.1. Esterification ReactionsSuccinic acid reacts with
alcohols in the presence of acid catalysts to form dialkyl
succinated?® The esters of low molecular weight (methyl
and ethyl succinates) have applications as solvents and

synthetic intermediates for other important compounds. The

Succinic acid, anhydride, and esters are primary productssuccinic acid dehydrates, upon heating, to succcinic anhy-
from maleate hydrogenation. While succinic acid is currently dride. Sulfuric acid, dry HCI (gas), angttoluenesulfonic
produced from butane through maleic anhyddittet can acid (PTSA) are commonly used as catalysts for esterification
also be produced through the fermentation of glucose. Mostreactions. However, the use of such catalysts causes envi-
fermentation micro-organisms are not tolerant to the acidic ronmental problems, and efforts are being made to develop
media, and the fermentation must be neutralized, producingeco-friendly heterogeneous catalysts for the synthesis of
salts of succinic acid. Conventional methodologies for industrially important esters. Alternative catalysts, such as
separation and recovery of succinic acid involve filtration cationic exchangers like Amberlyst-1%,aluminophosphate
and acidification of the succinates to form the succinic acid, and silicoaluminophosphate molecular siet8<eolites?”
whereas the salts are precipitated. There has been considesulfated zirconia and titani&! and Nafion-H!2 have been
able research to develop improved fermentation micro- developed. Concerning the esterification of succinic acid and
organisms and separation technology to reduce the overallthe anhydride using heterogeneous catalysts, very few
cost of bio-based succinic aciéf:'?’In order for fermenta-  examples have been reported in literature. For instance, ferric
tion-derived succinates to compete with butane-derived perchlorate adsorbed on silica gel was found to be an
maleic anhydride, the production cost for succinic acid must effective catalyst for esterification of succinic acid with
approach the production cost for maleic anhydride. In 1992, different alcohol$32 Synthesis of dimethyl succinate under
the fermentation production cost for succinic acid ranged catalysis by phosphotungstic acid was achieved in 94%
from $1.50/Ib. to $2/lb. Advances in fermentation and yield.*3* Montmorillonite clay samples exchanged with
especially in separation technology have reduced the potentialdifferent cations performed efficiently for the synthesis of
production cost to about $0.50/Ib. The current butane-deriveddi(p-cresyl) succinate estet®;136and F&"-montmorillonite
maleic anhydride market price is $0.43/lbHem. Mark. Rep.  showed excellent activity for catalyzing the esterification of
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different dicarboxylic acids with methanol, giving dimethyl
succinate in 70% vyield under mild reaction conditiés.
However, leaching of metal and silicate destruction with
continued use of the catalyst are the main concerns.
2.1.2.2. Hydrogenation of SuccinateDirect hydrogena-

tion of succinic acid, succinic anhydride, and succinates leads MAN

to the formation of the product family consisting of 1,4-
butanediol (BDO), tetrahydrofuran (THF), andbutyro-
lactone (GBL) (see Scheme 3).

1,4-Butanediol is a compound of great interest as a starting

material for the production of important polymers such as
polyesters, polyurethanes, and polyeth&ms.major BDO-
based polymer is polybutylene terephthalate, which is mainly
used for engineering plastics, fibers, films, and adhesives.
Other relevant BDO applications are in the formation of THF,
which is obtained by homogeneous dehydration of BDO.
THF is a solvent for poly(vinyl chloride) (PVC) and is used
as a monomer in the manufacture of polytetramethylene
glycol, which is used as an intermediate for Spandex fibers
and polyurethane®. Dehydrogenation of BDO on copper
catalysts leads to the formation of GBL, which is another

major solvent also used as an intermediate for agrochemicals pmm

and pharmaceuticals. The reaction of GBL with ammonia
or alkylamines gives 2-pyrrolidone amdalkylpyrrolidones,

which are used as solvents and as starting materials for

pharmaceuticals. The largest application of 2-pyrrolidone is
in N-vinyl-2-pyrrolidones polymers (polyvinylpyrrolidone),
with a wide range of applications in pharmaceuticals,
cosmetics, textiles, paper, detergents, and beverages.
Methylpyrrolidone is another important compound widely
used as a solvent. According to Morg&hmore than 70 000
tons of GBL was manufactured in 1995, about 50% of which
was used for the production dfmethylpyrrolidone.

The majority of BDO is currently produced commercially
by the Reppe process, in which acetylene is reacted with
formaldehydé?® However, the process suffers several dis-

advantages, such as severe reaction conditions and the use{HCOOR

of acetylene (with explosion hazard) and formaldehyde (with
carcinogenic effects). A promising alternative to this process
is the hydrogenation of maleic anhydride to BDO via a

multistep reaction. Maleic anhydride is hydrogenated to
succinic anhydride, which is converted to GBL. The hydro-

genation of GBL leads to 1,4-butanediol in a reversible

reaction, and depending on the reaction conditions, the
dehydration of BDO to THF is observed. Byproducts are

propionic acid and butyric acid, the corresponding aldehydes
and alcohols, ethanol, and acetdffe.

0 (0] HO
QO H, g o 2Ha < -H,0 C
— o ——— P— — o]
Q -H,0 oH, HO
0 o}
Maleic anhydride  Succinic Anhydride GBL BDO THF

Maleic anhydride, maleic acid, or maleic esters are
obtained fronrm-butane as starting materidt.Alternatively,
maleic anhydride or maleic acid may be converted to dialkyl

Corma et al.

Table 1. Catalysts and Yields Reported in the Patent Literature
Concerning the Production of BDO, THF, and GBL

yield patent
feedstock catalyst (%) (ref)
MAN Ru/Ni/Co/znO 94 (THF) 146
Pd/Ag/Reon C 93 (BDO) 149
MAN Pd/Re on C 90 (THF) 150
MAN Pd/Re/zeolite 65 (THF) 151
MAN Cu/Cr/Zn oxides 99 (THF) 152
MAN Co 69 (BDO) 153
MAN Cu/Zn/Al oxides 92 (GBL) 154
MAN CuO/Al;O5 82 (GBL) 144
MAN Ni/Si/K maleate 83 (GBL) 155
MAN Cu/Zn/Al oxides 72 (GBL) 145
MAN Cu,Cr, Mn mixed oxide 86 (GBL) 156
MAN or SAN Pd/C, CsSOy 97 (GBL) 157
MAN or SAN ReO/Cu0/ZnO 82 (BDO) 158
MAN or SAN CuQ/CrO 97 (THF) 159
MAN or SAN CuO/siQ 72 (THF) 160
MAN, SAN, GBL Ru,ReonC 92 (THF) 161
MAC Pd/Ag/Re/Au on C 91 (BDO) 147
MAC Pd/Ag/Re on oxidized C 93 (BDO) 148
DEM copper chromite 80 (BDO) 142
DMM or DMS Cu/SiG alkali 83(BDO) 162
Pd/CuO/CrQ 89 (THF) 163
GBL Cu/Si 94 (BDO) 156
GBL Cu/Cr/Mn 80 (BDO) 158
GBL CuO/SiQ 83 (THF) 156
GBL Cu/Pd/KOH 87 (BDO) 164
GBL or SAN Ru phosphate 96 (BDO) 165

aMAN, maleic anhydride; SAN, succinic anhydride; DEM, diethyl
maleate; DMM, dimethyl maleate; DMS, dimethyl succinate; GBL,
y-butyrolactone.

(30—40 bar), and high molar hydrogen/ester ratios. The
reaction is believed to proceed via dialkyl succinate and
GBL, while butanediol can react further to THF.

0 o OH
Ho  CH,cOOR 2H: 2 S -H:0 Do

CHCOOR CH,COOR _ROH ° 2h ud
Dialkyl maleate Dialkyl Succinate GBL BDO THF

Because succinic acid and its derivatives (anhydride and
ester) are obtained by hydrogenation of maleic acid and its
derivatives, the catalysts used in these hydrogenations are
directly applicable to succinates.

Early studies concerning succinic acid conversion to BDO
in high yields were reported by Adkit%*3and Broadbent?
who used copper chromite and rhenium black, respectively.
The conversion of maleic anhydride to BDO and THF has
been reviewed up to 1994 by Turek and TriminThe
reaction conditions of the processes are usually tailored in
order to produce selectively THF and BDO. Thus, THF
formation is favored when working at high temperatures and
low pressures of hydrogen {5 MPa), whereas BDO is
formed through an equilibrium reaction with intermediate
GBL that requires low temperatures and higher hydrogen
pressures (410 MPa) to achieve high diol yield4?

esters before reacting to the desired products. The process An extensive patent literature regarding the hydrogenation

developed by Davy Mcké# is widely applied commercially
and starts with the fast formation of diethyl maleate from

of maleic anhydride and derivatives exists. In most cases,
copper-based catalysts are used to perform the gas-phase

maleic anhydride and ethanol, catalyzed by an ion-exchangehydrogenation of maleic anhydride to BDO, THF, and

resin. Diethyl maleate is hydrogenated to GBL and then to
BDO in two reaction steps in the vapor phase over bulk-Cu
Cr or Cu—Zn reduced mixed-oxide catalysts. The reaction

GBL.1#4145[iquid-phase hydrogenation of maleic anhydride
is performed using copper-, nickel-, or cobalt-based cata-
lysts'6 as well as noble metal catalysts containing Ru, Pd,

is carried out at temperatures around 473 K, mild pressuresor Re!4”48|n Table 1, we summarize some catalysts as well
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as product yields reported in several patents. The table isdiesters gives transesterification, leading to the formation of
not exhaustive; selection was based on higher reported yieldspolymeric material. Thus, a two-step process has been
Compared with the extensive patent literature, the infor- Proposed to produce BDO. In the first step, dimethyl maleate
mation available in the open literature regarding hydrogena- IS completely converted to GBL at high temperature and
tion of maleic or succinic derivatives is relatively limited. Moderate pressure (513 K, 10 bar), and in the second step,
Thomas et al*31%studied the gas-phase hydrogenolysis of GBL reacts to form BDO at low temperature and high
dimethyl succinate using a Raney copper catalyst at 500 kPaPressure. In this case, the conversion of GBL to BDO is not

and 513-573 K. The reaction leads primarily to the
formation of GBL and methanol, with significant yields of

total, and the amount of BDO is limited by thermodynamic
equilibrium. The equilibrium ratio of GBL to BDO is

THF and water at higher conversions; however, BDO was strongly dependent on temperature and hydrogen pressure,

not observed. Zhang et & performed the conversion of

and only at high hydrogen pressure and with a large excess

diethyl succinate over copper-based catalyst at pressure®f hydrogen is the equilibrium shifted to favor BDO as the

between 20 and 40 bar and 47303 K and showed that
BDO formation was favored at low temperatures and high

product.
It has been shown that catalysts obtained by reduction of

pressures. Turek et &€ studied the gas-phase hydrogenoly- cubic spinel-type phases containing an excess of copper ions
sis of dimethyl succinate over copper-based catalyst. In thecan be excellent catalysts for the gas-phase hydrogenation
first step of the reaction, using copper chromite and copper of maleic anhydride to GBE’* Moreover, in these catalysts,

on silica as catalysts, GBL was formed, which reacted further some of the copper ions can be replaced by other divalent
to THF. They found that THF was mainly formed in a cations, with corresponding changes in physical and catalytic
parallel reaction directly from dimethyl succinate over properties’ "2Particularly, high GBL yields can be achieved
copper-zinc oxide catalysts. No catalyst deactivation with by partial substitution of copper by zinc ions (which increase
time-on-stream was detected. The most active catalyst forthe activity for the hydrogenation of succinic anhydride) and
the subsequent reaction of GBL to THF was found to be by Mg ions (which inhibits the over-hydrogenation and/or
copper chromite. Varadarajan et'aktudied the gas-phase hydrogenolysis reaction$}! On the basis of this information,
hydrogenolysis of dimethyl succinate using as catalysts Messori et al”® performed the hydrogenation of maleic
metallic copper on different supports. They found that anhydride and succinic anhydride and their dimethyl esters
catalyst support properties and reaction conditions stronglyin the vapor phase to form GBL in the presence of a
affect product distribution during dimethyl succinate hydro- multicomponent catalyst obtained by reduction of a spinel-
genolysis. For Cu supported on chromatographic silica type precursor (Cu/Zn/Mg/Cr). Over this catalyst, total
(XOB-30), high pressure (8.4 MPa) gives a BDO vyield of conversion of maleic anhydride was obtained, with a
80% with very little formation of THF, whereas using Cu maximum GBL yield of 83%. Moreover, because of the

on an acidic support (chromatographic silica XOA-400), the
THF yield approaches 90% with very little formation of
BDO. The authors attributed the high THF yield, at least in
part, to the higher surface acidity of the XOA-400 support.
Moreover, they found that formation of THF appears to occur
directly from dimethyl succinate in parallel to formation of
GBL and BDO, in agreement with the results reported by
Turek!68

The presence of two types of sites Cand Cu) on
copper catalysts has been postulated by Zhang &°aind
they report that the active site associated with* Qs
responsible for BDO formation, while Cis the active site
for THF production. According to this, the authors suggest
that THF is formed as a primary product in a direct route

different reaction conditions required for formation of
intermediate and products, the authors described a complex
set of reaction pathways for the vapor-phase hydrogenation
of maleic anhydride.

Castiglioni et ak’* prepared different mixed oxides
containing Cu, Zn, Cd, and Cr by heating hydroxycarbonate
precursors under different conditions. The mixed oxides were
reduced in an bIN; flow and tested as catalysts in the vapor-
phase hydrogenation of GBL and a solution mixture of
maleic anhydride and GBL. How the structure of the-Cu
Cr reduced oxide catalysts, with and without other metal
substituents such as Zn and Cd, influences the GBL and
maleic anhydride hydrogenation is discussed.

As we have shown above, Cr-containing catalysts, some-

from dimethyl succinate at sites different than the Cu metal times with physical and chemical promoters, are widely used
sites at which BDO is formed. In conclusion, it appears that as catalysts in the vapor-phase hydrogenation of maleic
support acid sites play an important role in THF formation, anhydride or its esters. However, these types of catalysts are
either by producing changes in the relative population of the of limited use because of their toxicity. On the basis of
two types of copper sites or by participating directly in the precedent patent4? aluminum-containing catalysts may
reaction. represent a promising alternative to the Cr-containing

Schlander and Turék performed a Compara'[ive Study of CataIyStS. In this Se'nse, Cast|g||0n| eﬂﬁlstudled the gaS-
a series of copperzinc oxide catalysts during the hydro- Phase hydrogenation of maleic anhydride to GBL in the
genolysis of dimethyl maleate in the gas phase. They found Presence of Cu/Zn/M catalysts (M Cr, Al, or Ga), obtained
that the presence of ZnO improves the performance of suchPy thermal decomposition of hydrotalcite-type anionic clays.
catalysts by increasing the copper surface area; moreover T he results showed that the Al-containing catalyst was more
ZnO possess an additional promoting effect. A Cu/ZnO actlve_than the Cr-c_onta|n|ng_ca_1talyst, whereas the b_ehawor
Cata|yst with copper content of 15 mol % was found to be of galllum mixed oxide was similar tO that Of AI-Contal-nI_ng
the most active catalyst for the conversion of dimethyl oxide. The Cu/Zn/Al catalyst exhibits higher activity,
maleate Working at temperatures of 413 K and in a C_Onvertlng the maleic anhydrlde tOta”y and aCh|9V|ng hlgh
pressure range from 2 to 35 bar. The reaction proceeds viayields of GBL (91%).
dimethyl succinate to BDO and GBL. It was found that  Emig et al**?1761"performed the liquid-phase hydrogena-
production of high yields of BDO in one step is not a viable tion of maleic anhydride and intermediates, using copper-
process, because the simultaneous presence of BDO andhased and noble metal catalysts. Copper chromites and noble
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metal catalysts were the most active catalysts for the @ OH 9
hydrogenation of maleic anhydride to GBL, achieving 0"Ng~ 0 HO/\/\O‘/ Ro/\/\gOR
maximum yields of 73%. However, for the hydrogenation Succinic Anhydride  Succinic Acid Succinates

of succinic anhydride to GBL, the most active and selective N\ Y,
catalysts were Cu/Zn-containing catalysts. A 100% conver-

sion with 95% selectivity to GBL was obtained. This effect l NH3 or RNH, / 2H,

was attributed to the selective adsorption of succinic

anhydride on the Zn sites. Finally, GBL was efficiently

hydrogenated to BDO over all the copper catalysts tested,; N
however, noble metal catalysts showed very poor activity. o Pyrrolid
The same authot® studied the liquid-phase hydrogenation yrroldones
of maleic anhydride to DDO in a packed bubble column
reactor using different copper-based catalysts. Yields ap-
proaching 60% were obtained over a coppanc catalyst,
while on zinc-free copper catalysts mainly succinic anhydride - . )
and GBL were formgg. A reac)t/ion mode)llincluding rea)i:tion catalysts, achieving yields of 2-pyrrolidone over 96%:%
kinetics and mass-transfer considerations has been presented? & Similar process, Mats&# described the reaction of
Hara et at”reported a two-stage liquid-phase hydrogenation SU¢cINIC acid or anhydride with N-and H oover_a Pd/AJOs

of maleic anhydride to succinic anhydride over supported catalyst to give 2-pyrrolidone in about 75% vyield. Mixtures

; : ; f succinic anhydride and succinonitrile have been converted
Pd catalysts in the first stage, followed by the hydrogenation 0 : .
of succinic anhydride to GBL using a homogeneous ruthe- (© 2-pyrrolidone (over 90% yield) at 508 K and 130 atm

; [ 90 Also mixtures of succinimide
nium catalyst system composed of Ru(aga@joctyly, and  USing Ruon ZrQas catalyst : :
p—toluenes)L/JIfon>i/c acid inpthe secongj staIge.y\}i/hile the @nd GBL were hydrogenated to 2-pyrrolidone (65% yield)
conversion of maleic anhydride to succinic anhydride was USing mixtures of CuO and € as catalfysté. L
complete in the first step of the process, the highest yield of N-Alkylpyrrolidones can be'p;]replir?d rom succfmlc acid
GBL (70%) was obtained when tetraglyme was used as a© anhydride by reaﬁ.t'?]n Wit ha yr?n&lnes to ((j)rm- H
solvent. Important drawbacks of the process are Cata|ystalk)ﬂ(sulccmnpédes, whic a}rg%(; en 'by drohgenate to the
separation in homogeneous catalytic systems and the use of-@lkylpyrrolidone. Zur et at* described the preparation
expensive solvents. More recently, Pillai et®lperformed of N-alkylpyrrolidones starting from succinic anhydride and
the liquid-phase hydrogenation of maleic anhydride to GBL alkylamines om-alkylsuccinimide in the presence of a Ni
over Pd/AO; catalyst under supercritical G@nedium. A hydrogenanon c_atalyst. ;rhu_s, using a catalyst Qf NIQOA)
100% maleic anhydride conversion with approximately 80% S'OZ'. and gf*’?‘Ph'tev aro /g yield d}t—methylpyrrohdong was
yield to GBL was obtained at 473 K and a pressure of 2.1 obtameq. Fischer et at de_scrlbed _the preparation of
MPa H and 12 MPa C@ It was observed that, whereas N-substituted pyrrolidones via reductive gas-phase hydro-
the conversion of maleic anhydride (100%) was not affected genation Of C-élcczaerzcl)xgllcg aCI%S antdlar‘rt1mo|£1|a or prlmlary
by changes in pressure and reaction temperature, the produc"i‘,[m':‘.eS fusmg USATL2 :“.'d as_eld ca aysgz.o/ g; extf;rr}p &
selectivity depends significantly on changes in temperatureS arting from succinic acid, yields over o Nemetnyk-

and pressure. Selectivity to GBL increased with,@essure ~ Pyrolidone were reported. Another route to obtdih
and reaction temperature. alkylpyrrolidones comprises the reaction between succinic

i i anhydride and ammonia and an alcohol, followed by catalytic
Finally, ruthenium complexes have been used as homo-pygrogenation of the resultirg-alkylsuccinimide taN-alkyl-

geneous catalysts for the hydrogenation of succinic anhydridepyyrolidone using Ni-basé® and Rh-baséd® catalysts.

to GBL. Lyons® first reported in 1975 that ruthenium vie|ds of 73% and 95% imN-methylpyrrolidone and 2-pyr-

complexes such as Ru{IPPh)s could catalyze the hydro-  ygjidone, respectively, were reported.

genation of succinic anhydride to GBL under mild conditions.  Recently, a homogeneous process has been reported for

Later, other types of ruthenium catalysts were used for thesey,q preparation oi-alkylpyrrolidones via hydrogenation, in

hydrogenation$®%In general, these Ru complex catalysts the ‘presence of water, of dicarboxylic acid derivatives

gave much higher selectivity to GBL compared with (among them, succinic acid derivatives) with an amine in

heterogeneous catalysts; however, they have some problemghe presence of Ru or Os and an organic phosphine catalyst.

from a technological point of view, such as catalyst separa- Reactions are performed at 69 atm and 523 K, giving yields

tion from the reaction mixture, low catalytic activity in some 4t N-methylpyrrolidone over 83%%

cases, and the presence of unfavorable halogen ligands in 5 1 2 4~ Stobbe Condensation of Succinate Esters.

theses complexes which might produce corrosion of the giohpe condensation is a type of Claisen aldol condensation
reaction vessel. which is limited to succinic and substituted succinic esters

2.1.2.3. Production of 2-Pyrrolidones andN-Alkyl- (Scheme 4). Thus, aldehydes or ketones condense with
pyrrolidones. The family of 2-pyrrolidones (Scheme 3) are  succinate esters through thhecarbon of one of the carboxylic
commercially produced via condensation of GBL (produced ester functiond?” This aldol condensation is catalyzed by
via hydrogenation of maleic or succinic anhydride) with bases such as metal alkoxides (NaOEt, KOghad NaH,
ammonia or primary amines at 520 K and-&0 atm?8® and one mole of base is required per mole of ester. One ester
However, another low-cost, effective route to obtain the group is always cleaved, giving an intermediate lactone
lactam in one step is the hydrogenation of maleic acid and which reacts, giving the salt of the half-ester. Further
derivative$®® or succinic acid and derivatives (succinic hydrolysis of the salt of the half-ester produces dibasic acids
anhydride, ammonium succinate, and succinimide in the (itaconic acid derivatives), which can be dehydrated to the
presence of ammonia or primary amines) using homogeneousorresponding anhydrides with high value as intermediates
or heterogeneous catalysts. for organic reaction&’®292 A wide variety of aldehydes and

(0]

Thus, 2-pyrrolidones can be obtained from succinic acid
or anhydride by reacting it with ammonia and hydrogen at
543 K at 120 atm over rhodium or ruthenium on C op@d
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Scheme 4. Stobbe Condensation
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An alternative route to obtain 1,2-propanediol is the direct
hydrogenation of 3-hydroxypropionic esters. However, few
catalytic processes useful for preparing 1,3-propanediol from
3-hydroxypropionic esters have been reported. Crabtree et
al?1212reported a process in which methyl 3-hydroxypro-
ketones can undergo the Stobbe condensation, giving apionate is hydrogenated in the vapor phase at temperatures
variety of compounds, including products with technical and between 408 and 423 K and hydrogen pressures over 30 atm
medical applications and biological activiti&8:2** For using as hydrogenation catalyst a reduced manganese-
instance, itaconic acid, which is an additive in polymerization promoted copper. Conversions of methyl 3-hydroxypropi-
and has the potential to be a useful vinyl monomer, can be onate over 80% and selectivities to 1,3-propanediol over 80%
synthesized via the Stobbe condensation of formaldehydewere obtained, 1-propanol being the main byproduct formed
and ethyl succinat&® via dehydration-reduction of methyl 3-hydroxypropionate.

. . The authors showed that, operating at high temperature (447
2.1.3. 3-Hydroxypropionic Acid Platform K), the formation of 1-propanol is favore@-Lactones are

3-Hydroxypropionic acid (3HPA) is a structural isomer @lso formed through an intramolecular reaction of 3HPA
of lactic acid, also produced from glucose fermentation. At €sters. The lactones are thermally unstable and degrade
the moment there is not a commercially viable production SPontaneously or form lactone polymers. The extent to which
route from fossil fuel feedstocks. Like lactic acid, 3HPA has these side reactions occur is strongly affected by reaction
bifunctionality that allows for multiple chemical transforma- temperature.
tions. The acid group can be reduced to alcohol or can be Cu/ZnO-based catalysts, promoted with barium and zir-
converted to a variety of esters, amides, and derivatives. Theconium, have also been used for the gas-phase hydrogenation
alcohol function of 3HPA can be dehydrated, leading to of methyl 3-hydroxypropionate to 1,3-propanediol using an
unsaturated compounds. Moreover, the bifunctional naturealcohol (such as methanol) as a solvent. This prevents the
of 3HPA also allows polymerization to polyesters, oligomers, self-lactonization and degradation of the reactant. Maximum
and cyclization to propiolactone and lactides (Scheme 5). yields over 60% were achieved by working at temperatures
In this section we will discuss the different routes that have around 453 K and 103 bar hydrogen pressures. Also in this
been described in the literature (mainly patented processeskase, by increasing the reaction temperature, an increase in

to convert 3HPA into industrially important products.

Scheme 5. Potential Routes for Converting
3-Hydroxypropionic Acid into Industrially Valuable
Products
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conversion and a decrease in selectivity to 1,3-propanediol
were observedt® Lee et ak* described gas-phase and a
liquid/gas-phase methods for the hydrogenation of methyl
3-hydroxypropinoate in the presence of an alcohol containing
solvent and using a CuO/Sidased catalyst that was shaped
into nanoparticles with a diameter of about 40 nm. The
reactions were performed at temperatures between 393 and
473 K and at hydrogen pressures between 10 and 136 atm.
Conversions around 90% were obtained; however, it was not
possible to increase the selectivity to 1,3-propanediol beyond
90% using these processes. This is due to the formation of
high concentrations of the lactone. The authors improved
conversions and selectivity to 1,3-butanediol (100%) by using
a liquid-phase slurry process for the hydrogenation of
3-hydroxy esters, using as a solvent a mixture of an alcohol
and a high-boiling-point solvent such as tetraethylene glycol
dimethyl ether or sulfolane. Under these reaction conditions,
only a small amount of lactone is formét.

Finally, it is worth mentioning that a joint venture between

2.1.3.1. Reduction of 3HPA to 1,3-Propanedioll,3-
Propanediol is a starting material in the production of DuPont and Tate & Lyle PLC has been undertaken to

polyesters. It is used together with terephthalic acid to Produce 1,3-propanediol using a proprietary fermentation and
produce polytrimethylene terephthalate (PTT), which is in Purification process based on glucose. In 2006, DuPont
turn used for the manufacture of fibers and resins. This OPened a factory in London, Tennessee, to produce com-
polymer is currently manufactured by Shell Chemical (Cor- mercial-scale quantities of bio-based 1,3-propanediol from
terra polymers) and DuPont (Sorona 3GT). Based on its use€0rn sugar.

in PTT, 1,3-propanediol has a potential market of 500 million  2.1.3.2. Dehydration of 3HPA to Acrylic Acid and
pounds for the year 2020. Currently, the production of this Derivatives. Acrylic acid and derivatives (esters, salts, or
diol is based on fossil feedstocks. For example, Shell amides) are important compounds used as monomers in the
Chemical Co. has commercially produced 1,3-propanediol manufacture of polymers and copolymers with numerous
through a process involving the hydroformylation of ethylene applications such as surface coatings, absorbents, textiles,
oxide into 3-hydroxypropanal, followed by hydrogenation papermaking, sealants, adhesives, etc. Acrylic acid is manu-
of the aldehyde to an alcohol functid®. Another method  factured mainly by oxidation of propene. Although propylene
is the hydration of acrolein to 3-hydroxypropanal, followed is easily available from fossil fuels, it would be desirable to
by hydrogenatioR®” In addition to the above processes, obtain acrylic acid and derivatives from renewable resources
certain biological reactions have been reported for production at equivalent or lower cost (Scheme 5). Acrylic acid has been
of 1,3-propanediol from glycerol or glucose using recom- obtained by thermal dehydration in the liquid phase of 3HPA
binant bacteria expressing diol dehydratase enzffné.° at reduced pressure (3@0 mmHg) using homogeneous acid
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catalysts (sulfuric or phosphoric acid) in the presence of on C or ALO; as heterogeneous cataly&t.?22 High yields
copper powder as a polymerization inhibitor at temperatures (94%) of malonic acid were reported.
between 413 and 433 K. Yields of acrylic acid around 80% 2.1 3.4. Polymerization of 3HPA Poly-3-hydroxypropi-

were obtained!® When the process is performed in the onjc acid (like polylactic acid) is a bio-derived plastic with
presence of an alcohol, such as methanol, under similarattractive mechanical properties, such as ductility, rigidity,
reaction ggndltlons, acrylic acid methyl esters are directly ang exceptional tensile strength in draw filR&Addition-
obtainec? Heterogeneous catalysts have been also used forg|ly, the polymer is enzymatically and hydrolytically degrad-
Epe [SEhySratlogqlgg 3HP_€~ (;0 haclf_)"'(?dacr']d- Fzr rl]n(Sjtan_CG, able, thus making it more environmentally attraci#?2s
sobanakis et al.” described the liquid-phase dehydration Poly-3-hydroxypropionic acid has been prepared by the
of aqueous solutions of 3HPA using Ng*0, supported on condgnsati)(/)n o1¥|03HF|)D estéts and by the prinlza-openir):g
silica gel ?S catalyst at 453 K, achieving yields of acrylic polymerization off-propiolactone catalyzed by acids, bases,
a_c_ld of 96%. Other heterogeneous catalysts, s_uch as £uso or salts?7-231 The ring-opening polymerization @kpropio-
?(I)I;a) gel and zeolite H-Beta, gave lower yields (around lactone is most adequate since generally it provides a greater
2)- degree of control of molecular weight and co-monomer

When the reactions were performed using solutions of j, o oration. However, the main drawbacks/spropio-
3HPA esters in the corresponding alcohol as starting reagents,cyone are its carcinogenic character and the difficulty of

lower yields of acrylic esters were obtained. The yields o large-scale synthesi® 234 An alternative route to the
ranged between 14 and 70%, depending on the reaCt'onring-opening polymerization off-propiolactone for the

temperatur;e,hnature and concenltration ofhthe 3HPA eSter.'?preparation of high-weight poly-3-hydroxypropionic acid is
and type of heterogeneous catalysts. In the same patent ig;q ring-opening polymerization of macrocyclic esters which
described the preparation of acrylate salts from aqueous;,n pe directly obtained from 3HPS Thus, commercially
solutions of 3HPA salts, using bases such CaOaf)d o\ qijaple aqueous solutions of 3HPA are converted, Using

NaOH. Yields of acrylate salts were relatively low (around i catalysts, into macrocycles which are polymerized using
45%). More recently, in the patent presented by Cracium et ¢ catalyst an active Zralkoxide reagert®

al?'?is reported a gas-phase process for the dehydration of
aqueous solutions of 3HPA using as catalysts metal oxidesy 1 4 jtaconic Acid Platform

(high-surface-areg-Al 03, Si0,, and TiQ) and/or zeolites.

Thus, using high-surface-areaAl,O; as a catalyst and Itaconic acid (IA; methylenebutanedioic acid or methylene-
working at 523 K, acrylic acid yields around 97% were succinic acid) is an unsaturated dicarboxylic acid produced
obtained, whereas Sy@nd TiG, were less active catalysts. by the filamentous funghspergillus terreusindAspergillus
Nafion NR50, montmorillonites, and zeolites (EM-1500 itaconicusfrom carbohydrates like sucrose, glucose, and
zeolite) were tested as catalysts for the subsequent esterifixylose?”23% Xylose, derived from xylan hemicelluloses, is
cation of acrylic acid with methanol to methyl acrylate. the second most abundant sugar, found in hardwood and
Zeolites and Nafion exhibited excellent activity as esterifi- agricultural residues. Xylose is relatively easily recovered
cation catalysts, giving methyl acrylate with yields over 90%. by acid or enzymatic hydrolysis; however, it has been an
When the dehydration of 3HPA was performed in the unexploited resource because the extensive research on
presence of methanol, also zeolite EM-1500 proved to be micro-organisms in the past has been focused mainly on
an efficient catalyst to perform directly the dehydration  glucose fermentation. Only recently has progress been made
esterification reaction, achieving yields of methyl acrylate in developing micro-organisms able to use both pentose and
around 88%. In the same patent is described a method forglucose sugars; additionally, the use of new isolated strains
producing acrylamides and N-substituted acrylamides by has led to improvements in IA productiéf:238-240.240n the
heating mixtures of 3HPA and an amine in liquid or in vapor other hand, synthesis of IA has proven to be uneconomical
phase without or with the use of a catalyst which enhancesbecause of high substrate cost and/or relatively low
the rate of the dehydration reaction. The preferred catalystsyields?*2-244 and it cannot compete with fermentation
are solid acid catalysts such as high-surface-area. SIO processes.

However, low yields of acrylamides (between 20 and 50%)  The property that makes IA an exceptionally helpful
are generally obtained. compound is the presence in its structure of the methylene
2.1.3.3. Oxidation of 3HPA to Malonic Acid. Malonic group along with two carboxylic functions. The double bond

acid (propanedioic acid) and its esters are characterized byis able to participate in addition polymerization (in fact, IA
a large number of condensation products. They are importantcan be regarded as ansubstituted acrylic acid), and its
intermediates in syntheses of vitamins B1 and B6, barbitu- potential for substitution of acrylic or methacrylic acid in
rates, non-steroidal anti-inflammatory agents, other numerouspolymers is high. The polymerized methyl, ethyl, or vinyl
pharmaceuticals, agrochemicals, and flavor and fragranceesters of IA are used as plastics, adhesives, elastomers, and

compounds. Malonic acid is obtained by oxidizing malic acid coatings. IA is also used as a co-monomer in polyacrylonitrile
or by the hydrolysis of cyanacetic acid; however, an and styrenebutadiene copolymer4’

alternative route can be the oxidation of 3HPA. Currently, the total market size is regarded as about

o o o 10 000-15000 t/year. The higher part of this market is for

Oxidation polymers, with another small part for additi#§,deter-
Ho™on 2" ho” o gents?4” and biologically active derivatives, particularly in
3-Hydroxypropionic Acid Malonic Acid the pharmaceutical industry and in agricultét&*°

The basic chemistry of IA is similar to that presented

In the patent literature, there are very few studies concern-above for maleic and succinic acids and their derivatives

ing the catalytic oxidation of 3HPA. Particularly, it has been (Scheme 3). The transformation of IA to the primary families
performed using oxygen as oxidant and Pt or Pd supportedof derivatives is shown in Scheme 6.
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Scheme 6. Products or Intermediates of Interest Derived promising biopolymer; however, for the competitive indus-
from Itaconic Acid trial production of the polymer, two major problems remain
CHs to be solved: how to control its structural diversity and how
L xo to produce it on a larger scale and at a moderate price.
He N Possible thermochemical transformations of glutamic acid,
: 7\_/\ 3 and 4-Methyl o such as cyclization, decarboxylation, deamination, and
o N-substituted Pyrrolidones @ 3 hydrogenation, convert glutamic acid into a platform to
3-Methy tetrahydrofuran N produce numerous compounds (Scheme 7). However, there
\ [ H is relatively little work directed toward these types of
HsC o / 3- Methyl pyrrolidine transformations, and the chemistry for the conversion of
o0 Ho O glutamic acid into its derivatives needs substantial develop-
CH, O ment.
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Q NH Scheme 7. Conversion of Glutamic Acid into Products or
2 . .
- ~OH HoN Intermediates of Industrial Interest
HO™ "Eh, CH, O
o o o
2-Methyl 1,4-Butanediol Itaconic Diamide HO™"~"0H
HZN/\/\/ NH, HO""0OH Glucaric Acid Q(OH
CHs 1,5-Pentanediol O "N
2-Methyl -1,4-butanediamine \ / Pyrogllﬂami(z Acid
. . HO OH
There are very few catalytic processes reported in the m . o o A
literature for the conversion of IA to 2-methyl-1,4-butanediol, Glutaminol HO™""OH 2
3-methyltetrahydrofuran, and 3- andy4butyrolactone, as - NH, H
well as to methyl-2-pyrrolidone and its derivatives. However, Polyglutamic Acid Glutamic Acid Pyroglutaminol
the chemistry of this conversion should be similar to that o /
associated with the production of BDO, THF, GBL, and HO™~~"0H J D»
2-pyrrolidones from maleic and succinic acid derivatives. NH N o
For instance, the hydrogenation of itaconate esters has been 4-’;2;?;:2;3%2?3! H
described, using PtRe?*° and Cu-based catalysts;*>?to D\KOH Prolinol
form 2-methyl-1,4-butanediol and 3-methyltetrahydrofuran. E o}
2.1.5. Glutamic Acid Platform Proline

Glutamic acid is a non-essential amino acid (i.e., in  Direct hydrogenation of aminocarboxylic esters to amino
humans, the body is capable of producing its own glutamic alcohols over Raney nickel catalalyst was first reported by
acid) which is found in abundance in plant and animal Adkins et alf-52Whereas hydrogenations of carboxylic acids
proteins. It is used in food, drugs, dietary supplements, and esters require, in general, very high pressures and
cosmetics, personal care products, fertilizers, etc. Its use intemperatures, hydrogenations of amino acids for the prepara-
food began in the early 1900s as a component of a flavor tion of optically active amino alcohols require milder reaction
enhancer called monosodium glutam&éeCurrently, most  conditions, since racemization, deaminafiband degrada-
of the production of glutamic acid is based on bacterial tion reactions occur at high temperatures. Antons &¢al.
fermentation. In this method, bacteria are grown aerobically studied the hydrogenation of amino acids using Ru/C catalyst
in a liquid nutrient medium containing a carbon source (e.9., at high pressures (16800 bar) and mild temperatures
glucose, fructose, sucrose, maltose starch hydrolysates(343-423 K). Using similar reaction conditions, the same
molasses, etc.), a nitrogen source such as ammonium iongwuthors reported recently the reduction of several amino acids
or urea, and mineral ions and growth factors. The bacteriaincluding glutamic acid over unsupported RuRe0;
excrete glutamic acid into the medium, which accumulates catalyst. The resultant product, 2-aminopentane-2,5-diol
there. The glutamic acid is separated from the fermentation (glutaminol), was obtained in 58% yield with 98% enantio-
broth by filtration, concentration, acidification, and crystalli- meric exces3® Recently, Holladay et &k42%5studied the
zation2>#2%6 hydrogenation of glutamic acid on Ru/C catalyst, and they

The polymer derived from glutamic acid (popy@lutamic observed that the resultant product is strongly influenced by
acid), PGA) is a multi-anionic polypeptide that contains both the reaction conditions. Thus, at low temperatures (343 K)
enantiomerst, L) of glutamic acid units connected by amide and low pH, glutamic acid can be hydrogenated to give
linkages betweem-amino andy-carboxylic acid groups.  glutaminol. On the other hand, at high temperatures (423
Therefore, it is a potentially optically active polymer having K) glutamic acid can easily cyclize therally to pyroglutamic
a chiral center in every glutamate unit. It is water soluble, acid in neutral or acidic aqueous media, although the reaction
biodegradable, edible, independent of oil resources, andrate can be enhanced in the presence of a metal supported
nontoxic. The numerous potential applications in medicine, on carbon. By hydrogenation at 423 K under neutral con-
food, cosmetic, plastics, and water treatm&mife have ditions, pyroglutamic acid is easily reduced to 5-hydroxy-
recently attracted particular attention. Currently, it is almost methyl-2-pyrrolidone (pyroglutaminol), which is a stable
impossible to synthesize chemically high-molecular-weight compound in which the lactam carbonyl is not appreciably
PGA; however, the polymer can be synthesized from hydrogenated. In contrast, at low pH (in the presence of
glutamate monomers by the uses of biocatalysts such agphosphoric acid), pyroglutaminol was initially formed and
Bacillus subtilisPGA synthetasé&® 26! PGA is indeed a  subsequently reduced to afford prolinol. On the basis of the



2424 Chemical Reviews, 2007, Vol. 107, No. 6

Corma et al.

observation that pyroglutamic acid can be ring-opened usingvarious other dehydration produétdsuch as levulinic acid
base, the authors infer that pyroglutaminol might also be ring- and polymeric side products called humines or humic acids.

opened to form 4-amino-5-hydroxypentanoic acid.
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2.2. Chemical Transformations of
Monosaccharides

Concerning the mechanism of dehydration, Haworth and
Joned"were the first to suggest the dehydration of fructose
in HMF. Later, Van Dan?¥/* Antal 2> and Kustet®® studied
the dehydration of hexoses (fructose and glucose) and
concluded that the dehydration could occur through two
possible pathways (Scheme 9): (i) based on acyclic com-

Scheme 9. Pathways for the Dehydration of Hexoses

Since sugars, i.e., mono- and disaccharides, are readily
available biomass primary compounds, in this section we
will discuss the most important chemical transformation of
the most abundant monosaccharides: glucose, fructose, and
xylose. In section 2.3 we will examine the most important
chemical transformation of the disaccharide sucrose.

2.2.1. Dehydration of Monosaccharides

Thermal dehydration of pentoses and hexoses in acid
media leads to the formation of three important basic
nonpetroleum chemicals: furfural (2-furancarboxaldehyde)
arising from dehydration of pentoses, 5-hydroxymethyl-

CHO GHOH CH,OH
OH }*OH o CH,OH CH-OH
HO __HO-CH __HO L 0 2
OH OH OH Mon
OH OH OH OH
CH,OH CH,OH CH,OH via (i) l -H,0
Glucose Fructose
o CH,OH
via (I)l -H,0 0. CHOH
CHO
O HOHZCUCHO 1 -H,0
OH —
CH,OH
CH,OH HMF 2
~~ 95, cHo
J'HZO o OH
CHO
I:o
CH

furfural (HMF) arising from dehydration of hexoses, and pounds and (ii) based on transformation of ring systems.

levulinic acid arising from hydration of HMF (Scheme 8).

Moreover, they demonstrated that the chemistry of the

Scheme 8. Products Obtained by Dehydration of
Monosaccharides
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2.2.1.1. Dehydration to 5-Hydroxymethylfurfural. In

formation of HMF is very complex; besides dehydration, it
includes a series of side reactions such as isomerization,
fragmentation, and condensation which influence strongly
the yield of the proces¥®Van Dant’#and Cottief%® showed

that aqueous and nonaqueous dehydration processes led to
about 37 products.

The dehydration process is more efficient and selective
to HMF when started from ketohexoses than from aldo-
hexoses. The aldohexose (glucose) enolyzes to a very low
degree, and the enolization is a determining step of the HMF
formation from glucose (see Scheme 9). Besides, glucose
can condense to form oligosaccharides, which can react with
HMF, resulting in cross-polymerized materials. However,
glucose is still used in industry as a source of HMF because
its cost is lower than that of fructo$e.

The most convenient method for the preparation of HMF
is the acid-catalyzed dehydration of fructose. Fructose can
be obtained by acid-catalyzed hydrolysis of sucrose and
inulin or by selective isomerization of glucose to fructose.
Many types of catalysts have been used for the dehydration
of hexoses. Cottiét divided the catalysts into five groups
(see Table 2): organic acids, and inorganic (mineral)
acids?69.276278 grganic and inorganic salf§® 282 Lewis

recent years, several extensive reviews dealing with theacids?®® and others (ion-exchange resins and zeolites).

chemistry of HMF and its derivatives have been repctied®

Moreover, Cottiet®® categorized several HMF processes

The synthesis of HMF is based on the acid-catalyzed triple into five types of methods, depending of the kind of solvent
dehydration of hexoses (mainly glucose and fructose, Schemeand processing temperature: (1) agueous processes below
8), although oligo- and polysaccharides as well as converted473 K, (2) aqueous processes above 473 K, (3) processes in

industrial wastes can be used as HMF souf¢EEhe acid-

nonaqueous media, (4) processes in mixed solvents, and (5)

catalyzed dehydration leads, besides to HMF, to traces ofprocesses without solvent/microwave processes.
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Table 2. Catalysts for Dehydration of Hexoses acidic and basic properties, hydrophilic and hydrophobic

organic acids oxalic acid; levulinic acid; maleic acid; character, and adsorption and shape-selectivity properties
p-toluenesulfonic acid make zeolites advantageous as heterogeneous catalysts

inorganic acids phosphoric acid; sulfuric acid; compared to other catalysts. However, zeolites of the faujasite
%‘:(r:oggg’g‘éﬁg;gie"édi':;g hydro- family309-301 and acidic pillared montmorillonité¥ were

salts (NH):SO/SOs, pyridine/PQ2- already tested as catalysts in the dehydra}tlon of hexoses, and
pyridine/HCI; aluminum salts; only traces of HMF were detected, the main reaction products
Th and Zr ions; zirconium being levulinic and formic acids. Recently, interesting results
phosphate; Cr; Al, Ti, Ca, Inions; on the dehydration of fructose using dealuminated zeolites

ZrOCl; VO(SQy)z, TiOz;

\ ! as catalysts in a watemethyl isobutyl ketone mixture have
Vv, Zr,Cr, T h - ¢
Lewis acids chr;_;; Ar|C|;;p§,r:2 yrns been reported by Moreau et #F 3% An acid mordenite
others ion-exchange resins; zeolites zeolite with a Si/Al ratio of 11 was found to be optimal in

terms of activity and selectivity to HMF. Working at 438

) . K, aselectivity to HMF of 91-92% for a fructose conversion
Aqueous processes are very convenient from an ecologicalyf 7694 was achieved. However, it was also observed that

point of view but, unfortunately, are not efficient. Under these gg|ectivity was decreased by increasing the Si/Al ratio. This
conditions, rehydration of HMF to levulinic and formic acid  enayior was related to the increase in acid strength of the

oceur 78835”3/’ and yie7lgls of HMF are low (30%}*** 5 sites, allowing secondary reactions, such as the forma-
Kustef®and Van Darf* performed in-depth studies of all  {jon of levulinic and humic acids, to take place. When the

parameters that might influence the dehydration of fructose giarting reactants were fructose precursors, such as sucrose
in water under homogeneous catalysis. They found that, 3ng inylin hydrolysates, instead of fructose itself, it was
regardless of the ;)peratlng conditions, the maximum selec-ypseryved that glucose was not significantly dehydrated under
Iti\élttc))/nteovyal\é"ijsgg g’é \;Vas?mout;';[glnnee(;ju;vggtr;argiaggyéolls\?ebnlfyl the operating conditions, and selectivities to HMF between
> O ) © .92 and 97% for fructose conversion up to 54% were

When acidic ion-exchange resins are used as catalysts inychievedo
aqueous media, instead of mineral acids, the yields and
selectivity to HMF are not significantly improveds 288

Nonaqueous solvents such as dimethylformamide (DF¥F),
acetonitrile?®® and poly(glycol ethefy* have been used in
the HMF synthesis. However, the highest yields of HMF
have been obtained in dimethylsulfoxide (DMSO) as the
solvent under moderate operating conditions. Mussau?ét al. : . :
performed the reaction wFiathout g catalyst in DMSO. Naka- .Of HI\I/IFtl.n.:he ?qgeoijigga_se |shs_hort§ned, and an increase
mura et aP% obtained HMF in 80% yield using DMSO as N selectivity of abou 0 1S achieved. )
a solvent and a strongly acidic ion-exchange resin as catalyst, Other catalysts recently reported for dehydration of
Gaset et af¥72% obtained HMF in 76-80% yield using fructose and glucose are lanthanide(lll) salts. Ishida et
Levait SPC-108, and Morikawa et % reported 90% yield al2073%reported the dehydration of these hexoses in organic
of HMF using Diaion PK-216 as catalyst. The advantage of Selvents such as DMSO, DMF, and DMA at 373 K in the
using DMSO as solvent is that it prevents the formation of Présence of LaGJ achieving yields of HMF over 90%. As
levulinic and humic acids; however, the main disadvantages Previously reported, DMSO was found to be the best solvent
of using DMSO are that this solvent is difficult to separate SINCe it prevents_the.formatlon of Igvullnlc and humic acids.
from HMF and there is a possibility of formation of toxic When the reaction is performed in water at 413 K, both
S-containing byproducts arising from the decomposition of N€xoses are smoothly dehydrated to HMF, giving high
DMSO. selectivities (higher than 95%) but at very low hexose

The application of mixed solvents (watesrganic) solves ~ conversion (10% at 15 min reaction tin#é).The material
the problem arising from the low solubility of hexoses in balance gradually decreases with reaction time, and the HMF

organic solvents. Experiments performed in aqueaus is obtained_in 40% yield afte2 h reaction time, independent
butanol, dioxane, and poly(ethylene glycol) showed a ©f the starting quantity of hexose.
decrease in the levulinic acid formatiét¥; processes per- Nb-based catalysts have also been tested in the dehydration
formed without a solvent show this behavior, too. Formation of different substrates, such as fructose, sucrose, and inulin,
of levulinic and humic acids is decreased and HMF can be to HMF 31312 The reactions, performed in aqueous medium
obtained in 70% yield when using equimolecular amounts at low temperatures (373 K) using both commercial niobium
of pyridinium salts?’® CottieP®® described the irradiation with ~ phosphates and catalysts prepared by treatment of niobic acid
microwaves of aqueous fructose mixed with inorganic With phosphoric acid, gave high selectivities to HMF (up to
phosphates, which produced HMF in 28% yield. 100%) at relatively short reaction times; however, the
Despite the fact that dehydration of hexoses to HMF has conversion of fructose was low, between 25 and 3&%.
been a well-known reaction for many years, researchers areSim"ar results in terms of conversion and Selectivity to HMF
still searching for both the most suitable catalytic system were found by Benbenuti et &3 working under similar
and the best reaction medium. reaction conditions and using cubic zirconium pyrophosphate
In the past decade, new catalytic systems and processe@ndy-titanium phosphate catalysts.
for the synthesis of HMF have also been developed. For Vanadyl phosphate (VOPR&2H,0), which is a layered
instance, acid zeolites (as heterogeneous catalysts) and relatethaterial involving Lewis and Brgnsted acid sites, has been
materials can be used as highly selective and active catalystgecently tested as a heterogeneous acid catalyst in dehydration
in the synthesis of bulk and fine chemic&l$:>*® The of fructose aqueous solutions at moderate temperature (353
possibility, in using these microporous materials, of tuning K).34 Selectivities to HMF of over 80% for fructose

The above findings were applied to the development of a
pilot plant using a new solidliquid—liquid reactor, where
the zeolite is in suspension in the aqueous phase and the
HMF is extracted continuously with methyl isobutyl ketone
in a countercurrent manner with respect to the aqueous
fructose phase and catalyst fe€éThus, the residence time
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conversions around 50% were achieved. WherV@as present too expensive for a bulk-scale industrial compd&und.
partially substituted by trivalent metal cations such asFe  However, HMF possesses a high potential industrial demand,
the catalyst exhibited the best activity and selectivity. This and it has been called a “sleeping giaf#”’and one of the
system was able to convert highly concentrated fructose new “petrochemicals readily accessible from regrowing
solutions with a performance of 376 mmol of HME{eh resources®?® The most versatile intermediate chemicals of
and selectivity around 90%, without formation of levulinic high industrial potential that can be generated from HMF in
or humic acid. Inulin may also be converted to HMF with simple large-scale transformations are 5-hydroxymethyl-
similar performance. furanoic acid, 2,5-furandicarboxylic acid, 2,5-bis(hydroxy-
Ribeiro et aP! have reported the catalytic one-pot Methylfuran, and 2,5-furandicarboxaldehyde (Scheme 10).

cyclation and oxidation of fructose over bifunctional and

redox catalysts, cobalt acetyl acetonate on-s@l silica. Scheme 10. Intermediates with High Industrial Potential

The aim of this study was to prepare 2,5-furandicarboxylic Produced from 5-HMF

acid directly from fructose. The authors found that, with SiO U . L\

gel catalyst, fructose in aqueous solution is selectively HOH,C™ g CH,0H HOH,C™ 2o CHZ0H

converted into HMF, achieving 50% yield withil h reaction 2,5-Bis(hydroxymethyl)-furan 2,5-Bis(hydroxymethyl)-

time at 438 K and under 2 MPa air pressure. / tetrahydrofuran
Considering that high selectivity to HMF is often obtained

in high-boiling polar solvents such as DMSO, and the HOH CMCHO — LoH cﬂcoori

problems associated with the separation procedures when > 0 > 0

these solvents are used, Bicker et®&B” studied the S-Hydrexymethylfurfural 5-Hydroxymethylfuranoic acid

dehydration of fructose, glucose, sucrose, and inulin in sub- \

and supercritical fluids such as acetone/water mixtures, /@

methanol, and acetic acid. When sub- and supercritical OHC™ o™ CHO

methanol and subcritical acetic acid were used as solvents, D 2,5-Furandicarboxaldehyde

the corresponding furfural ether (78% yields) and furfural HOOC™ ~g~ COOH L

ester (37% yield) were obtained. Using acetone/water s e andicarbosylic acid D

mixtures and working under optimized reaction conditions HoNH,C N CHaNH,

(90% v/v of acetone, 10 g/L of fructose, 10 mmol/l$0y,

453 K, and 20 MPa), a nearly complete conversion of
fructose with a 77% selectivity to HMF and no production
of humic acids was obtained, in contrast to the reaction
performed in supercritical water, where unsatisfactory yields
of HMF were achieved with high production of humic
acids?’® Also, in the case of dehydration of inulin, glucose,

and sucrose, selectivities to HMF were high: at 100% ; : ; .
: ' - carboxaldehyde is a starting material for the preparation of
conversion of the starting sugar, 78%, 48%, and 56% g, bases, and 2,5-bis(aminomethyl)furan is able to replace

selecvities were obtained, respectively. These findings led hexamethylenediamine in the preparation of polyamides. 2,5-
to the authors to propose an acceptable price of about 2 euroséis(hydroxymethyl)furan is used in the manufacture of

kg for HMF if fructose or fructose precursors are available polyurethane foam¥: and the fully saturated 2,5-bis-
ata pnge o_f 0.5 euro/kg. ) (hydroxymethyl)tetrahydrofuran can be used like alkanediol
Considering the good results obtained 20 years ago byin the preparation of polyesters.
Fayet et af’® for the fructose dehydration (70% yield of  Moreover, HMF has been used for the production of
HMF) over molten salts (pyridiniun chloride) under mild  special phenolic resiri@*and numerous other polymerizable
operating conditions, Moreau et @F. investigated the  fyranic monomers with promising properties have been
dehydration of fructose over a novel class of salts that prepared’:zj- however, none has proved Competitive to exist-
recently appeared, the ionic liquiéf®.Preliminary studies  ing products. Reviews giving a comprehensive account of
showed that, when the reaction was performed using 1-butyl-the state of the art related to this general topic have been
3-methylimidazolium tetrafluoroborate as solvent and Am- recently presented by Gandini et3a1:325:326
berlyst-15 as catalyst, a yield of up to 50% of HMF is 22,121, Oxidation of HMF to 2,5-Diformylfurai,5-
obtained within arou 3 h at 353 KHowever, using DMSO  Fyrandicarboxaldehyde, or 2,5-diformylfuran (DFF), is a
as co-solvent, yields of HMF close to 80% were achieved yersatile compound, and there are numerous reports describ-
within 24 h. ing various useful applications of it as a monor#é#2Sas
2.2.1.2. 5-Hydroxymethylfurfural Derivatives. HMF is a starting material for the synthesis of pharmaceufi¢afg®
considered to be a versatile chemical compound; however,and antifungal agen?in photography?* as a component
commercial processes for its manufacture through sugarfor foundry sand binder®? etc. Despite its proven utility,
routes have not yet been developed, and it is currently DFF is commercially available only in milligram quantities
synthesized by hydroxymethylation of furfural with form- and is expensive (ca. 3®0 euros per 100 mg). The main
aldehyde. The reasons for not using the sugar route are theeason for this is that the only practical route to DFF is the
requirement of strong acids and organic solvents, which oxidation of HMF, which is prepared by dehydration of
require neutralization and additional separation during the sugars with the problems discussed before.
procesg® and the low reactivity (glucose) or the relatively Under noncatalytic conditions, using stoichiometric quan-
high cost (fructose and inulin) of the starting materials. Prices tities of classical oxidant&333335 or in the presence of
of fructose 1000 euros/t) and inulim{500 euros/t) entail  electrophilic agent&® high yields of DFF can be obtained
an HMF market price of at least 2500 euros/t, which is at (80—90%).

2,5-Bis(aminomethyl)furan

These compounds can be used as six-carbon monomers that
could replace others petrochemical-based monomers. For
example, 2,5-furandicarboxylic acid is able to replace tere-
phthalic, isophthalic, and adipic acids in the manufacture of
polyamides, polyesters, and polyurethafé§??2,5-Furan-
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Several studies have been devoted to the catalytic oxidation Finally, it is worth mentioning the enzymatic oxidation
of HMF, for instance, the air oxidation of HMF catalyzed of HMF to DFF, using chloroperoxidase and hydrogen
by homogeneous metal/bromide systems (Co/Mn/Br, Co/Mn/ peroxide as oxidant. The reaction proceeds with-B0%
Zr/Br).337338However, the yield of DFF was not very high selectivity to DFF at 87% conversion of HMF. Other
(57% isolated yield), the corrosive nature of the system being oxidation products, such as 5-(hydroxymethyl)-2-furan-
an important disadvantage. carboxylic acid and 5-formylfuran-2-carboxylic acid, were

Cottier et aP® reported the oxidation of HMF to DFF  also detected in the reaction meéfa.
using various 4-substituted 2,2,6,6-tetramethylpiperidine-1-  2.2.1.2.2. Oxidation of HMF to 2,5-Furandicarboxylic
oxide (TEMPO) free radicals and supporting co-oxidants. Acid. 2,5-Furandicarboxylic acid (FDCA) is a compound
Yields of the dialdehyde varied from 20 to 80%, depending Wwith high potential applications in the polymers field because
on the nature of the 4-substituent and the co-oxidant. of it can replace terephthalic, isophthalic, and adipic acids

Heterogeneous oxidation systems such as titanium silicalitein the ma2r11u31;ezlcture of polyamides, polyesters, and poly-
(TS1)/HO, have been used to perform the oxidation of HMF  urethanes?*322 HMF has been oxidized to FDCA using
to DFF using methanol or water as solvent; however, the conventional oxidants such as nitric aéi#***Whereas El

maximum yield in DFF obtained with this system was only Hajj** found the diacid to be the exclusive product, Cottier
259%34 Catalysts based on vanadium oxté42and vana- €t al®* found that the oxidation was not selective and

dium oxide supported on titanium oxide or aluminum Significant amounts of byproducts (mainly 5-formyl-2-
oxide®3-345 have been more efficient for performing the air  furancarboxylic acid) were also formed. Better results were
oxidation of HMF to DFF. Thus, Grushin et#L3*2proposed foqnd in the ellectrochemlca_l OX|dat!on of HMF using a nickel
to directly obtain DFF from fructose without isolation of ~©OXide—hydroxide electrode in alkaline agueous solution, and
HMF as an intermediate. The process consists of two steps.2 71% yield of FDCA was reporteti?*>

In the first one, fructose is converted to HMF at 3283 On the other hand, there are not many papers describing
K using an acidic ion-exchange resin and DMSO as solvent. the catalytic oxidation of HMF to FDCA. Among them, it

In the second step, the vanadium oxide catalyst is added toiS it is interesting to mention the results reported by
oxidize the resulting HMF to DFF under 0.1 MPa air pressure Partenheimer et &% using homogeneous metal bromide
and at 423 K. Yields between 35 and 45% of DFF were systems for the air oxidation of HMF. These types of
achieved. However, the use of DMSO caused many problemscatalysts have the advantage of being used in industrial-
in terms of environmental impact, product recovery, and DFF related oxidations; however, the air oxidation of HMF gave
purification. Interesting results were obtained by Moreau et only a moderate yield of FDCA (60%), working at 398 K
al. 343345 performing the air oxidation of HMF in organic ~and an air pressure of 7 MPa.

solvents such as toluene, benzene, and methyl isobutyl Using heterogeneous oxidation systems, excellent results
ketone, using YOs as such or supported on TiOHMF were reported by Lews® Leupold?®® and Vinke®57358with
conversions between 30 and 90%, with selectivities to DFF platinum supported on carbon or alumina as catalyst. Nearly
of 90—60%, were achieved. guantitative yields of FDCA were obtained by working at

Supported catalysts based on cobalt and platinum have333 K under oxygen pressure using water as solvent and at
also been used for the oxidation of HMF to DFF with air. controlled pH. When a low amount of Pb (5%) was added
However, mixtures of DFF, 5-formyl-2-furancarboxylic acid, in this oxidation system, increases in conversion, selectivity,
and furandicarboxylic acid were obtain¥dlt was observed ~ and catalyst lifetime were observed. With the bimetallic
that the product distribution was dependent on the temper-PtPb/C catalys, at 100% yield of FDCA was obtaif€d?
ature, pH, partial pressure of oxygen, and nature of the Recently, then situ oxidation of HMF has been reported,
solvent (organic or water). Using Pt/C catalysts in water as starting directly from fructose using a membrane reactor or
solvent, and at high temperature, the oxidation of HMF gave encapsulation of a PtBi/C oxidation catalyst into a polymeric
DFF as the major product when the pH was substantially silicone matrix using air as oxidant. However, whatever the
neutral, whereas at low temperature and basic pH the method considered, the yield in FDCA never exceeds #8%.
oxidation gave 2,5-furandicarboxylic acit. A promising route for the preparation of FDCA was

Vanadyl phosphate-based catalysts, besides their Branstedecently reported by Ribeiro et &2 the preparation of
and Lewis acidic nature, are characterized also by their FDCA directly from fructose in one pot over bifunctional
oxidant properties. Taking this into account, Carlini et*al.  acidic and redox catalyst. Over cobalt acetylacetonate
recently reported a study on the selective synthesis of DFFencapsulated in selgel silica, fructose is selectively con-
from fructose, either directly (one-pot reaction) or in two Vverted into FDCA in a yield close to 70% using air as oxidant
steps, passing through the intermediate isolation of HMF. at 438 K and 2 MPa air pressure.

Unfortunately, the attempt to obtain DFF from fructose ina  2.2.1.2.3. 2,5-Bis(hydroxymethyl)furéh5-Bis(hydroxy-
one-pot reaction failed both in water and in a mixed water/ methyl)furan (BHMF) is a valuable products in the furan
methyl isobutyl ketone medium. The best performances werefamily, useful as an intermediate in the synthesis of dffiys,
obtained when the direct oxidation of HMF to DFF was crown ethers$2 and polymerg83.364

carried out using VOP£2H;0, DMF as a solvent, and mild BHMF is generally produced by two catalytic routes: the
reaction conditions (373 K and room pressure of).O hexose route through reduction of HMF, and the pentose
Selectivities to DFF up to 95% were achieved; however, route through the hydroxymethylation of furfuryl alcohol
HMF conversion was low (2656%). with formaldehyde.

A method recently reported to produce DFF in a selective  Although there are various reports on the reduction of
way is based on the electrocatalytic oxidation of 2,5-bis- HMF with sodium borohydridé$?36>BHMF has been mainly
(hydroxymethyl)furan in an alkaline medium over a Pt/Pb obtained by catalytic hydrogenation of HMF. Thus, copper
electrode. Yields of DFF between 60 and 80% were reported, chromite?67:3%¢nickel, platinum oxide, cobalt oxide, molyb-
the dialdehyde being the exclusive prod#ét3°! denum oxide, sodium amalgaittand Cu/Cr catalyst&’ have
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been used to perform the hydrogenation of HMF to BHMF.
An exhaustive study on the catalytic hydrogenation of HMF
in aqueous medium using Raney nickel, copper chromites,
and C-supported metals was carried out by Schiavo %€ al.
Working at 413 K and 70 bar of hydrogen, practically
quantitative yields in BHMF were obtained over the copper
or platinum catalysts, while the use of nickel or palladium
give as the predominant product the fully hydrogenated furan
ring (2,5-bis(hydroxymethyl)tetrahydrofuran).

On the other hand, FriedeCrafts alkylations of furan and
derivatives with formaldehyde have received little attention
due to the high reactivity of these heterocycles, which leads
to complex reaction mixtures. Thus, by heating in the
presence of acidic catalysts, oligomers, resinification of furan
derivatives, and other decomposition compounds are ob-
tained®®® BHMF synthesis by hydroxymethylation of furfuryl
alcohol by formaldehyde requires mild acidic conditions.
Thus, BHMF can be obtained in yields of #80% with
acetic acid as solvent and catal§&t.However, in the

L X on oA N o

(0) (0]
Furfuryl alcohol 2,5-Bis-(hydroxymethyl)-furan

HCOH

+

presence of solid acid catalysts, such as carboxylic ion-
exchange resins in their*Hform, lower yields (25-30%)

in BHMF after 120 h of reaction were obtain&dIn contrast,
hydrophobic mordenite zeolites have shown excellent activity
and selectivity when the hydroxymethylation of furfuryl
alcohol was performed with agueous formaldehyde, yielding
selectively BHMF. Zeolites with low Si/Al ratio (such as

Corma et al.

to furfural is not higher than 70%, and only when continuous
extraction with supercritical COis performed is 80%
selectivity reache@?! According to the literature, the reaction
mechanism involves the irreversible development of conju-
gation via the formation of enediol intermediafés.

The first commercial process for production of furfural,
which is currently the main source of furfural, was developed
by the Quaker Oats Co. in 1922, and uses concentrated
sulfuric acid as cataly$t? Other processes, such as the
Petrole-chimie process, use phosphoric acid or superphos-
phate3’838 These types of processes suffer from serious
drawbacks, related to the use of extremely corrosive and
highly toxic acid catalysts, the difficulty in their separation
and recycling, and moreover the fact that extensive side
reactions take place, resulting in loss of furfural yield due
to long residence times. Therefore, improvement of the
chemical technology is required in order to increase the
possibilities of furan-based chemical industries.

Heterogeneous catalytic processes for dehydration of
pentoses into furfural offer environmental as well as eco-
nomic advantages. Attempts have been made to develop such
processes, and Moreau et®#lreported the use of zeolites
(faujasites and mordenites) for the dehydration of xylose to
furfural at 443 K in a solvent mixture of water and methyl
isobutyl ketone or toluene. Mordenite was more selective to
furfural than faujasite, achieving selectivities between 90 and
95%; however, conversion was low (about 30%).

Kim et al3® reported that, using sulfated titania and
sulfated zirconia as solid acid catalysts and supercritical CO
as the extracting solvent, furfural was synthesized with high

HY) are generally considered to be inactive in aqueous yields even at high conversions of xylose. More recently,
solution, due to their high hydrophilic character which favors pjas et al. have studied the dehydration of xylose to furfural
water adsorption, thus preventing the adsorption of organic i the presence of heteopolyacidé MCM-functionalized
material_. However, high-silica zeolites, su_ch as dealuminated gyfonic acid®” and microporous and mesoporous niobium
mordenites, are known to be hydrophobic. Ctieshowed  gilicated®® as catalysts at 413 K, using DMSO and water/
that dealuminated mordenites with a Si/Al ratio higher than to|yene as solvents. With MCM-functionalized sulfonic acid
40 adsorb little or no water. Therefore, it is expected that materials, conversions of xylose higher than 90%, with
these materialg have a high activity as solid acid catalysts i”selectivity to furfural of about 82%, were obtained: however,
agueous solution. In fact, Lecompte ef@ "> performed  the yields obtained with heteropolyacids were lower than
the hydroxymethylation of furfuryl alcohol with aqueous 44 comparable with those obtained with sulfuric acid and
formaldehyde using as acid catalyst a hydrophobic mordenite , to|yenesulfonic acid, respectively, in terms of the yields
with a Si/Al ratio of 100 at low temperature (31323 K). of furfural achieved (5867%). Dehydration of xylose over
Selectivities to BHMF equal to or higher than 95% for microporous AM-11 niobium silicates gives xylose conver-
conversions of furfuryl alcohol of 8090% were achieved.  gjons up to 90% and furfural yields up to 50%. These yields
The same authors reported later the hydroxyethylation of 5re significantly higher than those achieved under the same
furfuryl alcohol with acetaldehyde under similar reaction  reaction conditions with HY or mordenite zeolites. However,
conditions, although the yield of and selectivity to 1-(5-  megoporous MCM-41-type niobium silicates were less selec-
hydroxymethyl-2-furyl)ethanol were noticeably low&$. tive than AM-11 (giving yields between 34 and 39%) and
2.2.1.3. Dehydration of Monosaccharides to Furfural. also less stable in recyciing runs.
Furfural is an important chemical readily accessible from . .
biomass. It appears to be the only unsaturated large-volume 2.2.1.4. Furfural Derivatives. The chemistry of furfural

organic chemical prepared from carbohydrate resources andS Well developed, and recently Zeits¢h reported an
is a key derivative for the production of important non- excellent and extensive revision on the furfural chemistry

petroleum-derived chemicals competing with crudeéBip7s and its _derivatives. T_herefore, here we will (_:iiscuss in _L'_Jrief
The annual production of furfural is about 300 000 ty&g&r,  the main transformation of furfural to the primary families
and r its price €250 euros/t) is in the range of basic of derlvat|ve_s which can be obtained by simple straightfor-
petrochemicals such as benzene and toluene(2a6 euros/ ~ Ward operation (Scheme 11).

t). Furfural is produced from agricultural raw (or waste) One important chemical coming from furfural is furfuryl
materials rich in pentosan polymers (hemicellulose fraction) alcohol. This compound finds a variety of applications in
by acidic degradation. The reaction involves hydrolysis of the chemical industr§£° It is mainly used in the manufacture
pentosan into pentoses (mainly xylose) which under high of resins, as a starting material for the manufacture of

temperatures (473523 K) and in the presence of acid
catalysts, mainly sulfuric aci#® undergo a triple dehydra-
tion, giving furfural. Under these conditions, the selectivity

tetrahydrofurfuryl alcohol, and it is also an important
chemical intermediate for the manufacture of fragrances,
vitamin C, and lysine.
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Scheme 11. Primary Products Obtained by Direct Transformation of Furfural
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Furfuryl alcohol is prepared industrially by the catalytic gas-phase hydrogenation of furfural to furfuryl alcohol (98%
hydrogenation of furfural. There are two ways to produce conversion with nearly 98% selectivity was reported).
furfuryl alcohol by hydrogenation of furfural: vapor-phase With the development of amorphous materials and nano-
hydrogenation and liquid-phase hydrogenation. In liquid- materials, ultrafine amorphous powders such asmiNi—
phase hydrogenation, high pressure and high temperature ar®, and Ni-P—B*%¢-412 have been used for the liquid-phase
required, and products from ring-opening and residues areselective hydrogenation of furfural. In this direction, interest-
formed3% In vapor-phase hydrogenation, depending on the ing results were reported by Li et al. using Fe-promotesd Ni
type of catalyst used, hydrogenation of furfural can give, B*! and Mo-doped CeB*%® amorphous alloy catalysts.
besides furfuryl alcohol, a variety of products such as Using these systems, and working at 373 K and 1 MPa of
2-methylfuran and tetrahydrofurfuryl alcohi8t.For over five hydrogen pressure, 100% yields of furfuryl alcohol were
decades, copper chromite has been the most successfuhchieved. The promoting effect of the Fe and Mo dopants
commercial catalyst used in the furfural hydrogenation in on the selectivity to furfural was attributed mainly to the
liquid and gas phases. In gas-phase hydrogenation, selectiviacidic character of these metals, which favors the adsorption
ties to furfuryl alcohol between 35 and 98% have been and activation of the €O group of furfural.
reportec®23%while in liquid-phase hydrogenation, selectivi- Furfurylamine is another useful compound derived from
ties in the order of 98% were fouriéf 3% The main problem  furfural that is used in the manufacture of pharmaceuticals,
wiht CuCr-based catalysts is their toxicity, which causes pesticides, fibers, etc. Furfurylamine is industrially prepared
severe environmental pollution. Many attempts have beenby the reductive amination of furfural. This method allows
made to develop new catalysts that are environmentally the conversion of the carbonyl function to an amine by
friendly. Thus, while Raney nickel catalyst produces mainly directly treating a mixture of the carbonyl compound and
tetrahydrofurfuryl alcohol, Raney cobalt catalysts modified ammonia or an amine with the reducing agent in a single
with various transitions met&¥ and Raney nickel catalysts  operation without preformation of an intermediate imine.
modified with (NH;)sM00,43% or with salts of heteropoly-  Thus, furfural is reacted with Nyand H; in the presence of
acids®® can improve the catalytic activity and selectivity for Co- and/or Ni-based catalysts. The reactions are usually
the hydrogenation of furfural. For instance, in the case of performed in the liquid phase using dioxane or alcohols as
Raney nickel catalysts modified with salts of heteropolyacids, solvents and at moderated temperatures (373 K). Under these
conversions near 98%, with 98% selectivity to furfuryl conditions, complete furfural conversion with high selectivity
alcohol, can be achieved in the liquid phase under a pressurdo furfurylamine (97%) is obtainett> 45> More recently,
of 20 atm. electrochemical reduction of furfural derivatives such as

Platinum has long been known as a furfural hydrogenation furfuryl oxime has been reported for the preparation of
catalyst*®® However, commonly used platinum supported on furfurylamine; however, the yields of the amine are relatively
oxides (and also other noble metals) catalyzes full furfural low.416:417
hydrogenation and favors side and consecutive reactions such Furoic acid is used as a feedstock in organic syntheses
as hydrogenolysis of the €0 bond, ring-opening, and and as an intermediate in the synthesis of medicines and
decarbonylation. However, it has been shown that doping perfumes. Methods reported to obtain furoic acid involve
the platinum/metal oxide systems with electropositive transi- the Cannizaro reaction from furfufé and oxidation of
tion metals (Sn, Fe, Ga) enhanced the selectivity to furfuryl furfural using oxidants such as KMn@®® Ag.0,*?° or
alcohol up to 8094° Very recently, Pt deposited on mixtures of metallic oxides such as iron, copper, and noble
monolayer supports (SiQy-Al,03; MgO, TiO,) was re- metal oxides like platinurf?* However, such routes cannot
ported to yield a maximum selectivity of 93.8% toward be regarded as selective, and the catalysts in many cases are
furfuryl alcohol in the gas-phase hydrogenation of furfural easily poisoned and their regeneration is difficult. Selective
at atmospheric pressut®.Pt/C catalyst was also shown to  oxidation of furfural to furoic acid has been performed using
be an effective system for the liquid-phase hydrogenation hydrogen peroxide as oxidant in the presence of bases such
of furfural to furfuryl alcohol°3 as secondary and tertiary amines or pyridine, giving yields

Cu-based catalysts such as carbon-supported céjazr/ between 40 and 8096?44 Oxygen has also been employed
MgQ,*5 CuLa supported on MCM-4%¢ and Cu-Ca/SiQ*%” to oxidize furfural to furoic acid. Verdeguer et 44p:426
have been developed recently and utilized for the selective performed the reaction in aqueous alkaline medium under a
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stream of oxygen in the presence of a bimetallic lead/ Levulinic acid is formed by dehydration in acidic media
platinum deposited on charcoal catalyst. Working at 238 K, of hexoses to HMF and its subsequent hydration according
pH 8, and 0.36 M solution of aqueous furfural, ful conversion to the mechanism reported by Horvat ef&land presented

of furfural to furoic acid was obtained. The entire amount in Scheme 12. The conversion of HMF into levulinic acid
of furoic acid formed is recovered by acidification of the ) )

reaction mixture with concentrated HCI. The catalyst can Scheme 12. Steps Involved in the Conversion of Hexoses to

be reused several times, without appreciable loss of activity. -€vulinic Acid

Furfural is the starting material for the production of HMF.  pgyoges — M. ,D\CHO H,O/ H* L\
The commercial route to obtain HMF is by hydroxymethyl- 2 0 HOH.L™ 0 1o
ation of furfural with formaldehyde. Furfural can be hy- HMF

O~ "CHO

droxymethylated to HMF using acid zeolites with controlled oH oH
structure and acidit§’34?”While ion-exchange resins were @OH -H0 &OH /\Z_;\
inactive, dealuminated mordenites were able to performthis "0 g0~ el He o o7 cHo
reaction at 363 K without solvent or by using an organic
co-solvent for simultaneous extraction of HMF. Yields
around 30% of HMF were obtained. The low yield was -H0_ — - HCOOH — HaC COOH
attributed to the deactivation of furfural by the presence of HSCQCHO HSC”\(O—\C”(O“)Z \g/\/
the electron-withdrawing aldehyde group at the C-5 position. Levulinic acid
However, by protecting the aldehyde function with an | .
electron-donating 1,3-dithiolane group, the selectivity to the IS @ result of addition of a molecule of water to the-€23
hydroxymethylated 1,3-dithiolane derivative was increased double bond of the furan ring, leading to ring-opening with
0 90%. formation of an unstable tricarbonyl intermediate. The latter
Furfural is also the key chemical for the commercial gﬁ%on:ﬁotﬁss 'ggégg;'nﬂrpg’daunﬁtjdrl]et\slug?'ﬁﬁgidca;g;g"g;g
production of furan and tetrahydrofuran. Furan is obtained form.e d as side pro du’cts 9
by catalytic decarbonylation of furfural. Hydrogenation of Levulinic acidpis rodu.ced on an industrial scale by acid
furan gives tetrahydrofuran, an important industrial_ solvent.. eatment of agricEIturaI wastes and processing ofywoo d
Ellgr?gscan also be used as an octane enhancer in gaSOIIngontaining cellulose or hemicellu_lose (up to 75%)_. Acid
o . . . treatment leads to the hydrolysis of polysaccharides to
_Catalytlc decarbonylation of _furfural is usually carried out monosaccharides, and it is usually performed with strong
using Pd supported on a basic support catalyst (Ba80  4igs (4SO, HCI) at atmospheric pressures and around 373
Al20;) in the presence of hydrogen at temperatures betweeny The resulting hydrolysate is boiled in a dilute acid solution
573 and 673 K and at atmospheric presstfte;>*achieving  (generally HCI is used) for 2048 h. At the end of the
in this way yields of furan higher than 90%. Gaset é6&t* o5 0tion, ‘the mixture is filtered to separate the solids (humic
performed the liquid-phase (at 42833 K) decarbonylation  4¢ids) and concentrated. Levulinic acid is isolated by
of furfural in furan using Pd/C catalyst and hydrogen in the g iraction with organic solvents (ether, ethyl acetate) or by
presence of KCO; as promoter, achieving high yields of = gigtillation. The levulinic acid yield is about 40% with respect
furan. Increased activity was observed when t?gecatalySt to the hexose conteff? If the reaction is performed at higher
K2COs mixture was activated by UV irradiatiofi> temperatures and under pressures, a considerable gain of time
Vapor-phase decarbonylation of furfural in furan has also s achieved#4 BioMetics Inc. has developed the Biorefine
been performed over zeolites. Thus, passing furfural vaporsprocess to produce levulinic acid from cellulosic feedstocks
(generated during cellulose pyrolysis) over ZSM-5 zeolite including wood waste and agricultural residdés!4é |t
at temperatures between 623 and 823 K, mixtures of furaninvolves a continuous process wherein the carbohydrate-
and methylfuran are obtainé#. Supported metal oxides of  containing material is supplied continuously to a first reactor
Group VIII metal catalysts have also been used with different and hydrolyzed at 488 K and 31 bar in the presence-8 2
levels of success in the decarbonylation of furfuraldehyde wt % of H,SQ, during 15 s. The hydrolysis produces HMF,
to furan38:439 which is removed continuously from the first reactor and
2.2.1.5. Levulinic Acid.Levulinic acid is a low-molecular- ~ supplied to a second reactor, where it is submitted to a
weight carboxylic acid having a ketone carbonyl group (4- temperature of 466 K and a pressure of 14.6 bar for 12 min,
oxopentanoic acid). Its chemistry and properties have beenproducing levulinic acid in yields between 60 and 70% of
summarized by Ghorpade et’4:**'Levulinic acid is useful ~ the theoretical yield based on the hexose content of the
as a solvent, food flavoring agent, and starting material for cellulosic material. The process has progressed through a
the preparation of a variety of industrial and pharmaceutical pilot plant and is close to becoming a commercial reality.
compounds. Its potential uses as a resin, plasticizer, textile, Concerning the use of heterogeneous catalysts, very few
animal feed, coating material, and antifreeze have beenattempts have been reported in the literature. Schraufnagel
reported**® Owing to the reactive nature of levulinic acid, it et al**” described the use of acidic ion-exchange resins for
has a significant potential as a basic chemical raw material; the production of HMF and levulinic acid from sucrose at
however, it has never been produced in a significant volume. moderate temperature (373 K). In spite of the advantages of
The reason may be that most of the research on theusing this catalyst (shape-selectivity and reusability), the
production of levulinic acid was done in the early 1940s, reaction rate was very low, and long reaction times were
when the yields were low, the raw material was expensive, necessary to achieve moderate yields. The inability to
and equipment for separation and purification was lacking. increase the reaction temperature when using ion-exchange
Today, lower raw material costs and the advances in scienceresins as catalysts is an important drawback of the process.
and technology give good reason to reconsider the industrialBetter results were obtained using zeolites as acid catalysts.
potential of levulinic acid. Then, dehydration of fructose to levulinic acid using LZY
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zeolite® and dehydration of glucose using Y-zeolité#8 Table 3. Esterification of Levulinic Acid with Different Alcohols

at temperatures between 383 and 433 K, were performed in levulinic
moderate reaction times<{85 h), giving yields of levulinic acid ester
acid around 40%, whereas the yield of HMF was very low time T  conversion selectivity
(4%). The high selectivity to levulinic acid and the low _ ROH catalyst h & ) (%)
selectivity to HMF suggested the possibility of reactions EtOH Amberlyst-15 1 373 99.3 95.6
occurring within the zeolite pores in addition to those EtOH Li(acetate)/Si9 1 423 97.3 719
occurring on the outer surface of the zeolite particle. Lower "BUCH — Amberlyst-15 1423 99.8 98.6
o L - - . . cyclo-OH  Amberlyst-15 1 298 85.0 87.8
selectivity to levulinic acid was obtained in the dehydration peon™  NaCO, 3 373 975 82.4
of glucose using pillared clay cataly$t8.An Fe-pillared phenol Ba(acetatgBio, 1 423 92.2 71.0
montmorillonite was a very active catalyst, converting 100% phenol Amberlyst-15 1 423 100 <5

of glucose in 12 h at 423 K. This catalyst gave high
selectivity to formic acid, and selectivity to levulinic acid

was low (20%); meanwhile, the coke formation was high,
indicating carbonization of final reaction products.

Taking into account the advantages of using solid acid
catalysts, there is incentive for investigating new, efficient
heterogeneous catalysts for the transformation of carbohy-
drates into levulinic acid.

2.2.1.6. Levulinic Acid Derivatives.There are numerous
useful compounds derived from levulinic acid. The most
important compounds are presented in Scheme 13.

limited reaction and, therefore, requires a catalytic distillation
reactor to drive the reaction to completion. The typical
catalysts used for esterification are sulfuric 4&id*®” and
polyphosphoric acid®® The use of anion-exchange resfis
and molecular sieves supported by 7i€®0,> also gives
very good result4%®

The reaction of angelica lactone with alcohols in the
presence of acid or base catalysts is also used to obtain
levulinic esterg$1462 The base-catalyzed esterification is
performed using homogeneous &t NaCOs, K,CO;s) or
Scheme 13. Useful Compounds Derived from Levulinic Acid ~ Supported oxides (MgO/SIOLIO/SIO,) or salts (Ba (acetat#)

o H0 on H, o Si0Oy) as base catalysts at 423 K and 55 4tkin the case
CT = wetomon — O of acid-catalyzed esterification, several heterogeneous acid

catalysts, such as ion-exchange resins, heterogeneous het-

Methyl Tetrahydrofuran 1,4-Pentanediol Angelica Lactone . . . .
H,O ’ ’ [}
X eropolyacids, acid zeolites, metal oxides, and metal salts
oo pgg | 2ation ] H, \ ROH among others, have been claimed to be effective. Excellent
ecinie Aet 2 con activity and selectivity to a variety of esters were exhibited
o Enmatic - "¢ o 0 by the ion-exchange resin Amberlyst-15, working at moder-
HoN COOH Levulinic Adid - HC” " COOR ate temperature and nitrogen pressdfé$he choice of the
5-Amino Levulinic Acid l W‘&{Jﬁ Levulinic Acid Esters catalyst depends on the alcohol used (see Table 3).
R Levulinic esters can also be produced by reaction of
05 ON-cH, OﬁCH:’ angelica lactone with olefins and water at 3723 K and
Xj Condensation 55 atm of N using homogeneous or heterogeneous acid
aethyone i OH S 2 catalysts'63 Water is stoichiometrically required, and there-
valerolactone fore the major product, other than esters, is levulinic acid.
HsC COOH However, the acid can be readily recycled, so the overall
Diphenolic Levulinic Acid yield can be high. As an example, 1-hexene reacts with

angelica lactone and water at 393 K using Amberlyst 36

2.2.1.6.1. Angelica LactonéAngelica lactone is easily  catalyst to give hexyl levulinate at 98% conversion and 83%
prepared by boiling levulinic acid in the presence of an acid selectivity to ester.
(sulfuric or phosphoric acids) and removing the water formed  2.2.1.6.3. Reduction ReactionSatalytic hydrogenation
by distillation#4° Angelica lactone is also formed when of levulinic acid has been reported to produce different
levulinic acid is separated from other reaction products products, depending on the catalyst and reaction conditions.
(water, formic acid, and furfural) by vacuum distillatiéi{:*>* The general pathways of reduction are presented in Scheme
The reaction is reversible, and the addition of water produces14. Levulinic acid is reduced to 4-hydroxypentanoic acid,
levulinic acid.

2.2.1.6.2. Esterification Reactiorssters of levulinic acid Scheme 14. Products Formed by Hydrogenation of Levulinic
are important compounds which are used for flavoring, Acid
solvents, and plasticizers. Moreover, the resulting ketoesters o " OH HO  HC<ONe0
are substrates for a variety of condensation and additionHsc”™>"cooH 2o W cooH 2 C g
react|0ns.at_ the ester or keto grqdﬁ%l’hey also exhibit Levulinic Acid 4-HydroxyPentanoic Acid y-Valerolactone
characteristics that make them suitable for use as oxygenate
additives in fuels and octane and as cetane-number-enhancing \Hz
agents. The commercial use of levulinic esters has been

L9 . . . 0 -H,0 OH
limited due to the high cost of their production. However, Hsc( 7 —= 2
. . . HsC CH,OH
the production of these esters from cellulosic biomass
represents a potentially low-cost route to their manufacture. 2-Methyl Tetrahydrofuran  1,4-Pentanediol

Leo Manzer of Dupont has estimated that levulinic esters

can be produced on a large scale at less than 0.50 ettfo/L. which readily dehydrates tp-valerolactone (GVL). GVL
The reaction of levulinic acid with primary alcohols occurs is hydrogenated to 1,4-pentanediol (PDO), which dehydrates

in solutions of levulinic acid in the respective alcohols, even to 2-methyltetrahydrofuran (MTHF). Side products are

at room temperatur®* Ester formation is an equilibrium-  pentanoic acid and pentanol.
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GVL is known to be useful in industry as a solvent for step process for the synthesis of MVL from levulinic acid.
lacquers, insecticides, and adhesives, and it has also foundhe first step is the hydrogenation of levulinic acid or its
some use in cutting oils and brake fluids. MTHF is useful esters to/-valerolactone in nearly quantitative yield using a
as a fuel or fuel additive, and it may be useful for making Ru/C catalyst at 423 K and 500 psig of.H he second step
polymer fibers. involves a heterogeneous, gas-phase catalytic condensation

Catalytic production of GVL has been performed by Of y-valerolactone with formaldehyde over basic catalyst
hydrogenation of levulinic acid in different organic solvents (Scheme 15).
using platinum oxide catalysts. A yield of 87% was achieved
in ethyl ether after 44 h of reaction, working at room Scheme 15. Synthesis ai-Methylene-y-valerolactone from
temperature and under—3 bar of hydrogen pressufg Levulinic Acid

Christian et af® used Raney nickel as hydrogenatin HsC._O._0 _ o
catalyst, achieving very goog yields of G\}//L (84%) a% L. o0 Hscf_(o
temperatures between 373 and 493 K and an initial hydrogen Ru/C Base Catalyst

pressure of 700 psig. The same authors reported the use of Levulinic Acid 1-Valerolactone a-Methylene-y
copper chromite catalyst to hydrogenate levulinic acid (at Valerolactone

573 K and 200 atm of hydrogen), obtaining a complex . . .
mixture composed of 11% of GVL, 44% of PDO, and 22% The basic catalysts are prepared from alkaline and alkaline

of a water solution containing a low amount (4.5% yield) of earth metal salts supported on silica and calcined at 673 K

MTHF. This is the first report of the production of the MTHF  Prior to use. The catalyst most selective to MVL was found
as byproduct. However, working in less severe reaction to be the barium-based catalyst, achieving over 95% selectiv-

conditions (473 K and 5 psig of hydrogen pressure), yields 1ty &t 70% conversion ofy-valerolactone. However, the

of around 100% of GVL were obtainééE More recently, process'suffers from rapld catalyst deactivation, and in 24 h
Manzer et alé’ reported the hydrogenation of levulinic acid ©f reaction the conversion drops to less than 35%. It was
in supercritical CQ in the presence of metal-supported found that the catalysts can be regenerated under relatively
catalysts. Metals such as palladium, ruthenium, rhenium, angMild conditions. This suggested that deactivation was caused

platinum among others were supported on different materials,nOt by coke but by h|gh-p0|llng organic compounds which
such as silica, titania, alumina, carbon, zeolite, etc. Excellent @1 P removed by flushing with hot nitrogen.

yields and selectivities to GVL (near to 100%) were obtained _-€vulinic acid or its esters undergo acid-catalyzed con-
using a Ru/alumina catalyst and working at 474 K and 20 densation with phenols through an electrophilic substitution
MPa. The same authors also reported the selective hydro-'n the aromatic ring. The reaction yields diphenolic levulinic

genation of levulinic acid to GVL with Rh/C or Ru/C catalyst 2Cids (DPLA; 4,4-diaryl-substituted valeric acids)These
in dioxane as a solven§s469 structures are of particular interest because they can serve

. . as replacements for bisfenol A in the production of poly-
_ Finally, unexpected results were reported by Elliott &al. ., 1, nates Moreover, in this type of polycarbonates, the
in the patented hydrogenation of levulinic acid using a

bifunctional PdRe/C catalyst. The authors found that the carboxylic groups can be reduced to hydroxyl groups which

catalyst is useful for catalyzing the hydrogenation of angelica are useful as cross-linking sites for reaction with diiso-
lactone to GVL and of GVL to 1,4-pentanediol, being able cyanates or for grafting with organic and organigorganic

= . moieties.
to convert levulinic acid at 473523 K and 100 bar of KH - Lo L
in MTHF in a single process vessel in yields of up to 90%. Acid catalysts, such as sulfuric actoluenesulfonic acid,

and mixtures of HCI and glacial acetic acid, have been used
2.2.1.6.4. Condensation Reactiohsvulinic acid and its for this reactiorf’9482 As far as we knOW, 0n|y one examp|e
esters can undergo a variety of condensation reactions, sucly the use of a heterogeneous acid catalyst has been
as aldol condensations with aldehydes and ketones andyescribed, in one pateff The process involves the use of
Knoevenagel condensations with phenols or with enol silyl gyifonic resins such as Amberlyst-36 as heterogeneous acid
ethers** Among them, it is worth mentioning two new types  catalyst. The reactions between the fenol (2,6-xylenol) and
of derivatives which are |mp0rtant due to their potentlal as |evulinic acid were performed between 353 and 368 K using

monomers for the manufacture of polymers:methylene- — penzene as a solvent and removing the water by azeotropic
y-valerolactone (MVL) and diphenolic levulinic acid (DPLA)  distillation. Yields near 90% of the bisfenol derivative
(Scheme 13). compound were achieved after a 24 h reaction time.

MVL is an attractive new acrylic monomer which has been  2.2.1.6.5. Reducate Amination. NAlkyl-5-methyl-2-pyr-
of interest due to its similarity in structure to methyl rolidones can be produced by reaction of levulinic acid,
methacrylate. The incorporation of the lactone structure into hydrogen, and ammonia or amines in the presence of a
the polymeric chain confers to the polymer higher thermal hydrogenation catalyst. Nickel supported on kieselfffiand
stability than that of poly(methyl methacrylate). Different Raney nickel catalyst have been used successfully to perform
approaches have been used for the synthesis of MY17? the gas-phase reductive amination of levulinic acid to
however, the processes were not well suited to large-scale 5-methyl-2-pyrrolidoné® More recently, Manzé#®487 re-
low-cost production. Current interest in polymers containing ported that levulinic acid and its esters can be converted in
MVL 43474indicates the requirement for a continuous low- N-alkyl-5-methylpyrrolidones using different metals, Pd- and
cost catalytic process. In a recent pat€hgn improved but Pt-based catalysts being the most active. Typical reaction
noncatalytic process is described. It consists of heatingtemperatures are 423193 K, and typical pressures are about
y-butyrolactones and diethyl oxalate, followed by the addi- 500 psig. Moreover, when arylamines are udgdryl- or
tion of formaldehyde in the presence of a base. The processN-cycloalkylpyrrolidones can be obtained, depending on the
provides high yields and selectivity to MVL; however, catalyst used; thus, Pt-based catalysts gave mainly the
expensive chemical reagents are used in stoichiometricN-arylpyrrolidones, whereas Rh-based catalyst is preferred
amounts. Manzer et 41%4"’have recently developed a two- to give the ring-saturated derivatives. Because amines are
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expensive reactants, Manzer developed a novel, one-stefable 4. Products Obtained by Oxidation of Glucose and
process for converting levulinic acid and nitro compounds Process Used
into aryl-, alkyl-, and cycloalkylpyrrolidones. For example, method

nitropropane, levulinic acid, and hydrogen react in the liquid oxidation product catalytic chemical microbial enzymatic
phase at 423 K and 500 psig in the presence of Pt/C catalyst

to give N-propyl-5-methyl-2-pyrrolidone in 62% yielt$848° g:ﬂgﬂ?&%gﬁid i * i *

In the same reaction conditions, aryl and alkyl nitriles react gjycaric acid + +

with levulinic acid and hydrogen in the presence of Ir/SiO  2-ketoo-gluconic acid + + +

Ru/Al,0s, and Pd/@°to give N-alkyl- or N-arylpyrrolidones. 5-ketoo-gluconic acid +

Excellent results were obtained with low-cost nitriles such 2.5-diketoe-gluconic acid +
2-ketob-glucose + +

as 2- and 3-pentenenitriles. Aryl nitriles such as benzonitrile

can also be used to prepaXebenzyl- andN-cyclohexyl-5- _ o
methylpyrrolidoneg%0-41 The heterogeneous catalytic oxidations of sugars are

performed mainly with air or oxygen in aqueous medium,
under mild conditions, and in the presence of a supported
noble metal catalyst. These reaction conditions, along with
the facts that the reactants are renewable resources and the
products are environmentally benign because of their bio-
degradability, make the catalytic oxidation of carbohydrates

a paradigm of green chemistry. Carbohydrate oxidation on
metal catalyst has been reviewed by Van BekKdmos
Besson and Gallez6é%%%and Kunz2%

2.2.1.6.6. Oxidation Reactionsevulinic acid can be
oxided to succinic acid using homogeneous and heteroge-
neous catalysts. Thus, levulinic acid is oxidized in the vapor
phase using oxygen in the presence gbycatalysts at high
temperatures (648 K). An 83% vyield of succinic acid was
obtained'®? Lower temperatures are required to oxidize
levulinic to succinic acid using ¥, as oxidant, SePas
catalyst, andert-butanol as solvent. However, the yields of

iugg.'rr:.'g a?;%ld ;Vse;asocggg%izjaggaI?e\’;?rrénsgﬁqin%'n,%%hg Different functions can be oxidized in a monosaccharide
uccinic acid w ! 9 Profuct- sich as glucose, giving valuable oxidation compounds (see

2.2.1.6.7. 5-Aminokaulinic Acid. 5-Aminolevulinic acid Scheme 16); oxidation of the anomeric Centeﬁ)(@he
(ALA) is widely present in the biosphere and plays an
important role in the living body as an intermediate of the Scheme 16. Summary of Chemicals Obtained via Glucose
pigment biosynthesis pathway for the tetrapyrrole compounds ©Xidation

such as_ vitamin B and chIorophyII_. _ . N HooG ﬂ oo OH OH OH OH
ALA is also an excellent herbicide, insecticide, plant COOH CHO  HO COOH

growth regulator, and plant photosynthesis enhancing agent. ~ °" " OH OH OH OH

It iss nontoxic and does not persist in the environment Glucaric acid Glucuronic acid Gluconic acid

because it decomposes rapidly. However, due to its high \ /

production cost, ALA cannot be practically used for the OH OH ™9

applications mentioned above. Different synthetic methods HO CHO HO COOH

have been reported, most of them based on the halogenation OH OH on OH

in C-5 (a-position relative to the carbonyl groufff:**>For / Glucose \ Z-keto-Gluconic acid

instance, a recently described method involves the bromi-

nation of levulinic acid to give 5-bromolevulinic acid, OH © o oH

followed by amination with sodium diformylamide. After HO cHO HO COOH

hydrolysis of the amination intermediate diformylamide, OH OH OH © 5-k0-Gloonic acid

ALA is obtained in quantitative yiel@®°> However, because 2-Keto-glucose Ho COOH

these processes require several synthesis steps and the use o OH

of expensive reagents, they are unsatisfactory as large-scale 2,5-diketo gluconic acid

production methods. .
Nevertheless, a big effort is being carried out in order to Primary alcohol at & and the secondary alcohols ai-€

develop methods for the production of ALA using micro- Ca. Cleav_age of the vicinal diol and over-oxidation, giving _
organismg%-4% and new developments in genetic modifica- degradation products, can also occur. Because of the multi-

tion of micro-organisms are being applied in the production functionality of.carbc_)herate molecules, important features
of ALA. 500 of the catalytic oxidation systems are the regio- and
— . — chemoselectivity. Heyns and co-workers revie#éd® the
2.2.1.7. Oxidation of MonosaccharidesThe oxidation o4 cyivity toward the oxidation of different functional groups

of carbohydrates can provide new compounds and materialSyt ihe carhohydrate molecules, and they proposed a reactivity
with interesting physicochemical properties, and this process¢4je for the groups using Pt/C carbon catalyst:

is the source of a variety of high-added-value chemicals used
in foods, cosmetics, detergents, and pharmaceuticals (foranomeric center at G CH,0OH > CHOH,;,, >
example, vitamin C). Biocatalytic and stoichiometric, as well CHOH, _

as homogeneous and heterogeneous catalytic methods have quatorial

been applied for the oxidation of sugar molecules. Several i yas proposed that the oxidation of carbohydrates with

reviews dealing with carbohydrate oxidation have been oxygen and metal catalysts proceeds via a dehydrogenation

reporteck?°0% mechanism, followed by oxidation of the adsorbed hydrogen
Glucose is the monosaccharide most extensively studiedatom with dissociatively adsorbed oxyg@n58In strongly

in oxidation reactions. A summary of compounds produced basic solutions (pH 1113) and in the presence of metal

from glucose oxidation is presented in Scheme 15, and thecatalyst, dehydrogenation of reducing sugars can also occur

oxidation methods used are given in Table 4. in the absence of oxygen, giving the corresponding aldonic
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acids®1951! |t was proposed® that unprotected aldoses in The presence of the promoter seems to suppress the
ionized form adsorb on the metal surface and transfer apoisoning of the catalyst, in such a way that bismuth protects
hydrogen from the €carbon atom to the metal; this is palladium from over-oxidation because of its stronger affinity
followed by a rapid hydrolysis of the resulting lactone to for oxygen (evidenced by calorimetric measurements). It was
the carboxylate. The hydrido-metal species react with water proposed that glucose oxidation proceeds according to the
to give hydrogen gas and the hydroxide. oxidative dehydrogenation mechanism presented in Scheme
17. Moreover, the catalyst preserves its activity and selectiv-

0 - . I
Q//ﬁ) / OH k/(%" Scheme 17. Proposed Mechanism for Oxidation of
® Metal o H OH p-Glucose Using Pd-Bi Catalysts®1®
Metal Metal Metal

usually carried out in batch reactors containing an aqueous
solution of the carbohydrate and the catalyst. The reactions Biz03
are run at atmospheric pressure with air or oxygen bubbling NaOH
through the suspension and at temperatures of-3%3 K.
The reactions are performed at basic pH (ptH97, because
at this pH the carboxylate anions are easily desorbed from
the catalyst surface, while at acidic pH the carboxylic acid
remains strongly adsorbed, giving over-oxidation reactions
which lead to degradation products. Continuous carbohydrate
oxidation processes have also been repdited? 514
2.2.1.7.1. Gluconic Acith-Gluconic acid and its salts are
important intermediates in the food industry and in pharma-
ceutical applications (sodium gluconate is widely used as a
chelating agent) and are usually produced by enzymatic
oxidation ofp-glucose, with an estimated market of 60 000
tlyear? An alternative method for the production of gluconic

O_ oH
. I . Ozx B o o T UE"['(ONE‘
Liguid-phase oxidation reactions of carbohydrates are < >< > o
o
Pd~ Ro\//

ity after several recycles, and no bismuth leaching was
observed. In addition, PeBi/C catalyst and PgPt—Bi/C
catalyst prepared from colloids and containing a homoge-
neous distribution of 3.6 nm particles were also found to be
more active and selective that the commercial trimetallic
catalyst (Pe-Pt—Bi/C).520524Abbadi and Van Bekkufi®526
studied the pH effect in the range-2 on the Pt- or Pd-
catalyzed oxidation ab-glucose to gluconic acid. Inhibition

of the catalytic activity was observed in acidic medium. This
was attributed to surface poisoning by adsorbed gluconic acid
formed during the oxidation reaction.

These catalysts can also be used to oxidize selectively the
0 . o iy . reducing end groups of disaccharides and oligosaccharides,
acid involves catalytic oxidation with air or oxygen in the giving oligobionic acids which show potential to be used as
presence of metal catalyst_s. . chelating agents, glass or metal cleaners, and intermediates
_ Oxidation at the anomeric position ai 6f thep-glucose iy the preparation of surfactants. Thus, lactose can be
is easier than that for primary or secondary alcohol functions, -onverted selectively to lactobion&E527 with up to 95%
and it leads to high yields of gluconic acid when carried out 5nversion on PdBI/C catalysts.
in the presence of supported metal catalysts, mainly Pd and \1,ch work has been carried out recently using gold as
Pt346.503,515518 The main disadvantage is deactivation of the catalyst for oxidation of alcohols and aldehyd&s5%2 as
catalysts with increasing conversion. Improvements in activ- \ye|| as for selective hydrogenatiof. 5% '
ity, selectivity, and stability can be achieved in the presence |, the case of glucose, its oxidation to gluconic acid has
of a second metal, especially bismdth>1®°2 Activated been carried out using gold supported on carbon cata-
carbons are frequently used as support materials in the|ysts_53&538 Gold catalysts were found to be active and
production of these catalysts because they are stable in bothg|ective for oxidation with oxygen at basic pH. Their
acidic and basic media and precious metals supported Ongg|ectivity was comparable to those obtained with com-
them can easily be recovered. Palladium catalysts or pal-ercial Pd-Pt—Bi catalyst, though gold exhibited higher
ladium—bismuth catalysts are more selective to gluconic acid 4jyity. The activity of Au/C catalyst was strongly dependent
than platinum, because they possess lower activity in the o the particle size, and the selectivity is much lower than
oxidation of primary and secondary alcohols. Besson&fal.  i,5se reported by Besson on-FBi catalysts1® An interest-
studied the effect of the particle size of the carbon-supported ing result was that gold was less sensitive to low pH, being
palladium catalyst on the oxidation of glucose in concentrated 4ctive even at pH 2.5. Selective oxidationmflucose to
aqueous solution. They showed that, with particles larger g)yconic acid has also been performed in the aqueous phase

than 3 nm, a complete conversion was achieved within 6 h, 3¢ atmospheric pressure and controlled pH using colloidal
whereas with particles smaller than 2 nm, a poisoning effect gold catalyst§39540

of the catalysts was observed. The smaller particles with™ 551 75 2-Ketm-gluconic Acid 2-Keto-o-gluconic acid
greater affinity for oxygen were most prone to over- js g yaluable intermediate for the production of iso-vitamin

oxidation, giving faster catalyst decay. C (erythrobic acid), used as an antioxidant in food.
Bismuth-promoted palladium catalysts showed increased

activity and selectivity in the oxidation of glucose to gluconic OOH CH,OH

acid>519524525Thus, Fuertes et &f! claim that, using 5% Pd/ o Ho—| o

3.5% BI/C catalyst, a 98% yield ab-gluconic acid was HO7 o Fermentation °

obtained after the 35th recycle. Besson éf&showed that OH —

the rate of glucose oxidation was 20 times larger on-Pd OH OH OH

Bi/C than on Pd/C; moreover, selectivity to gluconate was 2-Keto-D-Gluconic Acid 1so-Vitamin C

greatly improved from 94.6% to 99.8% for Pd/C and-d

Bi/C, respectively. This increase in selectivity was attributed  2-Keto-d-gluconic acid can be produced by microbial
to the fact that the rate of side reactions was negligible with fermentatior?*1-542enzymatié**-54and by catalytic oxidation
respect to oxidation to gluconate. of p-gluconic acid.
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Whereas unmodified Pt-based catalysts promote selectivelyacid. It has found applications as a biodegradable complexing

the oxidation of primary hydroxyl group at©f the aldonic
acid (giving glucaric acidj*¢ the presence of promoters
strongly changes the selectivity of the platinum catalyst.
Smits et ab4"-54° discovered that the oxidation of aldonic
acids with platinum supported on carbon and modified by
lead or bismuth yields 2-keto-aldonic acids by preferential
oxidation of the secondary alcohol function into tle
position of the carboxylic group (Scheme 18). The change

Scheme 18. Synthesis of 2-Keto-d-gluconic Acid by
Oxidation of b-Glucose

OH OOH

OOH
OH OH fo)
HO HO HO
OH OH OH
OH OH OH
OH OH OH
D-Glucose D-Gluconic Acid 2-Keto-D-Gluconic Acid

agent in detergents and as an intermediate for special
emulsifiers and polyesters.

An extensive investigation of the oxidation of aldopentoses
to the corresponding aldonic and aldaric acids has been
reportec®® Pt-based catalysts are preferred over palladium
in the oxidation of primary hydroxy groups because platinum
is more active. However, the rates of oxidation of primary
hydroxy groups on Pt catalysts are usually low because
catalysts are easily poisoned by strongly adsorbed products
or byproducts. Owing to the low activity, besides the
oxidation of primary alcohol groups, secondary alcohol
functions are also oxidized along with the formation of more
oxidized products such as tartrate and oxalate, leading to
very poor selectivity to the desired aldaric acid. Thus,
oxidations of-gluconic acid on Pt/C catalysts yielded, under
optimized conditions, about 40% of glucar&té>5%-561
Slightly higher yields (55% at 97.2% conversion) were
reported by Besson et &f$working with more concentrated
solutions of gluconate and lower amounts of catalyst.

2.2.1.7.5. Glucuronic Acidlhe direct oxidation of glucose

in selectivity was attributed to complexation of the carboxy to glucuronic acid using noble metal catalysts such as Pt or
group and thex-hydroxy group by lead atoms. The reactions Pd/C gives very low selectivity; however, glucuronic acid

performed with Pb/Pt/C in aqueous alkaline media (pH 8) can be produced by oxidation of the primary hydroxy groups
at 328 K using molecular oxygen showed a high initial of methylo-p-glucopyranoside on Pt/C catalyst (Scheme 19).

selectivity toward the 2-keto-gluconic acid, but a rapid

degradation of the reaction product occurs at higher conver-

sions, achieving maximum yields of ca. 60% of 2-keto-
gluconic acid. Reactions performed in similar conditions
using Pt/Bi catalysts gave similar resuitg55°

Abbadi and Van Bekkufi* studied the influence of pH
in the range between 2 and 9 during the oxidation of
p-aldonic acids over PtBi and Pt-Pb catalysts. They found
that, in weakly acidic medium (pH6), the reaction proceeds
almost to completion, giving the 2-keto-aldonic acid with
98% selectivity. This was attributed to selective complexation
of the promoter with the carboxy ang-hydroxy groups,
whereas in alkaline media the promoter can probably
coordinate bidentatively with other hydroxyl groups. The

Scheme 19. Synthesis ad-p-Glucuronic Acid by Oxidation
of Methyl a-p-Glucopyranoside

HOOC HOOC

HOH,C_ o Oxidation o} Hydrolysis O

H ooy oSO

Bo=""oHome HO~" OHOMe Flo OHOH
Methyl- Methyl- a-D-Glucuronic Acid

a-D-Glucopyranoside a-D-Glucuronic Acid

In the methyl glucopyranoside form, the anomeric carbon,
which is more reactive to oxidation, is protected. Oxidation
yields the corresponding methyl glucuronates, which can be
hydrolyzed to glucuronic acid. Kunz and Recdképerformed

a selective oxidation of methy-p-glucopyranoside in a flow
reactor with continuous separation of oxidized products by

nonselective complexation gives nonstable oxidation productselectrodialysis, achieving 99% selectivity to-b-methyl

which are oxidatively degraded. In similar way, other aldonic
acids, such ag-arabinoic acid and-ribonic acid, were
converted almost quantitatively into the corresponding
2-keto-aldonic acids. The same authiétalso reported the
oxidation of lactose and sodium lactonate to 2-keto-lacto-
bionate. The oxidation of lactose over-fi/C catalysts at
pH 7 gives lactobionate, which is subsequently oxidized to
2-keto-lactobionate with a yield of ca. 80%.

2-Keto-gluconic acid can also be produced by oxidation
of fructose on Pt/C catalyst at 303 K and pH 7.3, although
the yields were low (36%) and 5-ketofructose was also
formed (21%). Bismuth-promoted catalysts increase slightly
the selectivity to 2-keto-gluconic aci®

2.2.1.7.3. 5-Ketm-gluconic and 2,5-Diket@-gluconic
Acids.5-KetoD-gluconic acid is a precursor of the industri-
ally important. (+)-tartaric acid and could be used to produce
5-carboxyp-gluconate (a complexing agent) or 5-amino
derivatives ofb-gluconic acid. It is produced from glucose
by microbial fermentation in almost quantitative yief8§5%°

2,5-Diketop-gluconic acid can be used to produce 2-keto-
gulonic acid (precursor of vitamin C) by fermentative
reduction. It is also produced by microbial fermentation of
glucose>®6:557

2.2.1.7.4. Glucaric AcidGlucaric acid can be obtained
by oxidation of the primary hydroxy group of the gluconic

glucuronate. Methylo-p-fructofuranosides can also be
oxidized in high yields (83%) at the C-6 position using Pt/C
catalyst%2563The oxidation of inulin (g8-p-fructofuranoside
oligosaccharide attached to a glucose end-group) under the
same reaction conditions resulted in the oxidation of only a
fraction of the primary hydroxy groups and lower selectivity.

Glucuronic acid could be used as a starting material for
the production of.-gulonic acid by the selective chemical
reduction of the aldehyde function-Gulonic acid can be
transformed enzymatically to 2-ketegulonic acid?®* the
precursor of vitamin C.

¢HO CH,OH CH,OH
HO Reduction HO Enzymatic HO oo
OH — oH — OH ----- - -
OH OH o
COOH COOH COOH OHOH
D-Glucuronic Acid L-Gulonic Acid 2-keto-L-gulonic Acid Vitamin C

An alternative route for the production of 2-katagulonic
acid, which has been extensively studied by Baiker et
al. 565-58%js the catalytic oxidation af-sorbose. The authors
found that, with Pt/AJO; and PtBI/Al 05, the yield of
2-keto-gulonic acid was very lowW?® Using Pt/C catalyst,
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CH,OH COOH
o o}
HO Oxidation o
OH OH
HO HO
CH,0H CH,0H
L-Sorbose

2-keto-L-gulonic Acid

addition of trace amounts of tributylphosphine improved the
selectivity (66% at 50% conversioPf-5¢° however, better
improvement in selectivity was achieved by adsorbing

Corma et al.

Continuous processes (trickle-bed reactors) have also been
developed for glucose hydrogenation, and in this case higher
hydrogen pressures and supported nickel catalyst ar@8é&d.
Recently, hydrogenation of glucose in gdisjuid—solid
three-phase flow airlift loop reactors over Raney nickel
catalysts has been reported. Under optimal operating condi-
tions a yield of sorbitol of 98.6% is obtained in an average
reaction time of 70 min. This process gives better reaction
time and molar yield of sorbitol compared with the stirred
tank reactor under the same reaction conditfgths’>

To increase activity, some researchers have used promoted

hexamethylenetetraamine on the surface of the Pt/C cata-ickel catalyst$7-57° Li et al57° used nicketboron/SiQ

lyst: the selectivity increased from 51 to 95% at 30%
conversiorpss:566

2.2.1.7.6. 2-Ketm-glucose 2-Keto-glucose (or glucosone)

amorphous alloys promoted with chromium, molybdenum,
and tungsten. It was found that promoters in the low-valent
state increase the activity by acting as Lewis adsorption sites,

can be produced by chemical routes, but the yields are verywhich favor the adsorption and polarization of the carbonyl

low. Recently, the isomerization of aldoses in pyridine in

group in the glucose molecule. The same authors reported

the presence of aluminum oxide has been reported, whichthe use of Raney nickel promoted with phosphdrghis

increases the rate of aldesketose transformatioti® Isomer-

catalyst showed higher turnover rates (per surface Ni atom)

ization of xylose, arabinose, mannose, and glucose givesthan Raney Ni and NiP amorphous alloys for the hydro-
2-ketoses in acceptable yields. Microbial and enzymatic genation of glucose to sorbitol. Gallezot et5®l.studied

transformations ofp-glucose in 2-ketoglucose are the
preferred routes, and high yields are repoPd2-Keto-

Raney nickel promoted with molybdenum, chromium, iron,
and tin. They found that, while iron- and tin-promoted

glucose can be used as an intermediate in the production ofcatalysts deactivate very fast because of leaching of the

2-keto-gluconic acid.

2.2.1.8. Reduction of Monsaccharides: Catalytic Hy-
drogenation. Hydrogenation of carbonyl groups of carbo-
hydrates leads to the formation of polyols. This reaction is

promoters, molybdenum- and chromium-promoted catalysts
not only increase activity but they retain activity for at least

five recyclings. The increased activity was attributed to the
presence of Lewis adsorption sites for the carbonyl group

an important industrial process which can be carried out using Of the glucose. However, nickel has the inconvenience that

different catalytic or stoichiometric syster?#d.However,
from the industrial point of view, the use of metal catalysts

it leaches, resulting in a loss of activity and significant
concentrations of metal in the product solution. For use in

such as Ni, Pd, Pt, or Ru along with molecular hydrogen is food, medical, and cosmetics applications, the nickel must

the preferred method?! Polyol compounds are used in the

be removed by ion-exchange, resulting in high additional

food industry as low-calorie sweeteners and as precursor ofcost. Therefore, catalysts based on other active metals were

important compounds such as surfactants or vitamin C.
In this section, we will review the catalytic hydrogenation

evaluated, including platinum, palladium, rhodium, and
ruthenium?7®58583 The best activities were found for

of important carbohydrates such as glucose, fructose, angsupported ruthenium catalysts. The general observed order

xylose.

2.2.1.8.1. Glucose Hydrogenation: Sorbit8brbitol -
glucitol) is obtained by catalytic hydrogenation of the
carbonyl group ofp-glucose. Sorbitol is a large-scale

of activity for glucose hydrogenation was RuNi > Rd >
Pd. Moreover, ruthenium is not dissolved under the reaction
conditions for glucose hydrogenatié?.>83

Ru supported on carbon catalysts offer an attractive

industrial product with applications in food and cosmetics alternative to Raney-type Ni catalysts because of their
and as starting material for the production of ascorbic acid nonleaching behavior and high activiff. Moreover, their
(vitamin C), and its annual global production is estimated availability and recycling have improved significantly over
to be 700 000 t/year. the past few years.

Although several metals can be used for this transforma- Van Gorp et af¥’ studied the discontinuous hydrogenation
tion, Raney nickel catalyst is preferred for industrial large- of glucose over Ru supported on different carbon supports.
scale sorbitol production. Generally, sorbitol is produced by They found that, in general, peat carbon supported catalysts
hydrogenating aqueous glucose solutions, with glucoseare less active in the hydrogenation than their wood carbon
contents up to 65% (derived by hydrolysis of natural analogues. Besson et°8f.recently showed that activated
starches), in batch slurry reactors operating at hydrogencarbon cloths (ACCs) are promising supports for hydrogena-
pressures of 620 MPa and temperatures between 393 and tion of glucose. Thus, the authors found that the selectivity
423 K. During this hydrogenation, several byproducts can to sorbitol, at nearly total conversion of glucose, was higher
be formed. Especially in alkaline medium, glucose can (over 99.5%) on 1.9% Ru/ACC and 0.9% Ru/ACC than on
isomerize to fructose and mannose. Hydrogenation of the commercial 5% Ru/C.

fructose and mannose yields mannitol and sorbitol. Ru/C catalyst has been used recently for trapping aldoses
as they are produced by hydrolysis of carbohydrates in acidic

CHO CHOH media. Incipient aldoses are rapidly hydrogenated to the
Ho OH e o OH corresponding polyols (xilitol, sorbitol) to almost 10098.
OH  Raney Nickel OH Ruthenium supported on titania in the rutile form has
OH OH shown excellent activity and selectivity in the hydrogenation
CH,0H CH,OH of p-glucose to sorbitci®-5°2 Yields of sorbitol higher than
D-Glucose Sorbitol 90% have been achieved.
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Ru supported on H-USY zeolite (3%) has been used to Due to its low chemical reactivity, low hygroscopicity, and
perform a single-step catalytic process for the conversion of excellent mechanical compressing properties, it is used in
glucan-type polysaccharides (especially starch) to sof§itol. the production of chewable tablets and granulated powders
The process is characterized by the simultaneous hydrolysisas a suitable inert, sweet excipient for both organic and
of the polysaccharide (catalyzed by the acid zeolite) and inorganic agent&° In the alimentary industry, the main
hydrogenation of the free monosaccharide. Working in a application of mannitol is as a sweetener in sugar-free
batch autoclave at 453 K and 55 bar of, Hjuantitative chewing gums.
conversion is reached within 1 h, with sorbitol selectivity Currently, mannitol is mainly obtained industrially by

higher than 95%. o catalytic hydrogenation of fructose, or gluceseuctose
Recently, Li et aP**>%reported for the first time the use  syrups, the latter being preferred for economical reasons.
of Ru—B and Cr-promoted RuB amorphous alloy catalysts  Hydrogenation of fructose over classical nickel-based

for the hydrogenation of glucose in the liquid phase. The catalysts gives mannitol yields between 40 and 50%, the
Ru—B amorphous alloy exhibited much higher activity than gther main product being sorbitéi-8%2Hydrogenation of a
Ni—B or Co—B amorphous catalysts, Raney nickel, and other 1:1 mixture of p-glucose ando-fructose, obtained by
Ru-based catalysts, including the metallic Ru powders. The hyqrolysis of sucrose, gives a mixture of about 70% sorbitol
catalytic activity increased with the presence of Cr, the and 30% mannitdi3 Pure mannose, hydrogenation of which
optimum being a Cr content of 3.3%. This positive effect of yjelds 100% mannitol, is not an economically feasible raw
the Cr dopant was attributed to the formation of,@; material for industry due to its high price.

resulting in higher surface area due to its dispersing effect. ;a0 Bekkum et a$% have studied the hydrogenation of

The same authors reported the use of ultrafine=Bo  54,60us solutions of fructose on Ru/C, Pd/C, and Pt/C

amorphous alloy as catalyst in the glucose hydrogenation, 4| i i
) - . > X ysts. Ru/C exhibited the best activity, followed by Pd/
which exhibited higher activity than Ni-based cataly$fs. ¢ \with both of those catalysts, conversions of 100% were

Recently, an_O"tDiC ruthenium catalysts (Rufinorganic ,chieved, with selectivities to mannitol about 47%. The
washcoat/cordierit€)’ were evaluated for use in a monolith selectivity to mannitol could be increased from 47 to 63%

loop reactor process for hydrogenating glucose to sorbitol. by promotion of Pd/C and Pt/C catalysts with Sn. Although
Washcoat formulations included alumina, silica, titania, R\, has peen proved to be the most active metal for
zirconia, and several mixed oxides. The rates of hydmgena'hydrogenation of fructose, copper-based catalysts have a

tion, normalized to the amount of Ru, were lower for g hqtantially higher selectivity to mannif8F 6% Moreover,
monolithic catalysts than for Ru/C slurry catalyst bench- i\ as found that when a small amount of borate is added to

marks, due possibly to internal mass-transfer limitations. yhe reaction mixture in the presence of Cu catalysts, the
Deactivation of the catalysts was observed in extended life selectivity toward mannitol can be increased up to 9994

testing (tens of runs). Concerning the fructose hydrogenation mechanism on Cu

Continuous hydrogenation of glucose with ruthenium o S
catalysts in atric)llde-ged reactor wgs performed by AP&na catalysts, it is assumed that the monosaccharide is hydro-
genated via its furanose form by attack of a copper hydride-

85 i i i ~ J . . . X p
:Eidsgagfengeéjﬂ' nggaoi[ug;ﬁgnitgg dsgc?gljrt]lgn rr?es(:izal like species to the anomeric carbon, with inversion of
PP ' pny configuration®%® This mechanism could explain why the

ggzngfliulr ;f;eCSaL:JpS%(;I’Ing ?j g g é‘:’ﬁ/g;?gnbyeg;ﬁgggécuzgg’ Igz;]éproduct distribution upon hydrogenation over copper catalysts
and found that. whatever the mode of r.e aration. the catalvs resembles th@/a-fructofuranose ratio. Thus, as fructose is
' prep : Y thydrogenated,B-fructofuranose is converted in mannitol,

ives a total conversion with selectivity to sorbitol higher . . . .
tghan 99.20. However, the selectivity d%oppe d to 94 f% at whlge aggguctofuranose gives sorbitol as a hydrogenation
NS ’ ’ product®

long residence times due to epimerization of sorbitol to o . . -
Inulin is an oligosaccharide consisting of glucese

mannitol. L ; ) 2, Pl
Finally, sorbitol can be produced biotechnologically using (TUCtose) which is available in large quantities. Inulin is a
enzymati,c procedures. A recent review by Jonas 9hias potentlal_ly attractive feedstock for the proo!ucnon of mgnnltol
been published where the possibilities of production of due to its high fructpse-to-glucose ratio. Producnon_of
sorbitol in one step using the enzyme glucefectose ~ Mannitol by a combined hydrolysis and hydrogenation
oxidase are analyzed and compared with current chemicalPfOC€ss has been recently reported, using Ru on acidic carbon
and other microbiological processes. as heterogeneous bifunctional cataR8tThe hydrolysis is
2.2.1.8.2. Fructose Hydrogenation: Mannitdflannitol patag/zeddb%/ the car.k(Jjon. supgoré, onto W?}'Ch acidity is
can be prepared by catalytic hydrogenation of fructose, Ntroduced by pre-oxidation. Oxidation with ammonium
brep y ylic nycrog | u peroxydisulfate resulted in a carbon with the highest hy-

ielding a mixture of mannitol and sorbitol. Because the . < . : L
y g drolysis activity. Using Ru supported on this acidic carbon,

CH,OH CH,OH CH,OH selectivities to mannitol between 37 and 40% were achieved.
o} 4 Ho OH Mannitol can also be obtained fromglucose when the
HO _? _HO , Ho hydrogenation is performed under conditions which allow
OH  Catalyst OH OH the isomerization ob-glucose tm-fructoseb 613 Thus, in
OH OH OH the presence of calcium hydroxide as alkaline agent for
CHZOH CHZ0H CHZ0H isomerizationp-glucose is converted in mannitol (27% yield)
D-Fructose Mannitol Sorbitol using Raney nickel as hydrogenation catafyst.

Another approach to produce mannitol fravaglucose
aqueous solubility of mannitol is much lower than that of involves the use of a bicatalytic system that combines an
sorbitol, mannitol can be separated from sorbitol by crystal- enzyme (which performs the isomerization of glucose to
lization. Mannitol is the second most important polyol. The fructose) with a hydrogenation catalyst. Van Bekkum é&t“al.
pharmaceutical industry is the largest consumer of mannitol. used glucose isomerase immobilized on silica in cooperation
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with a Cu-based catalyst for the production of mannitol S-p-glucuronate®! have recently been developentGlu-
starting from a mixture of glucose and fructose. Yields of conic acid is decarboxylated by treatment with hydrogen
mannitol higher than 60% were obtained after a80 h peroxide or hypochlorite to yield-arabinose. Arabinose is
reaction time. Ruddlesden et®? performed the simulta- then hydrogenated to-arabinitol, which is subsequently
neous hydrogenatiorisomerization ofp-glucose in the isomerized, giving a mixture of xylitol and other pentitols.
presence of a RuY zeolite and glucose isomerase, achievingrhe xylitol is isolated, and the remaining pentitols are

maximum yields of mannitol of 29%. recycled to the isomerization step.
Enzymati€6-61° and microbial processes can be alternative
methods for the production of mannitol from fructose. OOH HO CH,OH CH,OH
However, the enzymatic mannitol production processes are OH Ho Ho on
: : ; HO -CO, H Isomerization

not applicable for commercial production due to the need o OH 2, OH " Ho

for NAD(P)H regeneration and enzyme deactivafigh. oH OH OH OH

Microbiological production gives better success. For instance, o OH OH CH,OH

lactic acid bacteria are known to efficiently produce mannitol N !
D-Gluconic Acid D-Arabinose D-Arabinitol Xylitol

from fructosef?1-622giving productivities between 10 and 20
g L=t h™%. However, for commercial production, two main
problems must be solved: the lactic acid bacteria requires a
medium rich in nutrients, which increases the production cost,
and there is a need to increase volumetric productivifies.

Starting from glucuronates or alkgtp-glucuronates, an
electrochemical decarboxylation gives xylose dialdehyde,
which is subsequently hydrogenated to xylitol.

2.2.1.8.3. Xylose Hydrogenation: XylitoKylitol is a CHO
naturally five-carbon polyol with approximately the same OH CHO CH,0H
sweetness as sucrose and lower caloric content. It has no |, _co, oH 9y OH
insulin requirements and possesses anti-caries properties. oH —> HO 2 Ho
These characteristics make it an attractive special sweetener oH OH OH
or sugar substitute. S0P Sho CH,OH
Xylitol is currently produced on a large scale by chemical
reduction of xylose derived mainly from wood hydrolysates. D-Glucuronate Xylose Xylitol

The conventional process of xylitol production includes four ) ] o
main steps: acid hydrolysis of plant material, purification ~ Biotechnological methods based on the utilization of
of the hydrolysate to either pure xylose solution or a pure Micro-organisms and/or enzymes are another alternative for

crystalline xylose, hydrogenation of the xylose to xylitol, the prod_uction of xylitol. Many yeast and filar_nentous fungi
and purification of the xylitop24625 synthesize the xylose reductase enzyme, which catalyzes the

xylose reduction to xylitol as the first step in the xylose
metabolism. In general, among micro-organisms, yeasts are

CHO
OH H, CHfHH considered to be the best xylitol producers, and therefore
HO I the majority of publications deal with theff? %> One of
oy Catalyst OH the best xylitol producers belongs to the ge@amdidas46-648
CH,0H CH,OH For instance, it has been reported that the y&sstdida
guilliermondii can lead to a theoretical yield of 0.905 mol
Xylose Xyltol of xylitol per mole of consumed xylo<é°

Continuous enzymatic production of xylitol using mem-

Hydrogenation of xylose is usually performed in agueous brane reactors has also been repoft€d>* The method
solutions using batch reactors at temperatures between 372mploys free enzymes (xylose reductase) and coenzymes in
and 413 K in the presence of Raney nickel catalysts and a negatively charged membrane reactor. Retention of enzyme
under pressures up to 50 & 526628 About 50-60% of and coenzyme inside the reactor through the membrane
the initial xylose is converted into xylitol, the purification makes possible efficient reuse of the biocatalyst and co-
and separation steps (chromatographic fractionation, con-enzyme for multiple runs, allowing the complete conversion
centration, and crystallization) being the most expensive. Ru of xylose into xylitol.
supported on carbon, silica, or zirconia catalysts have also 2.2.1.9. Glycosylation ReactionAlkyl glycosides are
been used® % showing excellent conversions and selec- formed by the reaction of a sugar with an aliphatic alcohol.
tivities to sylitol (99.9% selectivity). When the aliphatic alcohol is a fatty alcohol, their structure

An extensive study of hydrogenation of xylose over Raney consists of a hydrophilic part (the sugar) and a hydrophobic
nickel catalyst has been reported by Mikkola et al. Kinetic part (the fatty alcohol) which present surfactant prop-
and NMR studies of the reaction mechanism and kinetics of erties®55-657
catalyst deactivatiof??> %35 as well as the effects of solvent On the basis of their annual production, alkyl glycosides
polarity’3 on the hydrogenation of xylose, were reported. can be considered as the most important sugar-surfactant
The same authors reported the hydrogenation of xylosetoday. Sugars such as glucose, fructose, mannose, and xylose
simultaneously with acoustic irradiation with the aim to avoid and disaccharides such as lactose, cellobiose, and maltose
the fast deactivation of the nickel catalyst. Under these can be used as the polar counterpart, although glucose is
conditions, a stable catalyst activity was found, which was usually the preferred carbohydrate (then, they are named
attributed to decontamination of the active sites and creationalkyl glucosides). In industrial processes, not pure alkyl
of fresh active sites caused by the mechanical stressmonoglucosides but a complex mixture of alkyl mono-, di-,
introduced by the ultrasonic fieR$7-639 tri-, and oligoglucosides are obtained. Because of that, the

New, alternative processes for the preparation of xylitol industrial products are called alkyl polyglucosides (APG
starting fromp-gluconic aci@* and glucuronates or alkyl surfactants). The products are characterized by the length
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Scheme 20. Different Routes to Alkyl Glucosides
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of the alkyl chain and the average number of sugar units (Scheme 2155466 |n this process, the hydroxyl groups of
bonded to it, i.e., the degree of polymerization that influences the sugar are protected by peracetylation, followed by
the final hydrophilic/hydrophobic properti€% bromination at the anomeric position, giving thhébromide
The fact that these products are obtained from renewableanomer. The bromide is reacted with the aliphatic alcohol
raw materials, together with their excellent biodegradability, in the presence of silver salts. Substitution of the bromide
which is higher than that of alkylbenzene surfactants, makesgroup by the alkoxy group takes place with inversion of the
alkyl glycosides products of commercial and ecological configuration, yielding a peracetylated alkyp-gluco-
interest. In the 1970s, Rohm & Haas (Philadelphia, PA) was pyranoside. The starting OH groups are then restored by
the first to market an octyl/decyl polyglycoside, followed hydrolyzing the esters, yielding the alk§p-glucopyrano-
by BASF and later SEPPIC (Paris, France). At the beginning side. This synthesis is very stereoselective, with less than
of the 1980s, various companies such as Procter & Gamble,5% of the a-anomer in the alkylp-glucoside finally
Henkel, Huls, and SEPPIC started programs to develop alkyl produced.
polyglucosides for application in the cosmetic and detergent
industries. In 1989, Henkel built a pilot plant to manufacture Scheme 21. Stereospecific Synthesis of Glycosides According
APG surfactants in Crosby, USA, with a capacity of 5000 to Koenigs—Knorr

tlyear, and in 1992, Henkel started in Cincinnati, OH, a AcOHC 6 oac ACOH.C
production plant for APG surfactants with a capacity of about AC}QCBW HEr AcO BA
25 000 t/year. In 1995, a second plant with equal capacity Ohe ACOH AcO Br
was opened by Henkel in Dusseldorf, Germany. peracetylated D-glucose a-bromide anomer

Alkyl glucosides can be achieved by chemical glycosyl-
ation and by enzymatic or microbial procedures. In Scheme _ROH ACO'%&/OR CH3OH HOE%Oe/OR
20 is presented in a generalized way, a summary of the E207A%0  A%0>on, Hi0>"on
different routes to alkyl glycosides. peracetylated alkylp-D-glucopyranoside

2.2.1.9.1. Chemical Glycosylatioim general, chemical alkyl-B-D-glucopyranoside
glycosylations may be divided into two types of processes:
(a) acid-catalyzed glycosyl exchange reactions, which lead Based on the first type of processes, acid-catalyzed
to a complex oligomer equilibrium (Fischer glycosylatitsf) glycosyl exchange reactions, is the synthesis described
and reactions in HFE% %62and (b) stereoselective substitution Fischer. In 1893, Fischer realized that, in the presence of
reactions on activated carbohydrate at the anomeric carborHCI, glucose and ethanol react to give etlyglucoside
by base activatidi§® or by leaving groups. The leaving following an acetalization reactidf? This glycosidation is
groups are, for example, halid&45%the trichloroacetimidate  an equilibrium reaction which produces a mixture of alkyl
group®66:667 or the sulfonium grouf® In these cases, b-glucofuranosides and alkyl-glucopyranosides (isomers
exclusive reaction products instead of reaction mixtures are a. andp). The furanosides are the kinetically favored primary
formed, in particular when combined with protecting group products, and they are isomerized to give the pyranosides.
techniques. An important route included in these kinds of In the case of the glucosides, if the reaction is taken to the
processes is the synthesis described by Koerkgmrr thermodynamic equilibrium, then the pyranoside-to-furano-
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CH,0H HOH,C— /% CH,0H Using _1-butan0| as reactant and working at 353 K and a
OHO ROH/H* HO™OR OHO oR molar ratio of 1-butar_10b’-g|ucose (_)f 27.5, an 84% yield o_f
My — A butyl b-glucopyranoside was obtained. When the alkylation
OH OH OH was carried out with octanol, decanol, dodecanol, and
hexadecanol, a decrease in the reaction rate with increasing
o-D-Glucose i ool v chain length was observed. The water formed during the

reaction hydrolyzes the protecting groups, forming acetone,
side ratio is=95:5, while the ratio ofw/g is 65:35 (mol/ which is removed by evaporation. The same authors reported

mol). A side reaction is the oligomerization of the sugar with tlhat, usi?g_lﬁnprotﬁctgd glgco?c‘?é,thg g:;;cc:ols(i)%ation of
formation of alkyl polyglucosides, leading to a complex -octanol wit aosu onic resin ( ewatit S 0 )occu_rs_ at
product mixture. 363 K, giving 98% glucose conversion with 64% selectivity

Industrial production of alkyl polyglucosides is based on to octyl p-glucopyranoside. Unfortunately, the macroporous

the Fischer synthesis. The carbohydrate source can be eithef¢id resins also produce, like the acid catal;(/)sts in the
monomeric glucose (anhydrous or monohydrate) or a poly- homog.eneous phase, large amounts (aboup 30%) of aligo-
meric form of glucose (starch or glucose syrup), whereas 9lucosides. When glycosylation effructose in 1-octanol
the fatty alcohol can be obtained from petrochemical sourcesVaS carried out using a sulfonic acid resin (Bayer K 2461),
or from renewable resources such as fats and oils from NIy 14.2% conversion to.octyll frugosmes could be achieved
previous reaction of the triglycerides with methanol followed at 548 K afte a 1 hreaction time”
by hydrogenation of the fatty acid methyl esters formed. Acid zeolites have been used for catalyzing the synthesis
At industrial scale, two kinds of processes are used: the of alkyl p-glucosides. Corma et al. show&lthat, using
one-stage process (direct synthesis), where the sugar (glumedium-pore 10MR zeolites such as ZSM-5 or even the
cose) is suspended in an excess of fatty alcohelb(hol) unidirectional 12MR mordenite, the reaction occurs mainly
in the presence of an acidic catalyst, and the two-stageon the external surface, and consequently conversion is low.
transacetalization process. In the first step, the sugar isHowever, 12MR tridirectional zeolites such as Beta and Y
reacted with a short-chain alcohol (1-butanol), forming the show a reasonable activity and selectivity for the synthesis
corresponding butyl glycoside, which subsequently is reacted of alkyl b-glucosides. Thus, yields of butyl glucosides{-
with an alcohol with a longer chain, while the shorter-chain butyl glucopyranosides plus.,3-butyl glucofuranosides)
alcohol formed is removed from the reaction medium by between 70 and 98% were obtained using Y and Beta
evaporation. In both processes, the ratio of alkyl mono- zeolites, respectively, working at 383 K. One important fact,
glycosides/alkyl oligoglycosides can be controlled by adjust- associated with the use of zeolites as acid catalyst for the
ing the sugar or butyl glycoside/fatty alcohol molar ratio in glycosidation reaction, is that the formation of oligomers is
the reaction mixtur&6%-671 significantly reduced compared to that in the homogeneous
2.2.1.9.1.1. Homogeneous Catalysis. The glycosylation reaction, because their bulkier transition states are limited
described by Fischer involves the use of mineral acids suchby shape-selective effects. As a consequence, the mass
as HCI, HF, and K50,.569-7° p-Toluenesulfonic and sul-  balance of the reaction in the presence of acidic zeolites is
fosuccinic acids can also be used. The reaction rate isrelatively high 6~90%) compared that with others catalysts,
dependent on the concentration of the acid and on the aciditysuch as macroporous ion-exchange ré8inar p-toluene-
of the catalyst®® The formation of oligomers is also sulfonic acid®®® where the mass balances are 70 and 80%,
catalyzed by acids, and oligomerization takes place mainly respectively. This fact has been also observed by other
in the polar phase (sugar phase) of the heterogeneous reactioauthors in the glucosidation with 1-butanol in the presence
mixture. Therefore, the oligomerization of glucose can be of HY zeolites®®® A study of the influence of the zeolite
reduced by using hydrophobic acids such as alkylbenzene-crystal size of a Beta zeolite on the acetalization of glucose
sulfonic acids, which will be preferentially dissolved in the with 1-butanol has shown that the effectiveness is maximum
less polar phase. The use of homogeneous acids presentfor samples with a crystallite size0.35um, indicating that,
the problems of neutralization and washing steps, togetherin this range of crystal size, the influence of the diffusion of
with the inconvenience of possible corrosion in the 6#igs! the reactants through the micropores is mininfdinin
Solid acids are thus attractive catalysts for this process, andaddition, it was shown that the formation of butyt
direct glycosidation of carbohydrates with aliphatic alcohols pyranoside is more affected by diffusion than the furanoside.
using heterogeneous acid catalysts has recently been re- e influence of the zeolite framework Si/Al ratio of the
viewed by Corma et &f? _ _ Beta zeolites on the glucosidation of 1-butanol has been also
2.2.1.9.1.2. Heterogeneous Catalysis. It is k_nowgB that gy, died®®! The Si/Al ratio defines the number and strength
sulfonic resins catalyzgethe formation of alkyl glycosiBs™ o aciq sites, but it also determines the hydrophilic/
Van Bekkum et af® reported the use of an acidic phyqrophobic character of the surface, i.e., the adsorption
macroporous sulfonic resin (Dowex MSC-1) to perform the - heries of the zeolite. In the case of formation of alkyl
glucosidation between isopropylidene-protected glucose andy,cosides, the different polarities of the two reactants
different alcohols. The protected glucose is more solu_ble in (saccharide and alcohol) make the adsorption property of
the alcohol phase and reduces secondary oligomerizationghe catalyst a key parameter. Due to the different polarities

reactions. of the two reactants, there is an optimal Si/Al ratio of the
e zeolite that matches two key properties, the number of active
® ><° CH,0H sites and the adsorption characteristics. Furthermore, the
Acet (0] (o) 0 . . . ..
D-Glucose  cetone  HsC ROH/H* OH JmoR deactivation rate is lower when the hydrophobicity of the
H* OH zeolite is higher. Similar results have been found by Chapat
O)<CH3 OH et al®? for the glucosidation of 1-butanol over a series of

CH; dealuminated HY zeolites with different framework Si/Al
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OH

ratios (2.5-100), working under similar reaction conditions. CH,OH OR
692 - HOH,C._ O HOH,C._ O

Moreover, these authors fouifei*®?that the use of micro- NCHZOH ROH HOor HO cH0H
porous catalysts can increase the stereoselectivity to butyls,° H* OH o
pB-D-glucopyranosides significantly. w-D-fructofuranoside ,

. . . B-D-fructofuranoside

The preparation of long-chain alkyl glucosides has been

carried out by a two-stage transacetalization process using OR
Beta zeolite as a cataly®€ Thus, transglucosidation of a + /~0
mixture of butylp-glucosides witm-octanol at 393 K and i CH;OH

400 Torr, using an alcohol/butyg-glucoside molar ratio of
12, gave the octyl glucoside isomers,5-octyl p-gluco-
furanoside and thet,3-octyl p-glucopyranoside, in yields

of 10 and 80%, respectively. In general, ratios of fatty alcohol Of various monosaccharides with alcoh®fs®**with short-
to butyl p-glucosides of 4 and above were found to give a Chain alcohols, excellent conversions are obtained. However,

good initial reaction rate while minimizing side reactions. with fatty alcohols, the conversion of monosaccharides into

B-D-fructopyranoside

The direct reaction of a long-chain alcohol witkglucose
was performed using HBeta zeolite as catalyst. The main
problem is the low solubility of the monosaccharides in long-
chain alcohols. To overcome this limitation, the reactions
were performed using an excess of alcohol while glucose

was added in incremental amounts. By operating in these

conditions, the glucosidation with 1-octanol in the presence
of Beta zeolite at 393 K gave a total conversiomejlucose
with yields of 99% of octyb-glucoside$?* When the direct
glucosidation was carried out with 1-dodecanol, the yield
of dodecyl glucosides was somewhat lower (80%) but
significantly higher than those obtained by the transglucosi-
dation process.

The ordered mesosoporous aluminosilicate MCM-41,

which possesses an acid strength much weaker than that oP

zeoliteg®” and similar to that of amorphous siliealumina,

is able to catalyze glycosidation reactions, and 98% vyields
of butyl p-glucosides were obtainé® In agreement with
what is observed when using Beta zeolf¥s3 study of the
influence of the Si/Al ratio of the catalyst showed that there
is an optimal Si/Al ratio of the MCM-41 that matches two
key properties, the number of active sites and the adsorption

De Goede et &% reported the preparation of alkyl

alkyl glycosides never exceeded 60% as a consequence of
deposition of the sugar anhydride on the catalyst. In the case
of alkylation of fructose, a recirculation procedure allows
guantitative conversion of fructose into long-chain alkyl
fructosides to be obtained.

Laminar clays such as montmorillonites have been used
as solid catalysts in the glucosidationmejlucose by butanol
and dodecandP® KSF/O was the most active montmoril-
lonite, giving an 88%b-glucose conversion with 89%
selectivity to butylb-glucosides, while K10 montmorillonite
was much less active, affording 37% conversion under the
same reaction conditions. However, using KSF/O catalyst
with dodecanol, low yields of dodecgtglucosides (16%)
along with larger vyields of oligoglucosides (31%) are
btained.

Dodecyl p-fructosides have been also prepared by the
direct Fischer reaction betweerfructose and dodecanol in
45% vyield using an acid clay (Tonsil) as catal§st.

2.2.1.9.2. Enzymatic Glycosylatiofi-Glycosidases are
enzymes that hydrolyzg-glycosidic bonds but have found
application in the synthesis of alkyl glycosides since they
can also catalyze the reverse alkylation reaction, producing
alkyl -p-glycopyranosidé®-792The use of glycosidases to
catalyze the synthesis of alkyl glycosides has recently

glycosides by reacting an alcohol or a lower alkyl glycoside ttracted considerable interest due to its numerous advantages
with a saccharide (including mono-, di-, and oligosaccha- (igh specificity of enzymes, production of anomerically pure
rides), with an MCM-41-type material as catalyst. Because products, no protection/deprotection steps required for the
ketohexoses are susceptible to dehydration and other deQSugar hydroxyl groups, mild reaction conditions, €€).
radation reactions when treated with conventional strong The synthesis of alkyl glycosides catalyzed by glycosidases

homogeneous and heterogeneous acid catalysts, the mil¢an pe carried out in one step, either by direct condensation
MCM-41 acid catalyst was found to be an excellent catalyst of 3 monosaccharide and an alcohol (reverse hydroly-
for 2-O-alkylation of ketohexoses (fructose and sorb&%e). SisYOL704705 or by transglycosylation between a reactive

The glycosylation of fructose with 1-butanol was carried out glycosyl donor and an alcohdl2796-708 Because water is

at reflux temperature in the presence of a MCM-41 (Si/Al pecessary to maintain the enzymatic activity, both processes
= 60), and after 2 h a yield of 100% of butyl fructosides  4ye carried out in a biphasic medium with an aqueous phase
was obtained. When the glycosylation was performed with containing hydrophilic components, the enzyme and a
1-octanol and 1-dodecanol at 353 K, yields of 80 and 40% gypstrate (mono- or disaccharide), and the corresponding
of the corresponding alkyl fructosides were obtained, re- gjiphatic alcohol being in an organic phase. An important
spectively. Glycosidation of fructose yields three main jyconvenience of two-phase systems lies in the reduction of
products: thes-p-fructopyranoside and the- and -p- the water solubility of an alcohol when increasing the chain
fructofuranosides. It was shown that the furanose/pyranosejength, decreasing, therefore, its availability to the enzyme
ratio can be modified by varying the Si/Al ratio in the MCM- i, the aqueous phase, with a corresponding decrease in the
41 catalyst. reaction rate. As could be expected, this system works better
Fructose-containing disaccharides have also been glyco-with short-chain alcohols (1-butanol). However, the reaction
sylated using MCM-41 as a mild acid catalyst. For instance, rate drops by a factor of 4 when passing from butanol to

butyl leucroside, butyl isomaltuloside, and butyl lactuloside
were obtained in yields of nearly 100% by refluxing the
corresponding sugar with 1-butanol during 24 h in the
presence of an MCM-4%”

The silica-alumina cracking catalyst HA-HPV (high
alumina-high pore volume) has been used for the alkylation

octanol, and it becomes almost zero for alcohols with more
than eight carbon atoni8’ The use of co-solvents such as
tert-butanol and acetonitrile does not improve the restfts.
Another drawback is that the presence of water causes
product hydrolysis (and substrate hydrolysis when trans-
glycosylation is performed) as a side reaction. Due to this,
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the yields of alkyl glycosides are generally low. Taking into sulfuric, or phosphoric acids and bases such as NaOH, KOH,
account all of the above, different approaches have beenor alkaline carbonates are generally used in the absence of
taken to develop a viable process for enzymatic preparationsolvents. A two-stage process for the synthesis of sorbitan
of alkyl glycosides, for instance, the use of enzymes fatty acid esters has been developed. In the first stage, sorbitol
solubilized in organic solvents by reverse micelléspr is dehydrated to sorbitan under acid catalysis, and in the
operating with glycosidases that present a good catalytic second stage, esterification or tranesterification of sorbitan

activity at low water concentration, such as almghdlu-
cosidase and other thermostable enzyf&s$!® Enzyme
immobilization is another approach that allows the enzyme
to be used efficiently in nonaqueous media while introducing

takes placg?5 727,729

The use of heterogeneous catalysts for production of
sorbitol esters is limited. Van Rhijn et &0 reported the
formation of dilauryl isosorbide by reaction of sorbitol and

many important advantages, such as enzyme reuse, continutauric acid in the presence of a siliceous MCM-41 function-

ous operation, controlled product formation, and simple
processing’6-71° Recently, Basso et &° immobilized
almondp-glucosidase by adsorption onto Celite in a process

alized with sulfonic acid groups. The selectivity of the diester
was 95% at 33% lauric acid conversion.

Amberlyst-15 has been used as acid catalyst for the

that was used for alkyl glucoside synthesis. The authors ggerification of isosorbide with-octanoic acid, giving yields
reported that the amount of water added to the system asyf e corresponding diester of 98%%.

well as the addition of co-solvents has a great effect on the
enzyme activity. In other works, the stability §fglucosidase
was increased in biphasic media when immobilizing the
enzyme on a modified polyacrylamide supp8rtor in
microcapsuleg®®

2.2.1.10. Esterification of MonosaccharidesOne im-

portant class of sugar esters are those derived from fatty

acids. Fatty acid sugar esters combine a hydrophilic part
(sugar) and a hydrophobic chain (the fatty acid), conferring
to the molecule tensioactive properties. These compound

have found a wide range of applications as biodegradable
surfactants and as low-calorie fat substitutes. For applications
t

in foods, pharmaceuticals, and cosmetics, the most importan
fatty acid sugar esters are the sucrose and sorbitol esters. |
this section we will discuss the production of sorbitol esters
while esters of sucrose will be reviewed later.

Sorbitol fatty acid esters can be produced by direct base-
or acid-catalyzed reaction of sorbitol with fatty acids at
elevated temperatures or by transesterification of sorbitol with
fatty acid methyl esters or triglyceridé€.72” Sorbitol
dehydrates partially at moderate temperature, and conse
quently, during the esterification or transesterification pro-
cesses, the sorbitol dehydrates, giving its anhydride forms:
hexitans (mainly 1,4-sorbitan and minor amounts of 2,5-
sorbitan) and hexides (mainly isosorbide) will occur.

OH o)
0 OH
CH,OH HO OH
OH -HQO +
HO / HO  OH
OH HO OH
OH 1,4-Sorbitan 2,5-Sorbitan
CH,0H &o
Sorbitol HO o)
(@) OH

Isosorbide

S

Acid zeolites (Beta, ITQ-2, mordenite) and Cs-containing
heteropolyacids have been used as catalysts for the esteri-
fication of oleic acid with sorbitol. Zeolites and heteropoly-
acids exhibited acceptable activity for this reaction, achieving
conversions of sorbitol between 49 and 99%. The hydroxyl
number of the mixtures of esters obtained was about of 100
mg of KOH g*. The hydroxyl number gives information
about the OH content of the esters, which depends on both
the degree of anhydrization and esterification. This hydroxyl
value is consistent with the formation of isosorbide and/or
sorbitan esters having a high degree of esterificafidim
order to improve the selectivity to monoesters and avoid the
r{flnhydrization of sorbitol, the hydroxyl groups of sorbitol
were protected by ketalization with acetofi@ When the
ketals were reacted with oleic acid in the presence of zeolites
and heteropolyacid as acid catalysts at 408 K, between 70
and 90% sorbitol conversion was obtained, and the hydroxyl
number of the mixtures of esters increased significantly when
mordenite zeolite was used as catalyst. These results appear
to indicate that the ketalization of sorbitol, in cooperation
with the shape-selectivity effect of the zeolite catalyst,
reduces the anhydrization of sorbitol and also decreases the
average esterification degree of the final product.

Enzymatic synthesis of esters of polyols has emerged as
an interesting alternative to the chemical synthesis because
enzymatic synthesis provides regio- and stereoselective
products. The synthesis of sugar esters using lipase has been
studied extensively in recent yed?4.7%8 However, the main
limitations in the biological synthesis of sugar esters are the
difficulty to dissolve both the hydrophilic and hydrophobic
substrates in a common, low-toxicity organic reaction solvent
and the lack of stability of lipase in organic solvents. In order
to cope with these limitations, strategies based on the
modification of substrates to increase the solubility of the
polyhydroxylated substrates in the hydrophobic mé#ig#!
selection of reaction conditions favoring yield and selectiv-
ity,738.742.743nd the use of modified lipases which are stable

Therefore, the esterification or transesterification processesin organic solvents have been reportédrhus, using lipase

lead to complex mixtures of sorbitan and isosorbide mol-
ecules with different degrees of esterification degree (mono-,

modified by synthetic detergent, the esterification of a variety
of polyhydroxylated substrates in different solvents was

di-, triesters, etc.). The anhydrization degree increases in thecarried out with acceptable success. For example, the
presence of an acid, and therefore in acid-catalyzed processegsterification ob-glucose, xylitol, and sorbitol with palmitic

a high proportion of esters of isosorbide are formed, while
base-catalyzed reactions lead mainly to esters of sorBitan.

acid gave ester conversions higher than 90%.
2.2.1.11. Hydrogenolysis of Sugars and Sugar Alcohols.

A disadvantage of the direct base reaction is that the resultantMonosaccharides such as glucose, xylose, and their hydro-

product is highly colored?® and treatment with a bleaching
agent is required in order to obtain acceptable color values.
Homogeneous acid catalysts such @soluenesulfonic,

genated products (sorbitol and xylitol) underge-C and
C—0O hydrogenolysis in the presence of hydrogenation
catalysts, leading mainly to a mixture of simple polyols like
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ethyleneglycol, glycerol, and 1,2-propanediol. Other products larger activity in dehydroxylation than in -€C bond-
such as tetritols, lactic acid, methanol, ethanol, and propanolbreakage. Thus, the treatment of aqueous sorbitol solutions
can also be formed> 747 on CuO-ZnO catalyst under 130 bar of hydrogen pressure
Traditionally, hydrogenolysis of sugars is carried out in at 453 K gave a 73% yield of £ polyols, with a 63.1%
aqueous solution using heterogeneous catalysts and ofteryield of deoxyhexitols (hexane-1,2-diol, hexane-1,6-diol,
high temperature and pressures. Typically, temperatures inhexane-1,2,3-triol, hexane-1,2,6-triol, and hexane-1,2,4,6-
the range of about 575625 K are required, with pressures tetrol). The mixture of polyols was used to prepare alkyd
between 1000 and 4000 psig. In many cases, the use of basi@olymers.
promoters to prevent catalyst deactivation and/or to promote
catalyst activity is require@’® 750 A variety of catalytic ~ 2.3. Chemical Transformation of Disaccharides:
hydrogenation systems have been used to perform sugaiSucrose
hydrogenolysis. For instance, Conradfrreported that the ) )
hydrogenolysis of saccharose in alkaline aqueous medium Due to environmental pressure and the irrevocable de-
(pH 11-12.5), using nickel on kieselguhr catalyst, proceeded crease in fossil raw materials sources, the use Qf biomass or
with 83% conversion to a product containing 43% glycerol renewable feedstock has emerged as a necessity. In contrast
and 25% propylene glycol. The hydrogenolysis of xylitol 0 carbohydrate.chemlstry, the dgvelopment of blo-based
using the same catalyst gave a product containing 439, Products facc_as dlfferentok?staclesm.that fossil raw m_atenals
ethyleneglycof® Ni supported on silica or alumina has been have low prices and their processing technology is well
used in batch? and in continuous reactors for the hydro- known and developed and differs drastically from the

genolyis of sorbitof5! giving conversions to glycerol of technology for conversion of carbohydrates. Nevertheless,
about 35%. Hydrogenolysis of sorbitol as well as xylitol as aresult of the combined effort of companies and academic

using Ni/SiQ catalyst in nonaqueous solvents, such as laboratories, bio-feedstocks will soon become competitive

methanol and ethanol, yielded mainly ethyleneglycol25 With fossil raw materials. , ,
45%) and propyleneglycol (25409%)752 Sucrose is widely present in the plant kingdom and
Ru-based catalysts are active for the hydrogenolysis of constitutes the main carbohydrate reserve and energy source
sugars and sugar alcohdfé: 75 Montassier et al5” studied required in humans’ dlets.slt is produced from sugarcane and
. . * -D-
the effect of pH on the hydrogenolysis of sorbitol on a Ru/ sugarbeet (130*X0t/year)® Sucrose ¢-D-glucopyranosyl

SiO, catalyst. They found that, in a basic medium and p-b-fructofuranoside of-p-fructofuranosyl-p-glucopyrano-

independent of reaction temperature, the main reaction is _side) is a non-reducing sugar and is the major disaccharide

reverse aldolization, which gives a mixture of products M rgostdd|fets. Sq[' mhconjuncnon V‘f[';h glucose, ‘g’h;]CZ 'St
containing two or three carbon atoms. However, in a neutral Produced from starch, sucrose 1S thé main carbonydrate
medium, lowering the temperature leads to an increase infeedstock of low-molecular-weight to elaborate chemicals.

compounds with three carbon atoms (glycerol and 1,2- It is present in honey, maple sugar, fruits, be”‘e.s’ _and
propanediol). A similar dependence on the pH was found vegetables. It may be added to food products as liquid or

by Muller et al. in the hydrogenolysis of saccharose using CrYStalliné sucrose or as inverted sugar. Sucrose can provide
RU/C catalysfs? a number of desirable functional qualities to food products,

including sweetness and consistency in the mouth, and has
the ability to transform between amorphous and crystalline
states. Sucrose and inverted sugar are used in many food
products, including ice cream, baked goods, desserts, confec-
tions, intermediate-moisture foods, and soft drinks. The use
of sucrose in soft drinks has decreased because of the
increased usage of high-fructose corn syrups, which offer
greater availability and lower costs.

Other catalytic systems used in hydrogenolysis reactions
are Pt-based cataly$t3and Re-based catalyss:76%1t was
found that Re-containing multimetallic catalysts such as Ni
or Pd hydrogenolyzes glycerol, sorbitol, and xylitol, giving
mainly propyleneglycol. Yields between 40 and 66% of
propyleneglycol were obtained starting from glycerol. How-
ever, starting from xylitol or sorbitol, the yields were lower
(between 15 and 30%4§%-761

Cu-based catalysts have been also used for hydrogenolysis 6
of sugars and sugar alcohdfd:764 It was found that they 5 OHO 1.OH
are more active in dehydroxylation than in—C bond- 4 oH 1 3,0 5'
breakagée® 7% For instance, Barbier et &° reported that OR o A
sorbitol is hydrogenolyzed using Raney Cu catalyst at 493 3 on OH OH
K and 40 bar of hydrogen pressure, giving pentitols (12.2%), S
glycerol (40.7%), 1,2-propanediol (13%), 1,2-butanediol ucrose

(8.1%), ethyleneglycol (6%), and propanol and butanol (3%).
Most of the processes described above are designed t
produce polyols with two or three carbon atoms, especially
glycerol, and very few are designed to produce higher-
molecular-weight polyols (&), which could be used to
manufacture polyesters, alkyd resins, and polyurethanes. Fo
instance, Schuster and Himm@&lereported that aqueous 2.3.1. Hydrolysis
solutions of fructose, in the presence of multimetallic mixed- ~
oxide catalysts, gave a product containing/Awt % of 1,2- The hydrolysis of sucrose allows its conversion into
butanediol and 310 wt % of 1,2,5,6-hexanetetrol. Better inverted sugars, i.e., glucose and fructose, which are widely
results in the production of £ polyols were reported used in the food industry. Enzymes were the main industrial
recently by Gallezot et &F8 The authors selected a copper catalysts used for the hydrolysis of sucrose, but they present
catalyst for the hydrogenolysis of sorbitol because of its different drawbacks, such as the production of waste, low

Sucrose can be functionalized and converted into different,
qnteresting additives. However, the chemical transformation
of sucrose is limited because of the poor selectivity of the
reactions and the low choice of solvents, both of which result
rin high purification costs.
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of~QH 1 OH OH OH sucrose, with high_er co_n_version and turnover frequency than
4 OH 3 102%3'07 5 H% R EFO\OH Amberlyst-15, nafion-silica, and HZSM-5 catalysts.
OHs [~ 4 ¥ 67OH H O%H on OH Zeolites were also used as active catalysts for the hydroly-

sis of sucrose. Buttersack et al. studied the hydrolysis over
. dealuminated Y zeolite¥® They showed that the sucrose
Inversion of sucrose molecule adopts a conformation that allows its diffusion into
- ) . the pores of Y zeolite due to intensive hydrophobic interac-

thermal stability, and problems with separation and recovery tjon and adsorption over the zeolite surface. So, the zeolite
of the enzyme from the product. Recently, some studies of ores were able to include one molecule of sucrose plus one
supported enzymes have been carried out in order to improvemplecule of water. At 343 K, they could convert 90% of
enzymatic processes which require long reaction time andgycrose into inverted sugars with a selectivity close to 90%
complex reaction workuff® Nevertheless, to overcome these in the presence of highly dealuminated Y zeolite (Si#Al
drawbacks, strong acidic cation-exchange resins with sulfonic 110). Moreau et &’ recently compared the activity of
groups have been used industrially for hydrolysis of sucrose, yarious acid dealuminated zeolites: H-BEA, H-MFI, H-
operating at relatively low temperatures but generally \OR, and H-Y-FAU. High selectivities were obtained in
producing high levels of impurities and the formation of g cases, regardless of the level of conversion. These
5-hydroxymethylfurfural (HMF)®7"*Strongly acidic cation  materials are of interest because of their adsorption proper-
exchangers were tested and patented for the hydrolysis ofijes especially for the adsorption of colored side products
sucrose at 298343 K, with high conversions (97%) and  such as HMF. Colored products are not acceptable in the
selectivities close to 97% (48.5% fructose and 48.5% food industry. These materials reduced the byproduct amount
limitation of conventional resin in carrying out the inversion \yith good yields afte4 h reaction time and using 6 wt %
of sucrose. So, they studied the catalytic activity of poly- of catalyst (H-Y (Si/Al= 15)). The activity of dealuminated
styrene-based ion-exchange fiber, which presented excelleniyy_zeglite (Si/Al = 15) for the inversion of sucrose was
chemical stability and mechanical strength. They observed ot reported
that the apparent rate constant of the filamentary IONEX  gjjica_supported heteropolyaciés and metallic oxides
was about 14 times higher than that of the gel-type resin \yqre 5150 tested by lloukhani et&tA kinetic study of the
(Amberlite IR 200). In 1987, Kim et al’* reported the use hydrolysis of sucrose over-Al,Os, Nb,Os (which did not
of sulfonateq polystyrene latex as a more effective catalyst develop any catalytic activity), ' and JDy/y-Al,0; was
for hydrolysis of sucrose than,BO, or Dowex 50. Later, — ohqrteq. With the latter catalyst, the authors calculated an

Mizota et al’”™> compared the catalytic activities of conven- -, qiyation energy of 54.39 kd/mol and obtained a conversion
tional divinylbenzene cross-linked polystyrene resin with |5<e to 56-60% at 353 K after 3 h.

grafted sulfonic acid groups and grafted sulfonic acid groups

on a polyethylene hollow fiber, prepared by electron beam 2 3 2 Esterification

radiation-induced graft polymerization of sodiymstyrene- . )
sulfonate and hydroxyethyl methacrylate. With respectto the ~The sucrose esters (SEs) have numerous interesting
hydrolysis of methyl acetate, the authors did not observe Properties due to the presence of lipophilic and hydrophilic
differences in activity between the two materials. However, Moieties, provided by sugar (sucrose) and alkyl chain (ester)
when the larger molecule, sucrose, was hydrolyzed, theyresidues, respectively. The ratio of sucrose to alkyl chain
observed that the grafted sulfonic acids fiber exhibited an Will define the tensio-active properties of the resulting
activity 10 times higher than that of the cross-linked acid compound. SEs are nonionic, surface-active agents. For all
catalyst, because of the lower accessibility toward the thes reaasons, the SEs can offer a large range of hydrophilic/
sulfonic acids groups for large molecule size in the case of lipophilic balance (HLB), which is the result of the nature
the cross-linked catalysts. Furthermore, the authors deter-and length of the ester chain and the degree of esterification.
mined that the activation energy for hydrolysis with the fiber Thus, they find many applications as surfactants and emulsi-
catalyst was 95 kJ/mol, which is the same as that obtainedfiers, with growing applications in pharmaceuticals, cosmet-
with "homogeneous HCI catalyst. The author achieved ics, detergents, and food. Because of their properties as
complete hydrolysis of sucrose into glucose and fructose atantimicrobials, they are of interest for the storage of food,
60 °C after 12 h of reaction in batch, producing negligible and their antitumordt® and insecticiddf* properties show
amount of side products (di-fructose dianhydride). More  their versatility and the large range of possible applications.
recently, Nasef et df® reported the preparation of the Besides their attractive properties, they are also readily
radiation-induced grafting (high-energy radiation) for the biodegradable, nontoxic, and mild to the skin. About 4000
synthesis of copolymer with sulfonic acid groups. They tons of SEs are produced per year.

prepared a radiation-grafted poly(tetrafluoroethylene- There are numerous detailed studies on the metabolism,
perfluorovinyl ether)graft-polystyrenesulfonic acid mem-  digestion, and absorption of SEs, and they were first
brane (PFAg-PSSA) and tested it for the hydrolysis of approved in 1959 as food additives in Japan. They were
sucrose in batch at 333 K. After 12 h, complete conversion recognized by the U.S. FDA in 1983 (21 CFR *172.859) as
of sucrose and quantitative yields of glucose and fructose food additives (Europe: E 473). SEs can be used as
were obtained. Moreover, it was observed that an increasenoncaloric fats, and they are actually produced by Procter
in the degree of grafting of sulfonic acid groups enhances & Gamble as Olestra. They are a mixture of penta to octa
the catalytic activity of the membrane. The water-tolerant fatty acid esters of sucrose and are prepared with a base such
mesoporous silicas with bridging organic fragment (ethyl, as potassium carbonate at 3763 K."¢°

phenyl), modified with sulfonic acid groups, were also used  SEs can be obtained by esterification and transesterification
as catalysts for the hydrolysis of sucrdé€These materials  processes in the presence of chemical or biological catalysts.
exhibited high activity and selectivity for the hydrolysis of The chemical processes generally occurr in base catalysis at

Sucrose Glucose + Fructose
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high temperatures and give poor selectivities and coloredand 76%, respectively, with a sucrose/methyl ester molar
products’®® The transesterification of fatty acid methyl esters ratio of 2.4.

(FAMES) or triglycerides with a base at 39303 K was -

reported by Tate and Lyl&? 2.3.3. Etherification

Enzyme-catalyzed processes are the most selective and |jke sucrose esters, sucrose ethers present numerous
occur at lower temperatures. Hydrolases such as lipases anghteresting properties due to presence of their lipophilic and
proteasesHumicola lanuginosand Candida antartica B hydrophilic residues. Depending on the nature of the alkyl
in nonaqueous solvent because of the possible hydrolysischain and the degree of substitution or etherification, the
were found to selectively esterify sugars. For example, serinesucroethers present new characteristics and can find applica-
protease is well known to produce SEs at th®©iposition  tions as nonionic surfactants in food and cosmetics, or in
in DMF and pyridine/®* 7% while the metalloprotease, plastics and polymers. Moreover, they are biodegradable and
thermolysin, produces acylation to the 2-O-position in nontoxic. In contrast to sucrose esters, sucrose ethers are
DMSO.”#*793 But the two major drawbacks are the stability - chemically more stable in alkaline medium, which can extend
of the enzyme in organic solvents (denaturized) and the low their possible applications.

solubility of sucrose in these solvents, which generally are  T\o main methods for the synthesis of sucrose ethers have

DMSO, pyridine, and DMF. been reported in the literature. One of them involves the ring-

Mitsunobu-type esterificatidPf+"°>using acyl chlorides has  opening of epoxide in the presence of a tertiary amine under
been reported®® 7% A mixture of 6,1,6'-triesters, 6,6 tedious experimental conditions. The major drawback of this
diesters, and 6-monoesters is obtained, following the orderprocess is the problem of heterogeneity of the reaction media
of reactivity 6-OH= 6'-OH > 1'-OH > secondary-OH% due to the difference in polarity of the reactants, since long-

Selective esterification to the 2-O-position was performed chain epoxides are not miscible with sucrose. The other
usingN-acylthiazolidine thiones, as well as the preparation method is the telomerization of butadiene with sucrose using
of 2-O-tosylated, which could be further converted. Methods a palladium complex and a phosphine as catalyst. This route
using metal complexes for the esterification at the 3- and is generally used to obtain long-chain substituted ethers.
3-O-positions have been described recent patent de- In 1999, the preparation of sucroether by ring-opening of
scribes a new way to make homogeneous 8ESruces et 1,2-epoxydodecane from unprotected sucrose, in water, was
al%%2have carried out the base-catalyzed synthesis of sucrosgeported by Gagnaire et #° After 4 h and at 383 K, mainly
fatty acid esters of carylate, laurate, myristate, and palmitate products that were monosubstituted at the 2- afmbsitions,
using NaHPQ, at 313 K in DMSO, with a sucrose/ester with yields of 36 and 19%, were obtained in the presence of
molar ratio of 4, by transesterification with the corresponding N-methylmorpholine, with cetyltrimethylammonium bromide
vinyl esters. The sucroses esters contain®@% of mono- s surfactant, with a sucrose/epoxide molar ratio of 4. In the
esters, of whichz 60% were 20-acylsucrose, obtained with  presence of M@\NBu, similar results were obtained. Without
conversions=90% and yields up to 97%, while the base- surfactant, at longer reaction times because of the induction
catalyzed processes, generally transesterification of tri- period of the reaction, yields of sucroethers close to 47%
glycerides or FAMEs, give low selectivity to mono- and were obtained in the presence of both tertiary amines.
diesters. Moreover, because of the low solubility of sucrose Addition to sucrose of 1,2-epoxydodecane and 1,2-epoxy-
in the oil, a solvent is required, generally DMF or dodecan-3-ol in DMSO and in water showed that 1,2-
DMSQ 80380430, for further applications of SEs in food or  epoxydodecan-3-ol was more reactive because of inter-
cosmetics, it is necessary to remove completely the toxic facial as well as electronic reasons. In water, with 1,2-
solvent in order to meet the FDA regulations, with a epoxydodecane and 1,2-epoxydodecan-3-ol, monoethers and
corresponding increase in the cost of the process. Andiethers yields respectively of 26 and 16% in the first case,
alternative to the use of toxic solvents is the addition of and 22 and 15% in the other, were achieved. In DMSO, for
emulsifiers such as sodium stearate or the sucrose monothe same reactants yields of monoethers close to 60 and 66%,
ester to the reaction system. In another case, the forma-respectively, were obtained, both reactants showing similar
tion of the emulsifier is realized in situ by the addition of reactivities in homogeneous medidhThe same group also
KOH or NaOH to the FAME, which is then partially  showed the effect of the emulsification of the heterogeneous
saponifiedt®>8%7 reaction of sucrose with 1,2-epoxydodecane in water on the
While studies in homogeneous phases and in biocatalysisreaction rates, the yields, and the product distributién.
are numerous, we have found few examples of preparationpierl’e et aflalso reported the etherification of sucrose with
of SEs in heterogeneous catalysis. Barrault 8akported  the 1,2-epoxydodecane using different tertiary amines. An
the transesterification of FAMEs with sucrose in the presence efficient heterogeneous catalytic process has been developed
of guanidine (4,5,7-triazabicyclo[4.4.0]dec-5-ene) supported on the basis of a basic anion-exchange resin, at 383 K. Yields
over mesoporous silica (HMS). Due to the high basicity of of mono- and diethers close to 70 and 10%, respectively, in
guanidine, high activity and selectivity of the supported DMSO, with a sucrose/1,2-epoxydodecane ratio of 4, are
catalysts toward the formation of mono- and diesters were obtained in this case. Unfortunately, at this temperature, the
obtained. More specifically, at 383 K in DMSO, with resin was not stable and its reuse gave only a 25% yield of
sucrose/fatty ester (C12) molar ratios of 1 and 4, conversion sucroethers. In the homogeneous phase, witiN@¢1 under
of fatty esters of 96 and 92%, respectively, and yields of the same reaction conditions, yields of mono- and diethers
mono- and diesters of 36 and 32% in the first case and 690f 79 and 14% are obtained. Moreover, the authors suggested
and 14% in the second case are observed. In 2003, Le Coenthat the formation of 1,2-dodecanediol, which could act as
et al®® studied the kinetics of transesterification of methyl surfactant, was necessary for a better mixing of 1,2-
palmitate and sucrose in the presence ¢E&; in a batch ~ epoxydodecane and the sucrose.
reactor. The reaction was carried out at 403 K, and after 5 In 1994, Hill et al®*+816 reported the preparation of
h they achieved yields to mono- and diesters close to 11 sucroethers by telomerization of butadiene with sucrose in
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the presence of phosphine (BPand a palladium complex  oxygen, electrocatalytic oxidation, and the well-known
(Pd(acag), at 343 K, in a mixture of isopropanol/water. They TEMPO-mediated oxidatio??®> The oxidation of secondary
obtained sucroethers (octadienyl) with a high degree of hydroxyls by biotransformation can give, for example,
substitution of 4.75.3. In similar conditions, Pennequin et  3-keto-sucrose by action of dehydrogenase, especially with
al. carried out the telomerization in water or water/isopro- Agrobacterium tumefaciefi® The presence of bromine can
panol medium, using as catalytic system a hydrosoluble achieve similar effects, and Andersson et al. have oxidized
palladium salt and trisodium tris¢sulfonatophenyl)phos-  glucose in an aqueous solution of bromine at pH 7 and room
phine (TPPTS). With NaOH (1 M), they found a good temperature into keto-sucroses (2, 3, 4, angddaitions)??’
compromise between sucrose conversion (85%) and selectiv- - gxidation with a noble metal such as platinum supported
ity and could obtain mono- and dioctadienyl ethers with on carbon with oxygen as oxidant constitutes a clean
yields of 43 and 45%, respectively, with a degree of yigation process using water as solvent (at neutral pH),
substitution of 1.6, while in isopropanol/NaOH (1 M), at 73%  atmospheric pressure, and temperata863 K. The oxida-
conversion, yields of 66 and 32%, with only 2% of side tjon occurs preferentially at the primary hydroxyl, and the
products, were achieved®:°Gallezot et af'® studied the  three primary functions of sucrose can be oxidized, giving a
effect of telomerization parameters, such as butadieneyje|q of tricarboxilate of 35% at 353 K and pH9. PY/C
concentration, butadiene/sucrose ratio, and the metal precuryyas more efficient than platinum/alumif#.Kunz et alé?®
sor on the degree of substitution using similar conditions renorted the selective oxidation of the positions 6 anaiith
and catalytic systems. They observed that palladium(ll) salts gspect to position 1, at 308 K over the same Pt/C catalyst
(Pd(OAc) and PdC)) were the most efficient catalysts and 4t neutral pH. Later, the same group described a process for
that an optimal amount of TPPTS ligand was required. - the production of mono- or 6,@licarboxylic acids, using a
One example of Williamson synthesis was reported by El- nople metal catalyst and a mixed-metal catalyst and removing
Nokaly et al*? Sucrose ethers were obtained from a he product continuously after its formation by electrodialysis,
microemulsion method using sucrose, bromododecane, NaOHip, order to avoid its further oxidation. So, the product stream

and sodium stearate in propanediol, heated at328 K \ya5 fed to a series of electrodialysis cells for repeated dialysis
for 90 min. The resulting mixture containeds5% sucrose  anq separation of the acids. Thus, continuous oxidation of
didodecyl ether and-35% sucrose monododecyl ether. — gaccharose at 308 K with oxygen in the presence of Pt/C
An examp_le of het_erogeneous _cataly3|s _of etherification catalyst gave a product composed of 56/44% of saccharose
of sucrose with poly(vinyl alcohol) in DMSO in the presence mono- and dicarboxylic acids, respectively. After repeated
of molecular sieves has also been described. The authorgjectrodialysis, the mixture presented a composition of 92/
obtained products with 1222% OH content, etherification  goy, respectivel§3°831The oxidation of the protected sucrose
extent 42—67%,_ and _substitution_ degree 3.8.4. The at the 1 position, reported by Edye et 833 confirmed
polysugars obtained with substitution degree 5.39 and 4.23h¢ selective oxidation of the primary alcohol with respect
were extremely bitter and sweet, respectivély. to the secondary alcohol, while preserving the hydroxymethyl
o group. So, it was possible to produce the dicarboxylic acid
2.3.4. Oxiaation with a yield close to 68% at neutral pH over Pt/C using large
Due to their possible uses in cation-sequestering, theamounts of platinum and at 373 K reaction temperature.

polyhydroxypolycarboxylates derived from sugars are inter-  gjgcirocatalytic oxidation is also conducive to oxidation
esting targets and can find applications in detergéfe¥” ¢ primary hydroxyl to produce monocarboxylic acid in
These complexes have calcium ion-sequestering, metal ion$;|aline medium on various noble and non-noble electrodes.
carrier, and dispersing agent properti€sMoreover, they  pecently, Parpot et & reported that the electrocatalytic

are availa_lbile from cheap, renewable organic raw materials yyiqation produces mainly’dnonocarboxylic (80%) and
and are biodegradable. In 1983, Van Bekkum and co-workers6_monocarboxy|ic (10%) acids of sucrose with a conversion

studied the oxidation of sugars and their calcium-sequesteringys 5094, after 8 h.
capacities. They oxidized sucrose with periodate and hypo-
bromite and converted the resulting products into a sodium
salt in water, which showed interesting calcium-sequestering
capacitie$?*

The oxidation method using a NaOCI/TEMPO system was
also largely applied for the production of sucrose carboxylic
acids. One drawback of this system, in addition to the
disadvantages of homogeneous catalysis, is the need for

6 oH 8 cooH bromine in the regeneration of the nitrosonium ion, which
SO 15 M0 & SO 15 & is the oxidant of the system. So, several studies on the
St 0@1@ 2 0@5’ oxidation of sugars have been conducted to avoid the need

3 on OH OH 3 Coon OH COOH for bromide ions or to support the TEMPO system. The

Sucrose oxidation of sucrose by the NaOCI/TEMPO system without
Tricarboxylic acid sodium bromide could be conducted in the presence of high-
OH J
o]
N
// OH
o

tricarboxylate close to 80%. In the presence of bromide ions,
;'O’jo - the sonication also caused acceleration of the oxid&#H®
1 Q’ AG Some examples of products Due to environmental needs, heterogenization of the system
OH OH for the oxidation of sugars has been attempted, but until now,
oxidation of sucrose on such a system has not been
attempted. Nevertheless, we will relate here some work on
During the oxidation of sucrose, there are some processessupported TEMPO, since this can be useful for those willing
that preserve the disaccharidic backbone while others do notto use them for oxidizing sucrose. TEMPO has been
Among examples of the first case are oxidation of the supported over MCM-41 mesoporous material by a grafting
primary hydroxyl on platinum catalyst in the presence of method and was used for the selective oxidation of alco-

frequency (500 kHz) ultrasound, and this gave a vyield of
8]

of oxidation of sucrose

3-Ketosucorester
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hols837:838polymer-immobilized piperidinyloxyl (PIPO) was developed an alternative method for the purification of
also prepared as an efficient recyclable heterogeneoussomaltulose that removes the residual sucrose by enzymatic
catalyst, which exhibited superior catalytic results for oxida- conversion usingaccharomyces cernsiae, producing iso-
tion of alcohols than those previously achieved by supporting maltulose with a purity around 829 In Japan, Shin Mitsui
TEMPO on MCM-41 and amorphous silié&:34°Sol—gel- Sugar Co. distributes "Saucker’'s isomalt and produces
entrapped TEMPO within a silica matrix for the selective isomaltulose via enzymatic rearrangement similarly td-Su
oxidation of methyl a-p-glucopyranoside in water with  zucker’s process, providing isomaltulose with a purity close
NaOCI opened the way to heterogeneous catalysis forto 99%°84°

conversion of sugars? In 2003, Sakuratani and Toy8 So, isomalt is produced by hydrogenation of aqueous
carried out the selective oxidation of alcohol (no over- sojytion of isomaltulose in the presence of hydrogenation
oxidation) with a poly[4-(diacetoxyiodo)styrene] (PSID) and catalysts containing metals such as Ni, Pd, Ru, etc. The
TEMPO oxidation catalytic system, PSID could be recovered regylting product is a mixture of 6-(c.-p-glucopyranosyl)-

by filtration and reused easily after regeneration. These p_mannitol and 89-(c-d-glucopyranosylp-sorbitol% There
systems could be worth studying in a systematic way for gre numerous patents which claim the hydrogenation of

oxidation of sugars. isomaltulose. In 1985, a continuous process for hydrogena-
. . tion of 6-O-a-p-glucopyranosyb-fructose (isomaltulose) at
IZS.ghSIé/tGlucosy | Shift:Production of Isomaitulose and 100-500 bar and 343388 K, using a catalyst containing a
Group VIl metal or a mixture or their alloys, was described
One of the most important isomers of sucrose is iso- by Bayer. The resulting crystalline mixture of @-o-p-
maltulose. Isomaltulose (palatinose) is a disaccharide pro-glucopyranosido-1,6-mannitol andBe.-p-glucopyranosido-
duced by enzymatic conversion of sucrose, whereby the 1,2-1,6-sorbitol presented a purity of 99.6%.Goldschet5?
glycosidic linkage between glucose and fructose is rearrangedreported a process using Ru, Ni, or a mixture of them
into a 1,6-glycosidic linkage by action of an immobilized supported on inert carriers. For example, the hydrogenation
a-glucosyl transferase enzyrffélsomaltulose was identified  of an aqueous solution of isomaltulose over Ru/C in an
for the first time in 1952 and the first patent was described autoclave at 16 atm and 393 Krfa h gave 42.9% of &®-
in 1959, usingProtaminobacter rubrurf!® Since then, a  a-p-glucopyranosyl-1,&-mannitol and 57.1% of &-a-b-
large number of bacteria have been found to be active for glucopyranosyl-1,&-sorbitol. Another process uses a sup-
the bioconversion of sucros&erratia marcescenSerratia ported Ni catalyst at high temperature and pressure. For
plymuthica Erwinia carotaora, Leuconostoc mesentoroides  example, an alumina-supported Ni/Ni oxide/W oxide catalyst
etc. Isomaltulose (isomaltitol) is an intermediate in the produces 59.45% of ®-a-b-glucopyranosido-1,6-mannitol
synthesis of isomalt (E953), obtained by catalytic hydrogena- and 39.92% of 839-a-p-6-O-a-b-glucopyranosido-1,6-sor-
tion. It tastes like a natural sugar, is not sticky, is tooth- bitol at 343 K and 150 b&f2 Isomalt was also prepared in
friendly and suitable for diabetics, and has only about half high yields by hydrogenation in the presence of Raney nickel
as many calories as sugar because it cannot be completelyatalyst and PdC catalyst at 353393 K and 10 bar
metabolized. It is used as a non-cariogenic sweetener,pressuré>*
commercialized with trade names Palatinit and C*Isomaltidex
by Sidzucker AG and Cerestar, respectively, in candies,
chewing gum, chocolate, compressed tablets or lozenges
baking mixtures, and pharmaceutical products. Specifically,
its use in food was recognized as safe by the European
Commission’s Scientific Committee for Food in 1984.

Isomaltulose is a key molecule for the synthesis of new
intermediates with interesting emulsification, moisture-
stabilizing, or liquid-crystal properties. The selective modi-
fication of sucrose through a functional group could be seen
as a development in substituting the petrochemical resources
by renewable resources. For example, the reductive amination
of isomaltulose with hydrazine or ammonia, in the presence

+ K50 4 LOH 4 X5 of Raney Ni or Pd, Pt catalysts, converts isomaltulose into
HO% 3O o,  Sletrenstormagien “0%; isomaltamine, a mixture af-2-amino-2-deoxy-glucitol and
© on #on & 0.z o-2-amino-2-deoxys-mannitol. This compound, by reacting
Suorose Isomaltuiose O‘H “on with acid halides or anhydride, can give interesting new

derivatives with long alkyl chains or acrylate monomers
which can be used in the synthesis of polyni&psi>’

J Hydrogenation Cartarius et al. reported recently the reductive amination of
isomaltulose withn-dodecylamine in the presence of a

Biotransformation of sucrose

. . . OH i
into isomaltulose and its 4 K50 . heterogeneous catalyst (Raney Ni, Rh, Pd, Pt supported on
hydrogenated derivative, isomalt N carbon) that leads to a product mixture with excellent
o o OH surfactant properties. Pd/C catalyst showed the best results

for the reductive amination of isomaltulose (yield of
83%)855858Kunz et alf>® previously described a process for

For example, Cerestar produces isomaltulose from aqueougdeductive amination of isomaltulose with alkylamines (dode-
sucrose from the action d%. rubrums4 whose cells were  Cylamine), claiming their uses as hydrophilic wetting agents,
previously killed after a treatment with formaldehyde in order emulsifiers, etc. for washing compositions.
to avoid the presence of organisms in the product. The Isomaltulose can also suffer air oxidation in alkaline
resulting isomaltulose is then subjected to several stages ofmedium and can be converted into glucogy&rabinonic
purification (demineralization, crystallization, washing) to acid (GPA), giving the derived lactone (GPA-lactone,
achieve a purity>99%. Isomaltulose was first prepared by Scheme 22). The amidation with long alkyl chain amines of
Sitdzucker by enzymatic rearrangemef. (ubrun) and this derivative leads to fatty amides, which also present
obtained with a purity of 98%*” Recently, Cargill-Cerestar  interesting properties as detergents or liquid crySsi§s?

Isomalt
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Descotes and co-workéféreported a comparative study of
chemical oxidation of isomaltulose with TEMPO or Pt
catalysts, and selectivity could be improved with both
catalytic systems (TEMPO/NaOCI/NaBr or PO

Scheme 22. Conversion of Isomaltulose into GPA-Lactone

and Its Further Amidation
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A third key route for conversion of isomaltulose consists
of its dehydration intoo-5-glucosyloxymethylfurfural -
GMF) in the presence of acid catalystsd3ucker patented

Corma et al.

Recently, Lichtenthaler et & reported efficient and
large-scale-adaptable protocols for the conversion of
5-glucosyloxymethylfurfural into N-heterocycles of pyrrole,
pyridazine, thiophene, and benzodiazepine. The key inter-
mediate is the 1,6-dihydroxy-2,5-hexenedione, readily gener-
ated by oxidative furan ring-opening.

We have seen that there are a variety of processes to
produce isomaltulose and isomalt, as well as to produce a
large number of derivatives with interesting properties. This
field is still open to find new derivatives and applications as
well as to optimize the catalytic and separation/purification
processes.
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2.3.6. Polymers

a process for dehydration of isomaltulose using acid resins Sucrose can also find applications in polymers, such as
as well as a series of possibly interesting derivatives (SchemePolyurethanes, or as we have mentioned above, through the

23), obtained by reductive amination and acylation, by aldol-

Scheme 23. Possible Functionalization ai-GMF
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type condensation, oxidation, and esterificafié##5°With
Amberlite IR 120, in the proton form, GMF was obtained
with a yield of 68% at 393 K in DMSO. Lanthanide(lll)
ions (LaChk) were also found to catalyze dehydration of
saccharides to 5-hydroxymethyl-2-furfural (HMF) in DMSO
at 373-393 K, thep-fructose moiety in the substrates being
selectively converted to HMf® So isomaltulose gave
o-GMF with a yield of 36%, while sucrose could be
converted into the hydroxymethylfurfural derivatives with a
yield of 93%.

formation of esters or ethers with polymerizable double
bonds. The use of sucrose for the preparation of phenolic or
alkyd resins as well as polyesters, polycarbonates, and
polyurethanes has been reviewed by Kollonit&¢hirhese
polymers are mostly cross-linked and therefore insoluble,
and further structural and physical characterization is re-
quired.

It was shown that, under certain conditions, cross-linking
can be avoided, and polycondensates based on sucrose-free
hydroxyl groups that are soluble both in polar organic
solvents and in water can be obtained. The synthesis of
polyurethanes derived from diisocyanates (1,4-phenyl diiso-
cyanate or hexamethylene diisocyanate) and sucrose contain-
ing either blocked or free hydroxyl groups, by polyconden-
sation processes, has been descrifé8ome patents have
described the preparation of such compouf§gis$’?

We have seen that sugars are a source of a very large
variety of useful chemicals, some unique and others with
counterparts in the oil industry. We believe that improved
catalysts and progresses in biotechnology can make the
manufacture of many of those compounds economically
competitive. This will contribute to diminish our dependency
on oil by focusing on renewable sources. However, we have
to take into account that we still rely mainly on edible sugars
to produce those chemicals. Thus, the final objective should
be to obtain them from cellulose, provided that economical
and environmentally friendly processes to depolymerize it
will be developed.
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Scheme 24. Production of Valuable Products from Fats and Oils
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additives, bactericides, (Sf N, OH etc.) ag;r(;cgrzgr::g: 5
fungicides, emulsifiers Emulsifiers, lubricants, pharmaceuti cals Dicarboxylic acids, diols
etc. polymers, stabilizers polymers, plasticizers,
; 7 4 T l stabilizers v
Acetalisation Oligo or polymerisation Esterification or Oxidati bonvlati P oi,yﬁildeh}(’ldes orlpolyacids
T . xidative carbonylation olyamides, polyesters,
Glycerol formal and esterification glycerolysis ! 5, |
or Transcarbonatation 1
solvent Polyglycerols and esters Mono, di glycerides plasticisers
v surfactants, polymers v Surfactants (food) Glyceryl carbonate
. - Solvent, additive,
|:|Ox1dat10n Hydrogenolysis monomer, chemical —»
Dihydroxiacetone (tanning 1,2 0r 1,3 Internal d;hydration intermediate Fatty esters
agent, building block in propanediol New lubricants
organic synthesis) Solvent, antifreeze, Glyc}dol
Glyceric acid (building additives, monomers Stablh'zers,
block in organic synthesis) (polyurethanes) demulsifiers,
polymers
(polyurethanes)
3. Vegetable Oils and Animal Fats surfactants, surface coatings, polymers, pharmaceuticals, and

) cosmetics, etc., can be produced from fats and oils.
In recent years, a lot of interest has developed around the

industrial application of feedstock from renewable resources .
because sustainability will become increasingly important 3.1. Reaction of the Carboxy Group
for the chemical industry’>¢"®Among them, fats and oils 371 Fatty Acids
could become one of the major players in the chemical
industry in the near future. Their competitive cost, worldwide ~ The major process for transforming animal and vegetable
availability, and built-in functionality make them attractive oils and fats into oleochemicals is the hydrolysis of natural
for numerous commercial applications. They are not chemi- triglycerides into glycerine and mixed fatty acids, under the
cally very different from some petroleum fractions in the influence of water, temperature, and pressure. These tem-
sense that they contain a large paraffinic or olefinic chain. peratures can exceed 673 K, and the material is usually kept
Therefore, it is not surprising that a large effort has been under pressure for 2630 min. What is actually used is a
devoted in the past few years to the conversion of fats into sort of “counter-flow”, where the water absorbs glycerol from
fuels. Nevertheless, we believe that vegetable and animalthe fatty acid phase of the oil production. Partial hydrolysis
fats can also be used, perhaps in a more efficient andof triglycerides yields mono- and diglycerides and fatty acids.
economically sound way, for the production of chemicals When the hydrolysis or splitting is completed with water in
that have a larger added value than fuels whose competitive-the presence of an acid catalyst or not, the mono-, di-, and
ness strongly depends on tax incentives. Therefore, in thistriglycerides are hydrolyzed to yield basic compounds:
review we will concentrate on the use of fats and oils for glycerol and fatty acids (Scheme 24). The reaction with pure
the production of chemicals. water at low temperature is very low because of the poor
Fats and oils are obtained from vegetable and animal solubility of oils. Catalysts accelerate the rate of reaction at
sources, mainly formed by mixed triglycerides having fatty low temperatures and are used for commercial processes.
acid moieties. A large proportion of vegetable oils, such as For example, the ester can be heated under reflux with dilute
coconut, palm, and palm kernel oils, come from countries hydrochloric acid or sulfuric acid or with an aqueous solution
with tropical climates. Soybean, rapeseed, and sunflower oilsof sodium hydroxide, which could be preferred because of
come from moderate climates. Animal fat is obtained from the easier separation of the products formed. With aqueous
the meat industry, with beef tallow being the most abundant sodium hydroxide, glycerol and the sodium salts of the
fat, and fish oil coming from the fishing industry. In 1997, component fatty acids (soaps) are obtained. At high tem-
the world production of fats and oils was estimated to be peratures and pressures, the solubility of oils in water
100 million tons (Mt), of which 80 Mt was of vegetable increases and hydrolysis proceeds rapidly, even without
origin and only 20 Mt of animal origin. Biodiesel, lubricants, catalyst. Fats can also be hydrolyzed by enzymes (lipases).
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Q - 0>_R A recent patent describes the use of calcium and magne-
d o o OH o sium oxides for the production of fatty acids by hydrolysis
Eo% +H,0 . EOH + Eo—< + RTOH of mono-, bi-, and triglycerides of vegetable oils~a333 K
°>_2 °>/_R 0>/_z o) and at atmospheric pressure in a column packed with calcium
g 0 3 and magnesium oxides (Ca®gO) as heterogeneous
Triglycerides Diglycerides Fatty catalyst. The oil is emulsified with water and poured onto
Q o acid the top of the column. The products are collected at the
O>\*R oH o R bottom and separated. The process achieves988&o of
Eou + Eo—-{ +H;0 EgH . Egﬂ/{o . R__OH hydrolysis®° A process for the production of fatty acids by
0 o R — -~ Lon OH R \lg heating coconut oil for 814 h at 423-453 K, 5.5-8.5 bar
O%R O%R > B in the presence of ZnO while bubbling steam in an autoclave
Diglycerides Monoglycerides Fatty has also been describ&d.
o acid Exchanged resins have also been tested for the hydrolysis
R of 0ils8928% Yow et al®? studied four types of proton-
ESH . Egi{o Tho RyH Eg: exchanged resins with similar acidity, but with different pore
OH OHR 0 OH volumes, surface areas, and pore diameters, in a stirred batch
Monoglycerides Fatty acids Glycerol reactor with continuous steam injection for 14 h. They
achieved 75% hydrolysis, at 428 K, after 6 h. Recently, the
=) 1 moles triglyceride + 3 mol water —» 3 moles fatty acid + 3 moles glycerol same group reported the hydrolysis of palm oil with

tungstophosphoric acid and molybdophosphoric acid and
their partially ion-exchanged cesium salts and compared the
results with those obtained with macroporous cation-
exchanged resins and alumintimesoporous molecular
sieves. The reactions were carried out in a stirred batch
reactor with continuous steam injection at 4453 K. The

most active catalysts was the tungstophosphoric acid loaded
onto cation-exchanged resins. The results showed the stronger
acid sites were required, and this can be the reason for the
low activity of the mesoporous aluminosilicatés.

In 1998, a German patent described the production of fatty
acids with high yields by the acidolysis of fatty acid methyl
ester (C6-10 fatty acid methyl esters, methyl decanoate)
using sulfonic acid-bound silica at elevated temperatures and
pressure8?® Recently, other patents have described the use
of solid acids such as zeolite, exchange resin, or silica

Hydrolysis of triglycerides

There are various methods of oils splitting to produce fatty
acids and glycerol: low-temperature Twitchell process with
catalystt’* medium-pressure autoclave splitting with cata-
lyst, 875876 continuous counter-current uncatalyzed high-
pressure method, and enzymatic fat-splitifg.

The Twitchell proces&’® developed in 1898, is based on
different reboilings of the oil or fat with fresh water in the
presence of an acid catalyst. At first, the process used a low
concentration of sulfuric acid (12%), and later it was shown
other acids such as sulfonic acid can be USgé recent
study of the kinetics of hydrolysis of bleached palm oil or
palm kernel oil and water with linear alkyl benzenesulfonate
and sulfuric acid has been reporf8@iThis process has been

industrially applied because of the low cost and simplicity g mina for the hydrolysis of methyl esters for the production
of the installation and operation. The main drawback was

: . : > of fatty acids. Processing in batch with zeolites gives-53
th(=T .Iarge reaction time needed to achieve a hydrolysis 75, hydrolysis at 503573 K and 70 bar afte6 h reaction
efficiency around 95%. _ time. However, when the process was carried out in a

Medium- to high-pressure processes, which were devel- continuous-flow reactor, with a continuous flow of steam,

oped in 18547 do not require the continuous removal of  he yields were 8790%. Acid resin (Amberlyst) and siliea
glycerol. A 95-96% hydrolysis efficiency is achieved in  5jumina gave lower yield¥s

short times (6-10 h) in an autoclave system. Generally, zinc .
oxide is used as catal{&t 883 and/or basic oxides such as 3.1.2. Fatty Amines
calcium or magnesium oxide. This process presents the Fatty amines are also an important class of basic oleo-
advantage of shorter reaction time and higher purity of the chemicals. They are obtained from fatty acids or fatty acid
fatty acids produced. However, it requires a higher invest- alkyl esters by reaction with ammonia at high temperature,
ment in energy, equipment, and maintenance. yielding nitriles after dehydration which are converted into
The continuous counter-current process, operating at483 amines by hydrogenation. Alternatively, fatty amines can be
533 K, based on high pressure and continuous removal ofprepared from fatty alcohols and amines or ammonia.
glycerol by a water stream, was developed in 193842 The preparation of fatty amines occurs in two steps
by Ittner and Mills?®+88¢ giving 96-98% hydrolysis in a  (Scheme 25), involving the preparation of nitriles by treating
few hours. It is the most efficient method and constitutes an fatty acids or fatty acid alkyl esters with ammonia in the
inexpensive method for industrial scaleup and for large presence of a dehydration catalyst, followed by the hydro-
productions®®” However, in the case of polyunsaturated fats genation of fatty nitriles into fatty amines in the presence of
and polyfunctional fats (castor oil), other hydrolytic methods a hydrogenation catalyst.
involving lower temperatures are required. Enzymatic pro-  The main intermediates for fatty amines are nitriles, which
cesses using lipase have been explored, but such processege classically obtained from fat or oil by splitting this into
have not been industrially expanded, even though work with fatty acids and glycerol and further reacting the fatty acids
immobilized enzymes is warrant&#.88° at 553-633 K in the presence of ammonia, at atmospheric
Industrial interest is centered in the development of low- pressure. No direct application for nitriles has been found
temperature, low-pressure, easy-to-implement processes. lryet, and they are converted into primary, secondary, and
this sense, heterogeneous catalysis could be an alternativetertiary amines.
and some studies have been reported in the literature, based In 1931, Mitchell and Rei#” reported that the most
on the use of alkaline oxide or sulfonic exchanged resins. efficient dehydrating catalyst for the preparation of nitriles
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Scheme 25. Preparation of Fatty Amines from Fatty Acid3 earth compounds enhance the selectivity to secondary
N vcrogenaton ROH  Hycroganation R amines??6v9°7 So, the choice of the catalyst, support, and
RCOOH  sorvarating RCN ataystl,  NH %M- i solvent, if required, are determinant for fixing the selectivity.
catalyst - Nitrte l NH, Primary fatty amine The most common industrial production of primary amines
_ RCH, is by hydrogenation of nitriles. The preparation of primary
Rt . ettty v fatty amine from nitriles generally occurs in one step and in
T NH-CHR the presence of hydrogenation catalyst and an excess of
Secondary fatty amine ammonia to suppress the formation of secondary amines as
l NH a side reactipn. Primary ar.nine.s and their salts find applica-
RCH tion as flotation agents, anticaking and water-repellent agent,
HAN-RGH RCH, corr_o_sion inhibitors, Iubricat_ing additives, bac_tericides,_ or
RHzc_,lu N \VORR additives for fut_als and gasoline. They are also intermediates
RCH, RCH, for the production of quaternary ammonium salts.

Tertiary fatty amine There are few patents in the literature reporting the

*R = fatty acid chain or short alkyl chain (methyl) for asymmetric  hydrogenation of nitriles to primary amines. For examples,
secondary and tertiary amines. in 1993, Hoechst AG described a process using nickel and
h & nickel-magnesium catalyst at temperature between 353
and 473 K and autoclave pressure of-BD bar?® In these
conditions, dodecylamine was produced with a yield of 96%.
Previously, the same company presented a patent for the
preparation of saturated primary amines from oleic acid,
tallow, or coconut nitriles with high yieldX96%), in two
stages. The nitrile group was hydrogenated to the amine in

cerium, iron, or osmium oxide. The process occurred in the (e first step; in the second step, the unsaturated fatty chain
presence of a volatilized nitrogen compound such as am-as hydrogenated. More specifically, oleic acid was con-
monia at 673873 K. In 1939. 1.G. Farbenindustrie verted into oleonitrile at 408 K and 35 bar with an excess of

Aktiengesellschatf® presented a process to produce nitriles ammqnja (1.28), with a yield around 96%’ anq then 'the
at 603-653 K in the presence of bauxite, aluminum oleonitrile was hydrogenated to stearylamine with a yield

. : : close to 96%, at 413 K, with a flow of hydrogen and using
phosphate, silica gel, or aluminum as dehydrating catalyst, 0,010
achieving practically complete conversion of the fatty acids the sat(ne caﬁl)s,?. W'IE' (I?racte I& (t:of' patthentr(]ad da procefs
or fatty acid alkyl esters. E. I. du Pont de Nemours &%o. O]E’e.rf‘.l'n? with Raney coba C."f{‘ha ytS s forthe ytg’ig&eg%a ion
developed a similar process using catalysts based on Groupﬁ nitriie to primary amines, without ammonia, at 41

. and hydrogen pressure of 285 kg/cn?, with selectivity

I, 1v, Vv, VI, and VIl elements, such as oxides of 0 96%. Th lso tested R ickel catalvst with and
aluminum, thorium, molybdenum, titanium, thorium, silicon, uPtho ¢ 0. 1They as% eg,te_ daney nlct.e Ica alyst'w'lt' anf
vanadium, etc. Excellent yields were achieved, up to 98%, without ammonia and oblain€d respectively selectiviies o

at 698-723 K with an excess of ammonia. More recently, 96 and 88% toward tallow amirfé. %2 ]
in 1982, Chemische Werke Huels AG described a process N 1969, Henkel presented a patent for the direct prepara-
for producing nitriles from carboxylic acid or alkyl esters at tion of amines from triglycerides with yields80%. Zinc-
423-473 K in the presence of an iron-based catalyst and @luminum oxide or zinechromium oxide were used as
ammonia in the liquid pha$&? catalysts at 473673 K and 56-400 bar, in the presence of
Hoechst has also developed a pro®$sfor the direct ~ ammonia or a lower alkylamine (methylamine), for the
conversion of glycerides into nitriles using metal salts of a Production of the primary fatty amine d-methyl-N-fatty
carboxylic or sulfonic acid or a diorganotin(IV) bissulfonate amine, respectively, with high selectivity (9895%)?*®
catalyst (RR'S**(ROSQ "), in the presence of ammonia Secondary amines are easily prepared from nitriles, at high
(200 L/kg glyceride), at temperatures between 503 and 543temperature and low pressure, by catalytic hydrogenation,
K, and recycling continuously the product until complete generally in two steps. In the first step, the nitrile is
conversion of the glycerides and their derivatives (amides). hydrogenated mainly to the primary amine in the presence
Previously, in 1980, the same company presented a patenbf ammonia, and in the second step, the primary amine is
claiming the use of metal salts of zinc, cadmium, or cobalt converted into the secondary amine in the presence of
and carboxylic or sulfonic acid for the same reacfigh. hydrogen. Secondary amines are used mainly as intermedi-
The hydrogenation of nitriles produces mixtures of pri- ates for the preparation of difatty dimethyl quaternary
mary, secondary, and tertiary amines. The selectivity of the ammonium compounds. In 1987, a European patent described
process could be determined by the choice of the specificthe preparation of unsaturated secondary amine by hydro-
hydrogenation catalyst and/or by the addition of an excessgenation of the corresponding nitrile at 43873 K and at a
of ammonia. Indeed, the formation of secondary or tertiary pressure of 3 kg/cfnin the presence of a supported nickel
amine liberates ammonia, which has to be removed continu-catalyst and carboxylic acid amine, achieving conversion
ously to increase the selectivity to diamine. On the contrary, around 97%, selectivity to secondary amine of-89%, and
the addition of ammonia limits the formation of secondary a percentage of unsaturated chain of-80%. The use of
and tertiary amines, increasing the selectivity toward the carboxylic acid amide avoids the hydrogenation of the fatty
primary amine. Furthermore, the use of nickel or cobalt chain?495Texaco Chemical Co. developed a process using
catalyst favored the formation of primary amirf€sAlso nickel catalyst promoted with copper, chromium, and
promoters such as chromium or boron could be added tomolybdenun?® The process can occur continuously with
the catalyst in order to improve the activity and selectivity. ammonia or in two stages in order to increase the selectivity
Copper chromite catalysts promoted with alkaline or alkaline to the secondary amines (93%), using in the first step

was silica gel, and this was used to prepare lauronitrile wit
a yield of 55% at 773 K. Other oxides, such as thoria or
alumina, have been reported as active catalyst for the
preparation of short-chain nitrilé& In 1935, a patent was
filed®®that claimed the preparation of nitrile with high yields
in the presence of a dehydrating catalyst containing an
element of Group lll, IV, or VIII, such as aluminum, thorium,
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Scheme 26. Hydrogenolysis of Fatty Acid Derivatives and Main Products Derived from Oleic Alkyl Estér
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aR = fatty chain. R = short alkyl chain.

hydrogen and ammonia, and in the second step onlyacid alkyl esters derived from them (see Scheme 26). Fatty
hydrogen in the presence of the same catalyst, at-463 alcohols and their derivatives are important for the production
K and 3-300 bar. The same company has presented aof lubricants, surfactants, or plasticizers, and their annual
process using zirconium-promoted cobalt catalyst and operat-production is around 1 million metric tons. The smaller-chain

ing in two stages. The first one produces 62% of secondary alcohols are used in cosmetics and food and as industrial
amine, at 418 K and 3.55 MPa with ammonia and hydrogen, solvents or plasticizers, while the larger-chain alcohols are
and in second, which takes place at 423 K with hydrogen important as biofuels and as nonionic surfactants or emulsi-
only and at the same pressure, yields 93% of secondaryfiers, as well as emollients and thickeners in the cosmetics
amine®'” Hoechst!® hydrogenated fatty nitriles into second- and food industries. Fatty alcohols are also used in the
ary amines, at 353523 K and 36-200 bar in a fixed-bed = composition of waxes.

reactor, in the presence of a coppehromium catalyst and Industrially, fatty alcohols are produced by hydrogenolysis
ammonia. ) ) ~in a catalytic multiphase reaction, in the presence of a solid
_Tert|ary_am|nes are dlfferentlated betwe_en symr_netrlcal hydrogenation catalyst such as copper chromite, which
trifatty amines and asymmetrical methyl difatty amines or gperates at pressures between 250 and 300 bar and temper-
dimethyl fatty aminé!® The symmetrical tertiary amines can  atures in the range 523573 K%4A large excess of hydrogen
be obtained directly from nitriles or from secondary amines s required because of its low solubility in the reaction
by catalytic hydrogenation. The most important tertiary mixture, which introduces mass transport resistance and
amines are the asymmetrical ones, such as methyl difatty|imits the concentration of hydrogen at the surface of the
amines and dimethyl fatty amines, which are obtained by catalyst. There are some patents which claim the use of
alkylation of secondary amines or primary amines by different versions of copper chromit&92¢ Palladium-
reductive alkylation with formaldehyde in the presence of rhenjum and rhodiumtin systems have also been used as
nickel hydrogenation catalyst&9? Tertiary amines find  catalysts for hydrogenolysf& In the hydrogenation af. -
applications as corrosion inhibitors, fuel additives, flotation unsaturated Carbony| Compounds’ there is a Cha”enge for the
agents, bactericides, fungicides, emulsifiers, foaming agents production of unsaturated fatty alcohols. Indeed, copper
cosmetics ingredients, and intermediates for the preparationchromite catalysts are not selective for hydrogenation of the
of quaternary ammonium salts. ] carboxyl group or the isolated double bonds. Meanwhile,
_The most important quaternary ammonium salts are the ynsaturated fatty alcohols such as oleyl alcohol are desired
difatty methylammonium salts produced from secondary fatty for surfactants applications, and therefore chemoselective
amines by reaction with methyl chloride. For example, catalysts able to reduce the carboxylic group and preserve
distearyldimethylammonium chloride is used in softeners, the double bonds have been obtained. For example, in 1937,
and didecyldimethylammonium chloride is used as a bacte- sauer and Adkins performed the hydrogenolysis of butyl
ricide. By reaction with benzyl or methyl chloride or gleate over zinc chromite catalyst, achieving a yield of oley!
dimethylsulfate, tertiary amines give quaternary ammonium ajcohol up to 65% at 300C and 200 bar. The process,
salts that are used as bacterici€S?*The preparation of  nowever, required a large amount of catalyst (40% with
amphoteric surfactants such as betaines is also an importani[espect to the carbonyl compouri@To improve this, Aring
application of fatty amines in the cosmetics industry for hair et al. described a processes for the preparation of unsaturated
and body care products. alcohol from unsaturated fatty acids in the presence of an
excess of a trialkylamine and using a Z@r catalyst
3.1.3. Fatty Alcohols optionally activated)\//vith Ni and/or Cu a?ttemperaturé‘s%
Fatty alcohols are obtained from natural fats and oils K and hydrogen pressures180 bar. The trialkylamine
directly, or by catalytic hydrogenolysis of fatty acids or fatty prevents the loss of catalytic activity when free fatty acids
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are hydrogenated. For example, olein was converted intoin the presence of a solid catalyst (copper chromite, zinc
oleyl alcohol at 858-868 K 231.932Moreover, the production  chromite, etc.) at high temperature and pressure, using a
of unsaturated alcohols from fatty acids or their methyl esters solvent that was able to bring the whole reaction mixture to
was successfully reported using zirmluminum oxides at ~ a supercritical state. Harrod et °4l. later reported the
temperatures of 523603 K and pressures of 16600 bar?33 extremely rapid hydrogenation of fatty acid methyl esters to
Kao Corp. claimed the use of irerzinc catalysts obtained  the corresponding fatty alcohols in a homogeneous super-
from iron sulfate for the selective preparation of unsaturated critical phase, using propane as solvent, over a copper-based
alcohols from unsaturated fatty acids or aldehydes or esterscatalyst. At 523 K and 10 bar of hydrogen, they reached
at a temperature of 52323 K and a pressure of 15300 complete conversion of substrate with residence times of 2.5
bar?34Zinc chromite catalysts showed selectivity toward the s. Hydrogen concentration turned out to be a key parameter,
hydrogenolysis of the carboxyl group, but due to their low while the substrate concentration was 0.105 mol % (6.75
activity they operate at high temperature and pressure. At0.88 wt %). Moreover, the authors observed that, when they
this point, it was possible to achieve reasonable chemo-worked with methyl esters provided from rapeseed oil, the
selectivities, but the process required not only an improve- hydrogenation catalyst was rapidly deactivated, whereas
ment in selectivity but also the use of milder reaction when they operated with methyl esters of sunflower oil, the
condititions. catalyst life was similar to that obtained in the industrial

More recently, new catalysts containing a hydrogenation Processes. Recently, the authors performed the hydrogenation
metal such as Rh, Ru, or Pd and a transition metal additive Of fatty acid methyl esters from sunflower by adding propane
as promoter (Sn, Zn) were prepared and showed selectivityto achieve supercritical smgl_e-ph_ase conditions. In this way,
toward reduction of fatty esters to alcohols, preserving the €xtremely short hydrogenation times (a few seconds) were
double bond? However, Barrault and co-workers observed €quired, and reactant concentrations (substrate and hydro-
that tin promoter favors the transesterification side reaction, 9¢") have an important effect on catalyst lifetiffe>®
giving heavy esters. These, at higher conversion, could be In 2000, Andersson et & carried out the hydrogenation
hydrogenated to fatty alcohols, but their formation reduced ©f fatty acid methyl esters to fatty alcohols in supercritical
the selectivity to unsaturated fatty alcohols. Then, with a CO. or propane and with two hydrogenation catalysts: a
series of Ru-Sn—Al,O3 catalyst reduced with NaBHup copper chromite and a chromium-free catalyst. A “conversion
to 75% of yield of oleyl alcohol was obtained at 90% Yield” of 97.2% was reported in both cases, fatty alcohols
conversiorP895 The nature of the support also plays an being 95% of the product with trace levels of unconverted
important role in the final catalytic behavior, alumina and substrate. Furthermore, a hydrogenation method coupled with
zinc oxides being better supports than sifi#%. an enzymatic-catalyzed transesterification was described that

In 1989, Narasimhan et & reported the activity of a represents a novel sequential two-step synthetic procedure.

new catalyst of rutheniumtin boride for the selective
hydrogenolysis of fatty acid esters to fatty alcohols at 543 3.1.4. Glycerol
K and 640 psi. Good yields (#839%) for various long- The growing production of biodiesel by transesterification
chain fatty acid esters were obtained, with a ratio Ru/Sn of of oil with methanol or ethanol is responsible for the surplus
1 and for unsupported metals or metals supported on aluminaproduction of glycerine. Consequently, the price of glycerine
The same group also reported the hydrogenation of methylhas dropped dramatically and is expected to be lower than
octadecenoate, giving a maximum vyield of 61.8% of the that of propylene glycol or sorbitol. Due to its properties,
corresponding unsaturated alcohol at 80% conversion, usingglycerine can compete with propylene glycol for use in foods,
a Ru—-Sn—B catalyst with a ratio Ru/Sn of 2, at 473 K and pharmaceuticals, cosmetics, liquid detergents, and antifreeze,
4.4 MPa%° Toba et aF? also reported the activity of Ru and with sorbitol for use in toothpaste and food and as a
Sn—Al,O; catalysts, prepared following a sajel impregna- humectant and sweetener. Furthermore, glycerine could
tion procedure, for the hydrogenation of dicarboxylic acids substitute methanol in fuel cells.
and saturated fatty acids. ZnO has also been used as a support Glycerol is also an intermediate in the synthesis of a large
for metals such as Pd or €E&n with reasonable activity number of compounds used in industry (Scheme 27).
and selectivity?3-%41 Hattori et al®*> have observed thatiron  Therefore, we will describe here different catalytic processes
has a strong promoting effect in €&e—Al catalysts and directed to the transformation of glycerol into other valuable
that the addition of Al improved the lifetime of the catalyst. products.
The process was successfully scaled-up using theRex 3.1.4.1. PolyglycerolsPolyglycerols have been known
Al oxide catalyst. since the beginning of the 20th century, and fatty acid esters
As we mentioned above, the catalytic multiphase reaction of polyglycerol have been used in Europe and America since
of hydrogenolysis/hydrogenation of fatty acid derivatives is the 1940s. In the 1960s, the esters were approved for use in
diffusion-controlled, and there is a low concentration of food in the United States.
hydrogen on the catalyst’s surface. To avoid this limitation,  Conventional methods for polymerizing glycerol require
a supercritical solvent that brings the substrate phase anddrastic process conditions, including high temperature and
the gas into a homogeneous single phase has been introducedaustic or alkaline contefit* ®57 So, it is not surprising that,
For soluble fatty acid derivatives, lower alkanes could be with such a nonselective process, a complex mixture of
used, propane being the preferred 84> Consequently, polyglycerols is obtained (Scheme 27). Due to the diversity
in recent years, some studies have reported the hydrogenationf the products, it is difficult to control and establish their
of oleochemicals at supercritical single-phase conditions. quality and characteristics (HLB after esterification, bio-
Indeed, a large number of chemical reactions have beendegrability, performances, environmental impact). Thus, low
successfully conducted in supercritical fluids. In 1996, Harrod amounts of catalyst and short reaction times are required to
et al?8 claimed a process for hydrogenation of double bonds control the polymerization and to obtain compositions with
in lipids or of the carboxyl group to produce fatty alcohols a low polymerization degree.
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Scheme 27. Possible Applications and Transformations of Glycerol
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glycerol in the presence of NaOH, followed by alkoxylation

and it can be present in linear or cyclic isomers. Condensationwith ethylene oxide and/or propylene oxitfeé.

of primary hydroxyls gives linear isomers, while condensa-

The use of solid catalysts such as high-alumina zeolites

tion of secondary hydroxyls gives branched isomers, and all has also been descril#é#°%3 (see Table 5), giving good

of them can be converted into cyclic isomers after intra-

selectivity toward the formation of linear di- and triglycerols

molecular condensation. Thus, several diglycerol moleculesat 513 K. The studies have been extended to other zeolites
can be formed (Scheme 28), and the polymerization can beand mesoporous molecular sieve materials containing alka-

extended to tri-, tetra-, and higher glycerols.

Scheme 28. Possible Isomers of Diglycerols
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cyclic diglycerol isomers of 1,4-dioxane
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0 OH

cyclic diglycerol (1,5-dioxocane)

lines, alkaline earths, or L%+ %" The main problem with
these catalysts is the leaching of alkalines, and efforts have
been made to avoid or, at least, to decrease the rate of
leaching (Table 558

3.1.4.2. Polyglycerol Fatty Acids EstersThese com-
pounds are formed chemically by esterification of fatty acids
with one or several hydroxyl groups of polyglycefé.
Classically, 36-50% of the total amount of hydroxyl groups
is esterified by fatty acids. Chemically, polyglycerol esters
(PGE) may be formed by an alkaline-catalyzed polymeri-
zation of glycerol, followed by esterification with isolated
fatty acids or triacylglycerols. The resulting mixture is usually
complex, and the final properties depend on the polymeri-
zation degree, the number of esterified OH’s, and the nature
of the oligomers. Thus, the product can contain monoesters
of diglycerol, triglycerol, tetraglycerol, diesters of diglycerol
or triglycerol, etc.

Several bases have been tested as catalysts, including PGE are important nonionic surfactants with various

hydroxides, carbonates, and oxides of several m&t&lhe

applications in cosmetics, food, and pharmaceuticals. Indeed,

results showed that carbonates are more active than hydroxPGE present numerous properties and a wide range of

ides due to their better solubility in glycerol and in the

formulating options determined by the degrees of polymer-

polymeric product at high temperatures. However, the ization of glycerol and of esterification and by the fatty acid.

alkaline polymerization of glycidol offers more selective
processe%96° Recently, the manufacture of alkoxylated

In cosmetics they are used to emulsify, control viscosity,
and disperse and stabilize the final mixture (hair styling gels,

polyglycerols was described, involving condensation of skin treatment gels, skin cleansers, baby creams, sun-
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Table 5. Preparation of Polyglycerols Using Heterogeneous Catalysts
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selectivity (%)

ref catalyst wt % T (K) leaching conversion (%) diglycerol triglycerol
965, 966 NACO; 2 533 — 94 27 31
KF/Al,O3 no data 62 65 31
Cs—X no data 79 62 33
Cs—ZSM-5 no data 42 80 20
Mg—MCM-41 no data 65 63 27
La—MCM-41 no data 94 26 23
967 Cs-MCM-4Limpregnated 2 533 yes 85 ~80 22
968 Cs-MCM-4Limpregnated 2 533 98% 80 75 22
Cs—MCM-41gatted-al no 50 89 11
964 Beta 20 473 — 100 60 30
962, 963 Y 2.4 513 — 85 37.6 24
NaZ - 90 30.5 22
NaX - 90 34.5 24.5

aFor 200 g of glycerol, 120 g of crude was recovered; the given data are relative to the composition of the&dealef diglycerols composed
of 30% linear and 30% cyclic diglycerols.

Scheme 29. Possible Routes of Synthesis of Linearo-Polyglycerols Esters

(1) Direct esterification
OH/\r RCOOH OH/Y *P\/ ]\)\
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(2) Polycondensation of RCOOH with glycidol

(3) Transesterification

Vegetable oil
or
Blodlesel

Scheme 30. Hydrogenolysis Proposed by Dasari et ¥ and Possible Subproducts of Hydrogenolysis
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protective sticks, etc.). The most important emulsifiers are by transesterification of oil with polyols (see Scheme 29).
diglyceryl diisostearate (creams), diglyceryl monolaurate, and Theses processes can occur in acidic or basic medium and
diglyceryl monooleate (baby creams). They also find ap- also without catalyst. The development of new processes
plications in the food industry as emulsifiers and substitutes based on more selective solid catalysts is of great economic
of fats to reduce calorie consumptié. interest?6°

The preparation of PGE can be done by direct esterification  Polyglycerols can be obtained from glycerol and/or gly-
between a carboxylic acid and a polyol and/or glycidol, or cidol and can be directly esterified with fatty acids in the
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presence of phosphoric acid, or in presence of strong acids c'/Y\°“3

such as HSQy, p-MeCGsH,SO;H (PTSA), or HPQ;, to give OH

the corresponding polyglycerol/fatty acid estérFor ex- l

ample, heating 1 mol of polyglycerol if@ h at 423 Kwith +H,0

0.5 mol of C12-14 fatty alcohols (Lorol DD) in the presence Y o - Efo”

of 3% of a 1:1 HSOJ/PTSA mixture with removal of kD
gives 86% PGE?! Another example has been presented of
the preparation of PGE by esterification of polyglycerols with
fatty alcohols in the presence of catalysts comprising a
phosphorus compound and a titan¥ifeAnother method
involves the manufacture of hydroxy fatty acid esters in the

presence of strong acid catalystg such as sulfuric or IC’hos'pneumonia)a in anaerobic and aerobic batch fermentatin.
phoric acid or a mixture of therff. PPD can be produced by hydrogenolysis of glycéfhe

On the other hand, it is possible to develop esterification (Scheme 30) in the presence of multimetal catalysts at high
or transesterification processes between polyglycerols andtemperature and pressure. These processes are usually less
fatty acids, without catalyst, using microwave heating, selective, and the formation of other products (ethylene
preferably in an inert atmosphere. The frequencies of the glycol, propanol, methanol, GDacetol, acrolein, lactic acid)
electromagnetic waves vary from 3 MHz to 30 GH%7® is observed (Scheme 31). These methods present common
The manufacture of PGE was also performed by esterification drawbacks related to the high temperature and pressure
of a polyglycerol, without catalyst, with fatty acid added required, the low concentration of aqueous glycerine, and
slowly to polyglycerol to maintain a homogeneous reaction the use of complex multimetal catalysts.
mixture 276

With base catalysis, linear polyglycerols are produced in Scheme 31. Possible Products of Oxidation of Glycerol

There are several routes to PPD synthesis from renewable
feedstock, for example by hydrogenolysis of sugars or other
polyols such as glycerine. These processes can occur by
biocatalysi€®5%87but the production of PPD generally occurs
by biotransformation of sugars or glycerin&lé€bsiella

the presence of a calcium-containing compound such as Ho/\ﬁOH
calcium hydroxid&” or in the presence of sod& Other OH
methods were described for the esterification of polyglycerol /O
obtained from condensation of glycerol with glycidol or other o o
epoxides or with epichlorohydrin, with an allyl chloride in st o ohol ot o hol
the presence of a basic catalyst (alkali metal, alkali earth
i 79

metal, or OXIdeP: . HO™ oM HO™™ o

The preparation of PGE has also been realized by o OH
transesterification in the presence of alkali b#8er alkali Dihydroxyacetone (DHA) Glyceraldehyde (GLYD)
metal, alkali earth metal, alkali metal hydride, alkali metal l l
alkoxide, and alloys at temperatures of 38%3 K and at o OH
0.1-1 bar pressure®®’-%81Recently, a preparation of polyol HO OH HO o
compounds has been described that involves condensing o} OH
glycerine in the presence of lithium compounds, with Hydroxypyruvic acid Glyceric acid
continuous distillation of the water formed. The resulting (HPYA) (GLYA)
glycerine mixture was transesterified with fatty acid glyceride l J
ester$> Finally, there is another possibility to prepare PGE O OH
by condensing fatty acids with glycidol (and other epoxides) HOW@OH HOMO
in the presence of acid cataly$§#s; %+ o OH

It has to be remarked that solid catalysts have not Glycolic acid (GLYCA) Tartronic acid (TARAC)
been studied for esterification and transesterification of
polyglycerol. This can be an open possibility for l l
research. Q OH

HO
3.1.4.3. Hydrogenolysis.Traditionally, ethylene glycol \(f)lﬂo” HOJ\((H&O

(1,2-ethanediol) is used in cooling water systems to prevent
from freezing. In 2001, the consumption of ethylene glycol
as antifreeze was around 7000 tons. Ethylene glycol is .
harmful to health and can be substituted as a freezing-point It has been reportée**that Ni, Ru, Rh, and Ir catalysts
depressant by propylene glycol (1,2-propanediol, or PPD). yle!deq mainly methane at 300 bar of hydrogen and 533 K,
Until the past decade, PPD was not used in coolants or de-While in the presence of Raney Cu, PPD was favored. Later,
icing fluids, but in the past few years, its application has & Method was described for hydrogenolysis of sugars and
grown drastically. This compound can also be used in food, ©ther organic compound (glycerol) over a catalyst containing

Re (Ni/Re), and yields of 1,2-propanediol and 1,3-pro-
as a solvent, and to manufacture other substances. . P
v dract 8 panediol (distinguished as 1,2PPD and 1,3PPD) of 44 and

So, another possibility to increase the value of glycerol 5%, respectively, were obtained at 503 K and 82 bar after 4
produced in biodiesel plants could be the conversion , o reaction’6191Shuster et al. reported a process using an
of glycerine into PPD, which is a major commodity 5queous solution of glycerine that involves a Co/Cu/Mn
chemical. catalyst and an inorganic acid 4PIO;) and/or heteropoly-

The commercial route to produce PPD is generally the acids?®? They achieved complete conversion of glycerine,
hydration of propylene oxide or of chlorohyd:iff. with a yield of PPD close to 95%. A three-stage process has

Oxalic acid (OXALA) Mesooxalic acid (MOXALA)
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also been described that requires the dehydration of glycerineTable 6. Influence of pH on Product Distribution during
in the gas phase at 573 K over an acid catalyst, followed by Oxidation of Glycerol®

hydration of acrolein in the presence of an ion-exchanger, concentration of the final mixture (%)
and finally hydrogenation of the reaction mixture over N 4 GLYA DHA HPYA OXALA
catalyst. Yields of 1,2PPD and 1,3PPD of 10 and 60%,

respectively, have been claim&8.Casale et al%* first 25 :(13 <2‘é 22% i%

reported a method for hydrogenation of glycerol over a ) N

sulfide-Ru/C catalyst in the presence of a base to give *Reaction conditions: 338 K, catalyst 5 wt %8 wt % Pt/C,pO;
oxygenated C+C3 compounds. Further, they developed a — 0-2 M. 8 mmol of glycerol, 80 mL of water.

similar process using copper and zinc catalyst, at 543 K and

100 bar of hydrogen, and a conversion of glycerine of 99.4% low concentrations of aqueous solutions of glycerine. The
with selectivity to PPD of 84.4% was reached. The influence main products are glyceric acid, dihydroxyacetone, and
of reaction conditions and the introduction of small amounts hydroxypyruvic acid.

of S to make the catalyst more selective has been stud- Glyceric acid (GLYA) is largely used in medicine because
ied 98299t js also worth mentioning the work of Perosa et Of its role as a metabolite in the glycolysis cycle. It is also
al.?% who recently described the selective preparation of used as precursor in the synthesis of amino acids, such as
1,2PPD under low hydrogen pressure (10 bar) at 463 K overserine. GLYA is generally produced by a fermentation
Raney nickel, without solvent, with maximum conversion procesg?-1% Dihydroxyacetone (DHA) is used in the
and yield of 97 and 71%, respectively. manufacture of tanning products. It reacts with the amino

1,3-Propanediol is also an interesting high-price specialty acids contained in _the surface cells of the sk_ln, which th_en
glycol. lts high cost and limited availability have restricted  develop a darkening or tanned effect. It is a nontoxic
its uses. However, a new process developed by Sheliingredient and has been approved by the U.S. FDA for use
Chemicals (world-scale production) has allowed for produc- N COSmetics. The main source of DHA is raw sugar cane
tion of 1,3PPD cost-efficiently and at a competitive price. [ermentation with glycerine. Today, DHA is commercially
Thus, 1,3PPD as a viable industrial chemical intermediate produced by t.he fgrmentaﬂor) route by Merck_ and Daicel.
can be formulated into composites, adhesives, laminates,Ydroxypyruvic acid (HPYA) is generally obtained by the

powder and UV-cured coatings, moldings, novel aliphatic 0Xidation of glycerol or sugars using mineral acids and finds
polyesters, co-polyesters, solvents, anti-freeze, and other endPPlications mainly as a precursor of serine.

uses. Its most relevant application has been in the formulation N heterogeneous catalysis, there have been numerous
of Corterra polymers (polytrimethylene terephthalate, PTT). Studies on the oxidation of glycerol which showed that the
Corterra polymers are principally used in the manufacture nature of the metal as well as the pH of the medium controls

of carpet and textile fibers and also find applications as the Selectivity of the oxidation toward the primary or
engineering thermoplastics, films, and coatings. secondary alcohol. Thus, Kimura et*#? have selectively

. obtained DHA over Pt supported on charcoal in acidic
Recent!y, Gallezot et &F Fepo”ed the preparation of PPD conditions, pH~2—3. Morer())F\)/er, they observed that the
by selec_t|ve hyd_r_ogenoly5|s of glycerol over solid catalyst incorporation of Bi with Pt enhances the selectivity to DHA
under mild conditions. Glycerol was hydrogenolyzed at 453 formation from 10 to 80%. The authors have claimed a
KCandPgo thﬁr of ;ycgogcen Aot\)/er.suapgrted I;‘n?tal cata(ljysts continuous process for oxidation of aqueous solution of
Ejioli(’ane With aglzlitivgs ’(l_rW’O) §?hlgse rzes,e:lrcr?e?: :E:hailgved glycerol (50 wt %), at 323 K with an oxygen/glycerol ratio
). . ; . o
a maximum selectivity to 1,2PPD of 100%, with a yield of of 2, producing DHA with a selectivity up to 80% with

X ) conversion of glycerol up to 80%. In basic conditions (pH
19%, in water over CuO/ZnO catalysts. In order to improve o ;
the selectivity to 1,3PPD, the reaction was carried out over 8), they observed that the selectivity of DHA drastically

Rh/C in the presence ofM/O,. The authors could observed decreases because of solubilization of Pt. The method showed

X 2 X higher productivity than the conventional fermentation
increases of the selectivity to 1,3PPD and yield of 12 and 03
4%, respectively, at 32% of conversion with a 1,3PPD/ process. Van Bekkum et &' have performed a study of

1,2PPD ratio of 2 in sulfolane. The authors also noted that the oxidation of glycerate, glycerol, and DHA over B/C

: . L catalysts at 338 K, and they produced hydroxypyruvic acid
ahgppPreDsence of dissolved iron enhanced the selectivity 1o, vith g selectivity of 93% gtp%% conv)érsiorzlpc% sodium

. _ Qlycerate at pH~5—6, by a selective oxidation of the
Another process has been described for the productionsecondary alcohol. It appears, then, that the pH determines
of 1,3PPD from glycerol via selective dehydroxylation. The the composition of the products (Table 6). Under acidic
first step was the selective transformation of the middle conditions, glycerate was not produced, and DHA, HPYA,
hydroxyl group of glycerol into a tosyloxy group, and the and oxalate were the main products, whereas when the pH
following step consisted of the removal of this tosyloxy group was increased to 8, the yield of DHA decreased drastically
by hydrogenolysis. This strategy has allowed for full gng glycerate could be produced.
conversion of glycerol into 1,3PPD. The hydrogenolysis of  Gallezot et al°®showed that, by controlling the reactions
tosylates is performed catalytically withkkith Raney Ni,  conditions, the nature of the metal, and the pH, they could
Ni/kieselguhr, or Ru/carbon as catalyst. control the selectivity toward the oxidation of the secondary
3.1.4.4. Oxidation.The oxidation of glycerol is a common  or primary alcohol, and a maximum yield of glyceric acid
process used for the formation of oxygenated compounds,of 70% at 90% conversion was obtained with 12% of DHA
and it generally occurs using stoichiometric mineral acid or formed with a Pd/C catalyst. However, when the oxidation
fermentation routes. The derivatives are numerous and areof glycerol was catalyzed by BiPt/C at pH 2, DHA was
presented in Scheme 31. The market for these products haproduced with a yield of 37% at 75% conversion.
not been developed yet because of the low selectivity and Gold on graphite or carbon can also catalyze the oxidation
yield of the current oxidation processes, which work with of glycerol at 333 K and 3 bar, using air as oxidant, in the
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presence of NaORP1007 With 1 wt % Au/graphite or  to GLYA and GLYCA of 75 and 15%, respectively, were
activated carbon, 100% selectivity toward glyceric acid obtained at 30% conversion.

formation was achieved at 56% conversion, and the Au The oxidation of glycerol has also been performed over
catalyst was more selective than the corresponding Pd or Pimetal-silicalite and metataluminophosphat®? Formic

catalyst (Table 7). acid and glycerol monoformate were the major products
observed, together with a complex mixture of acetals. Only
Table 7. Oxidation of Glycerol with Gold Catalysts* when a Ti catalyst with larger pores was used, glyceric acid
selectivity  conversion was observed (Table 9).
glycerol/ NaOH to GLYA  of glycerol
catalyst molar ratio (%) (%) Table 9. Oxidation of Glycerol with Ti Catalysts and H,O2?
0, .
U comersan___slecity ()
1 wt % Au/graphite 1 100 56 catalyst (%) GLYA formate esters
TS-1 35 0 51

@ Reaction conditions: 333 KO, = 3 bar, 8 mmol of glycerol, 80 MCM-41 10 15 85
mL of water. EP500d 15 47 53

a2 Reaction conditions: kD, as oxidant, 353 K, 24 h.

Fordham et at°*®described the oxidation of glycerol and
its derivatives over Pt/C and Bi-promoted Pt/C. As is well
known, Bi enhances the oxidation of glycerol to DHA in Finally, Ciriminna et at®**have recently reported the one-
acidic media (pH 2). The oxidation of glyceric acid at pH pot electrocatalytic oxidation of glycerol in aqueous phase
10—-11 gave mainly tatronate over Pt/C, and its yield was (buffered at pH 9) to DHA in the presence of 15 mol %
also increased over BiPt/C. However, at pH-34, over Bi- TEMPO, achieving an optimal yield of DHA of 25%.

Pt/C, glyceric acid was converted mainly into HPYA, while 3.1.4.5. Glyceryl Carbonate Glyceryl carbonate (GC, or
TARAC was converted into MOXALA at pH 1.5 (Table 8).  4-hydroxymethyl-1,3-dioxolan-2-one) is a key bifunctional

The oxidation of glycerol over Au/C was also studied by compound employed as a solvent, additive, monomer, and
Porta et al®®The catalysts were prepared following different chemical intermediate. GC possesses a cyclic carbonate
routes. The authors observed that, when the oxidation group®“and a primary nucleophilic hydroxymethyl group
occurred over a well-dispersed Au nanoparticles catalyst, that may be reacted with anhydrid@&to form ester linkages
with an average diameter of 6 nm, the initial maximum or with isocyanates to form urethane linkag®s$:19*’ The
selectivity toward GLYA formation was not maintained and alkylene carbonate materials produced may be reacted with
actually decreased. However, when the reaction occurreddiamines to form polyurethane, which is used as a protective
over a catalyst with larger particles20 nm, the selectivity =~ coat for wood and metal substraté® GC is also an
was constant and varied between 92 and 95%. The authorsexcellent intermediate in the synthesis of glycitfo?.
concluded that the preparation method plays an important GC can also find use as a protic solV&fftin cosmetics,
role, sol immobilization being better than impregnation or personal care, and medicinal applications. Due to its low
wetness methods, and that the dispersion of the Au particlestoxicity, evaporation rate, and flammability and it moistur-
and metal size were important parameters. These results weréing ability, GC finds applications as a wetting agent for
the best data reported until now. Recently, Bianchi é¢'8l.  cosmetics and as a carrier solvent for medicines.
studied the oxidation of glycerol over carbon-supported GC can be produced by transesterification of ethylene
mono- and bimetallic catalysts based on Au, Pd, and Pt. In carbonate (EC) with glycerol (Scheme 32), using an alkaline
the presence of bimetallic catalysts (ABd, Au—Pt), which base (NaCQ;) as catalyst, at 298308 K. The process needs
were more active than monometallic catalysts, the authorsneutralization steps and further distillation in order to recover
could control the distribution of products. The more selective GC%2! GC can also be produced by transesterification of
catalyst for the formation of GLYA and GLYA- TARAC dimethyl carbonate (DMC) with glycerol (Scheme 32(111))
was Au-Pd/C, giving maximum selectivities of 69 and 94%, in the presence of tetnabutylammonium bromide at 393
respectively, at 90% of conversion, while ARt/C gave 51 K, after 6 h, with 92% a yield??> Another method for the
and 60% selectivities, respectively. At the same time, preparation of GC consists of reacting glycerol with phosgene
Demirel-Guelen et &% reported the catalytic activity of  or diethyl carbonate in pyridine (Scheme 32(V}
nanosized gold particles supported on carbon,,TNIgO, In heterogeneous catalysis, there are few examples for the
and ALO; for the oxidation of glycerol. Controlling the pH  preparation of GC. In one of them, glycerol is reacted with
and the reaction time, the authors controlled the selectivity EC in the presence of a multimetallic oxide catalyst, selected
of the Au (0.75 wt %)/carbon black, and at 333 pQ, = from aluminum oxide, magnesium oxide, zinc oxide, titanium
10 bar, with a NaOH/glycerol molar ratio of 2, selectivities oxide, lead oxide, and silicates of alumi¥&More recently,

Table 8. Oxidation of Glyceric Acid on Supported Pt+Bi Catalysts®

selectivity (%)

conversion
substrate catalyst pH (%) GLYA DHA HPYAC TARAC MOXALA
GLY 5wt % Pt/C 12 90 70
GLY 7 wt % Pt-3 wt % Bi/C 2 75 37
GLYA 5wt % Pt/C 16-11 94 61
GLYA 5 wt % Pt—2 wt % Bi/C 96 83
GLYA 5 wt % Pt—2 wt % Bi/C 34 75 64
TARAC 6 wt % Pt-2 wt % Bi/C 15 75 29

@ Reaction conditions: 323 K, 1 atm air pressure.
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Scheme 32. Possible Route for the Preparation of Glyceryl the development of lubricant oleochemical esters. Indeed,
Carbonate the ester group modifies the physicochemical properties of
HO/Y\OH a lubricant, decreasing its volatility and flash point. So, its
o/> OH HO o therr_n_al stability, solvency, Iubricity,_ and biodegrability are
oJ\o 0 «[ =0+ [ oH modified1°%° The preparation of cyclic carbonate esters was
o OH realized by reacting a 1,2-diol compound with a lower
Ho/\/\w carbamate in the presence of an acid catalyst. The authors
HzN\n/NHz OH “0/\[°>=0 +NH, reacted monooctyl glyceryl ether with methyl carbamate in
0 — o the presence of lanthanum trifluoromethanesulfonate at 393

K, and after 24 h the corresponding carbonate was obtained
HO Yo Ho o with 80% conversior?® Cyclic carbonate esters have also
MeO\H/OMe OH /\[ )=0 +MeOH been prepared by esterification of carboxylic acid with the
o) T o GC at elevated temperatures in the presence of an acid
catalyst using a solvent. For example, acetic acid, GC, and
co HO o} p-toluensulfonic acid were reacted at reflux of toluene with
Ho/j;\o"' v «[0>=° removal of water to give the ester. Yields varied from 25.5
to 83%, depending on the acid usé#f103°
HO oH COCl; or Et,.CO_ HO/\[°>=O 3.1.4.7. Glycidol. Glycidol (or 2,3-epoxy-1-propanol)
OH v o contains two functional groups, an alcohol and an epoxide.
When it is reacted with ketenes, alcohols, and amines, it
the preparation of GC by transesterification of a cyclic forms esters, ethers, and aminopropanediols, respectively.
carbonate with glycerol has been reported, using also thet is used as a stabilizer for natural oils and vinyl polymers,
carbonate as solvent, in the presence of an anionic bicar-as a demulsifier, as a dye-leveling agent, and as an
bonated or hydroxylated macroporous resin (Amberlyst A26 intermediate in the syntheses of glycerol, glycidyl ethers,
(HCG;")) or a basic zeolite (Y, X). GC with ayield of 87.7%  esters, and amines. Thus, it finds applications in surface
was produced by transesterification of EC at 353 K, after coatings, chemical synthesis, pharmaceuticals, etc.
for 1 h, using an EC/glycerol ratio of 225192 The same Glycidol is generally produced by epoxidation of the allyl

authors have described a process that uses a cheapeflcohol (Scheme 33 (I)) with an organic or inorganic
reactant: urea. Urea was reacted with glycerol in the presence

of a catalyst with Lewis acid sites, such as metallic or Scheme 33. Processes for Glycidol Production
organometallic salts or supported metallic compounds. GC |
was produced by a catalytic carbamoylation/carbonation OH™ o w7~ oM
reaction, with a yield of 80%, with ZnS(at 423 K and 40
mbar, after 2 h, and after eliminating the ammo¥fd.A HO o)
similar, inexpensive process was described by Okutsu et al., /\[o>=° HO/E?\OH
who prepared GC by reacting glycerol with urea, with o - g/\OH
selectivity close to 92% at 6265% conversion, using zinc E =0
oxide and magnesium or sodium sulfate. They also reported o
the conversion of GC into glyciddf3°
A direct process for the preparation of GC involved hydrogen peroxide in the presence of an inorganic vanadium
reacting glycerol with carbon monoxide and oxygen in the or tungsten compound used as catal§&!%4'This type of
presence of a Group Ib, IIb, or VIlIb catalyst at 27353 process requires neutralization and glycidol extraction from
K, and the further conversion of GC into glycidol at high an aqueous medium and its further purification due to the
temperatures over alkali metal salts and/or alkaline earth presence of side products (acrolein, glycefohydroxypro-
metal saltd?! An oxidative carbonylation of glycerol pionaldehyde). Over ¥Ds, using ethylbenzene hydroperoxide
(Scheme 32(1V)) in an inert solvent (nitrobenzene) took place (5% (wt/wt)) as oxidant, glycidol is produced with a yield
at 303 K in an autoclave, using copper(l) chloride as catalyst, close to 82% after 0.5 h of reaction time at 383 K. Today,
with 8 bar of CO/Q (95/5%). After 20 h, a 96% yield of  the epoxidation of an allyl alcohol can be catalyzed by
GC was obtainedPs! heterogeneous catalysts using 30¥0OKin methanol over
On other hand, the general preparation of organic carbon-Ti molecular sieves with good yields and selectivitgs. 1044
ates has been described in heterogeneous catalysis by Two processes describe the conversion of glycerol in the
transesterification of another organic carbonate in the pres-presence of a cyclic alkylene carbonate, and more specifically
ence of basic catalysts such as MgO, KF ,or CsF supportedGC, into glycidol (Scheme 33(ll)). For example, glycidol
on alumina, mixed oxide of Mg/La, or fluorinated hydro- can be obtained with a yield of 63% by conversion of
talcite 103271034 glycerol in the presence of EC at high temperature and
3.1.4.6. Glyceryl Carbonate Fatty Acid Esters.The reduced pressuf@?® On the other hand, the decompaosition
glyceryl carbonate esters are polyoxygenated compoundsof GC can be accelerated by alkaline catalyst;f\@), and
with endocyclic diester and exocyclic ester functions. They then glycidol is produced with a yield of 82%6 A process
present interesting physical and physicochemical properties,developed more recently by BASF allows the preparation
such as good thermal and oxidation stability, or surfactant of glycidol by decomposition of GC in the presence of
characteristics toward water/soybean oil interface. In responsesodium sulfate with a yield closed to 60% afeh at 503
to an increased environmental pressure, the chemistry of theK and 100 mba#%?
oleochemical is being modified to produce compounds with A method for preparing glycidol from glycerol carbonate
high biodegrabilities, low toxicity, and better safety. Thus, (Scheme 33 (l1)) under reduced pressure has been developed,
the preparation of esters of GC could be an alternative for involving contraction of the carbonate ring into an epoxide
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ring.1%4" The reaction was carried out in a solid/liquid system

Corma et al.

for the esterification between oleic acid and glycerol over

in the presence of a polyol and a solid catalyst such A-zeolite HY zeolite, at 453 K, achieving a monooleins yield of 83%

or y-alumina. After 1.5 h at 456 K and 35 HPa, glycidol
was produced with 86% yield are92% purity.
3.1.4.8. Mono- and DiglyceridesAmong the renewable

after 5 h of reaction, with a molar ratio of reactants of 1.
Later, Barrault et al?8 reported the activity of Amberlyst
31, giving a monooleins yield of 49% after 24 h at 363 K,

raw materials that can be used for a sustainable chemistry,with a molar ratio of reactants of 6.3.

vegetable oils and fats are one of the most important sources In 1998, Bossaert et at>° reported for the first time the
for the chemical industry. They present important benefits, preparation of mesoporous sulfonic acids as selective het-
such as biodegradability and nontoxic character for the erogeneous catalysts. They compared the catalytic activity,
preparation of environmentally friendly surfactants. More for the esterification between glycerol and lauric acid, of
specifically, we can name the fatty acid monoesters of siliceous mesoporous materials (silica gel, MCM-41, and
glycerol, which are valuable compounds with wide applica- HMS) with propylsulfonic acid groups to the activities of
tions as emulsifiers in the food, pharmaceutical, and cosmet-H-USY and Amberlyst-15. Mesoporous materials with
ics industrieg48-1050 For the preparation of monoglycerides, sulfonic groups were more active, but the authors could not
we can consider two well-known synthetic routes: the direct correlate the activity with the number of acid groups, nor
esterification of glycerol with fatty acids and the trans- could they observe shape-selectivity. But, it could be

esterification of glycerol with oilseed (triglycerides) or with

concluded that good accessibility to the active sites seemed

fatty acid methyl esters (biodiesel). In both cases, the to be an important catalytic parametéf®

commercial processes use homogeneous catalysts.

Since then, sulfonic ordered mesoporous materials have

The esterification generally occurs in the presence of an been widely studied and used as active catalysts for the
acid catalyst such as sulfuric, phosphoric, or organic sulfonic esterification of glycerol with lauric and oleic acids, due to

acid in order to operate at lower temperatufési®avhereas

their high acidity and adequate porosity. Different strategies

the transesterification is carried out with base catalysts, suchto introduce sulfonic groups using mercaptan derivatives,

as KOH or Ca(OH), at high temperatures (56%33 K).1053

vinyl or chloropropy! groups, or aromatic rings have been

The reaction products are composed of mono-, di-, and studied, and it has been shown that pore size as well as
triesters, with monoglycerides content between 40 and 60%,hydrophobic—hydroph_ilic properties have important influence
because of the similar reactivity of the three hydroxyl groups on the catalytic activity (Table 16y%1062

of glycerol. Thus, expensive distillation is required as a

purification method to produce monoglycerides30%). As

Another way to prepare monoglycerides selectively is the
ring-opening of glycidol by carboxylic acids.

it is known, homogeneous catalysis presents several draw-
backs, such as the need for a neutralization step, which is a °>\_R

difficulty because of the formation of soaps and the produc-
tion of large amounts of waste (salts), etc. As an alternative
to the use inorganic homogeneous catalysts, the enzymatic o}
processes have been reported for alcoholysis of triglycer-

ides%%* or the esterification of glycerdP>® These catalysts
still present limitations due to low space velocity and a
relatively complex workup.

Therefore, there is much incentive to develop efficient

solid catalysts that can simplify the overall process and,

if selective enough, can avoid distillation by producing
monoester reach products.

3.1.4.8.1. EsterificationThere a few examples of esteri-
fication of glycerol and fatty acids (Scheme 34) in hetero-

?}—\ R OH Base solid catalyst 0
OH + \n/ —_— OH
OH

Monoglyceride

The regioselective ring-opening can be catalyzed by
titanium tetrapropylate, which acts as a Lewis &€fd.
Previously, ring-opening glycolization with stearic acid, oleic
acid, and palmitic acid was reported in the presence of
triethylamine and benzyltrimethylammonium chloride at
382—-397 K1%5The preparation of higher fatty acid mono-
glycerides by reaction of fatty acids and glycidol was also

geneous catalysis. Twelve-membered-ring acid zeolites weredescribed, using as catalysts alkali metal salts chosen from
tested as catalysts for esterification reactions. In 1992, Cormal<2C0s, N&COs;, AcOK, AcONa, and their hydrates. Iso-

et al1%¢and Aracil et al%" reported the activity of zeolite

Scheme 34. Esterification of Fatty Acids for the Production
of Monoglycerides

O,

)R
OH ) (o) OH o i |
EOH + RCOOH Acid catalystEOH Eo_< Acid catalyst
RCOOH
OH  Fatty acid OH OH Ry
Glycerol

orisomer B-isomer
Monoglycerides
0, 0,

O>_RZ OH o O>_RR
o bl e o
S Wi -

o o o}
Diglycerides Triglycerides

Acid catalyst

>

RCOOH

stearic acid and ¥CQOs in toluene were treated with glycidol
at 358 K for 7.5 h to give 96.8% isostearic acid mono-
glycerides'066

In heterogeneous catalysis, functionalized MCM-41-type
silicas with primary and tertiary amino groups such as
3-aminopropyl and 3-piperidinopropyl were described for the
preparation of monolauriné®In the synthesis of this type
of materials, silylation of the free silanols is required because
of their possible reaction with glycidol, giving polymers and
so decreasing the yield to monoglycerides. The reaction was
carried out by addition of lauric acid to glycidol in toluene
at 393 K. Tertiary amines were more active and selective
than primary amines due to steric hindrance; yields close to
90% could be achieved after 24 h and, generally, for the
second run. A higher selectivity was observed after one run
because of the consumption of glycidol by reaction with the
surface of the catalyst (residual silanols). The catalytic
activity of other base-functionalized MCM-41 was reported,
and Lin et al%®®1089 have observed similar trends and
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Table 10. Esterification of Glycerol on Mesoporous Material with Sulfonic Group$

Chemical Reviews, 2007, Vol. 107, No. 6 2461

oleic acid, 393 K

lauric acid, 373 K

alkyl Me—Si S conversion selectivity  conversion  selectivity
catalyst group bond (mequiv/g) TON (%) (%) (%) (%) TON®
M5H (13 A) nPr 0.2 1.38 60 75
M10H (13 A) nPr 0.3 1.44 100 20 92 66
M10pH (13 A) nPr - 1.25 80 57 80 58
M40H (13 A) nPr 1.8 0.89 50 60 50 76
4 (4) 100 20 98 51 2.3(4)
V1H Et - 3.26 6.8 (4) 100 35 100 50 6.8 (4)
(wt %) 50 69 50 60
V3H Et 0.1 1.59 8(4) 100 20 100 60 8.9 (4)
(equi SG) 1.83 50 76 50 59
V4H Et 5 (4) 100 20 100 50 6.4 (4)
0.2 50 73 50 66
F10H (19 A) Ph - 0.5 4.1 (8) 50 63 50 75 6.5 (8)
F10MH (13 A) Ph 0.2 0.65 5.2 (8) 50 63 50 74 10.1 (8)
(equi SG)
SH-SBA-15 (32 A) Pr 0.96 ~2.3 50 57
SH-SBA-12 (10 A Pr 0.77 1.2 50 665
SH-MCM-41 (40 A) Pr 1 3.23.3 50 77
Q1H (15 A) Pr 0.12 1 50 72 50 59
100 40 95 40
Q3H (18 A) Pr 0.29 1.7 50 77 50 65
100 30 >95 20

aReaction conditions: molar ratio of reactantl; equi SG, equivalent in gel of synthesis; M8i bond, equivalent in gel of synthe3f§3
b Turnover number, mol acid/equi HS@. n hours is given in parentheses.

Monoglycerides

obtained monolaurines with yields of 895% with grafted o
piperidine, aminopropyl, and guanidine groups, at 383 K in >—R
toluene and after 24 h reaction time. O ae oo Besscuawst [ © oH o
Mouloungui et al%’® have described a process for the Ec’“ C e —— EOH * E°_‘/<
synthesis of monoglycerides in the presence of an anionic on o F
resin (CI, OH™, HCO;") by esterification of glycidol with
fatty acids. The authors reported very high yiet®5%, and
close to 92% selectivity for monooleins at 343 K.
The production of monoglycerides from glycidol consti-

+ MeOH

a-isomer frisomer

N

R
Base catalyst l \n/ Me

o

tutes an attractive route for an industrial process because of o o o
the very high selectivity to monoesters achieved. However, R >\~R R
we have to consider that glycidol is an expensive reactant ° R ° Base catalyst °© /&
with respect to glycerol, and it increases the final cost of EO EOH T o EO 0
the product. o © °%R N e O%R
3.1.4.8.2. TransesterificatiorGlycerolysis of fatty acid J ° o

methyl esters (FAMES) is an interesting route for the 1,2 isomer 1,3 isomer
synthesis of monoglycerides and presents some advantages
over the direct use of oilseed. FAMES, which are prepared for the metallic oxide was found: L@; > MgO ~ CeQ
from fats by energy-preserving oils methanolysis reactions, > Zn0; yields and selectivities are reported in Table 11.
are easily purified and less corrosive. In addition, owing to Later, they described the use of Mgl —MCM-41 for the
their lower hydrophobic character, FAMESs exhibit higher preparation of monoglycerides by transesterification of
miscibility with glycerol, and the process can be carried out different methyl ester®’® A shape-selectivity effect of
at lower temperatures (39303 K) than the transesterifi-  mesoporous materials with different pore sizes was observed
cation of oils (533 K). for the preparation of monolaurines, and a maximum
The substitution of homogeneous by heterogeneous cataselectivity of 75% at complete conversion could be achieved
lysts not only offers advantages for process design (easyby working with a glycerol/methyl laurate molar ratio of 2.
separation of the products from the catalyst avoiding For the preparation of monostearates, they reported a
neutralization and extraction steps, minor waste formation, maximum selectivity of 50% at 80% conversion, with a
reuse of the catalyst) but also may improve the yield and molar ratio of reactants of 3.
selectivity to the desired product thanks to the design of a Numerous Lewis basic catalysts, such as mixed oxides
specific solid catalyst. Thus, Barrault el‘@°"2showed derived from hydrotalcite, metallic oxides, or KF supported
that basic solid catalysts such as MgO, Ge&hd LaOs, as on alumina, have been reported as active catalysts for
well as alkali-doped MgO (Li/MgO and Na/MgO), were transesterification of FAMESs or rapeseed oil with glycerol.
active catalysts for the glycerolysis of methyl stearate. They Nevertheless, these catalysts usually present a similar
observed that the nature of the oxide does not really haveselectivity to monoglycerides (70%), regardless of the
an effect on monoglycerides selectivity and that the distribu- intrinsic base strength of the cataly$t§.1974 Thus, the
tion of the esters was similar to that obtained in the possible development of a catalyst that may exhibit a higher
homogeneous phase. The following order of initial activity selectivity to monoesters would be of great interest. In this

Trigl id
Diglycerides riglycerides
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Table 11. Activity and Selectivity of Solid Catalysts for Scheme 35. Glycerolysis of Vegetable Oils
Glycerolysis of Methyl Stearate o o o
. | id >‘Rz }—RZ }‘Rz OH o
conversion monoglycerides OH J o d OHo O Eo_q
ref catalyst (%) yield (%)  selectivity (%) EOH + Eo—( Base catalyst EOH Eo—( + EOH o0 Re
OH o R OH oHR Lo JRe
1071 HThz? 98 (8 h) 80 80 YR, YR, O
HTc 95 (8 h) 64 67 o a-isomer  [isomer o
HTcLi2 98 (4 h) 69 70 Glycerol  Triglycerides Monoglycerides Diglycerides
MgO? 96 (6 h) 70 73 o o
1072 Zna 18 18 100 >—R2 }‘Rz
MgQP 80 64 80 OH o OH o o OH o
CeQP 82 31 38 EOH . EOH Eo—< Base calalyst EOH Eo-<
LaxOf 97 27 28 OH 0 o R oH LonRr
1075  LiMg® 80 29 37 I R arisomer frisomer
Na/MgQ 80 29 36 Glycerol Diglycerides Monoglycerides

@ Reaction conditions: molar ratio glycerol/methyl oleat®, 4 wt
% of catalyst, 493 KP Reaction conditions: molar ratio glycerol/methyl E:> 2 moles glycerol + 1 mol triglyceride ———————— 3 moles de monoglyceride
stearate= 1; 2 wt % of catalyst, 493 K.

3.1.4.9. Glycerol Formal.Glycerol formal is a mixture
of 5-hydroxy-1,3-dioxane and 4-hydroxymethyl-1,3-dioxo-
catalysts. The Bnosted base solids were prepared by lane (60:40), V‘_’h'Ch are cyclic ether compou_nds having two
rehydration of mixed oxides derived from AMg hydro- oxygen atoms in the ring structure and substituted by alcohol

talcites by contact with a nitrogen flow saturated with water 970UP- The mixture is a viscous, colorless liquid having very
free of CQ. The Lewis base solids were metallic oxides and littlé odor. It is soluble in water, chloroform, and low-
mixed oxides. It was found that Bnsted base catalysts Molecular-weight alcohols and ketones. It finds a large
exhibited higher selectivity to monoglycerides, up to 80%, number of applications: as a low-toxic solvent for various
than metallic oxides due to their lower deactivation, which niectable preparations (anti-parasite veterinary pharmaceu-
made possible the further transesterification of diglycerides tiC&lS, in sulfomethoxazal (intra-muscular injections), om
to monoglycerides at longer reaction times. Among the Lewis Sulfonamide preparations, tetracycline-based products), for
base catalysts, calcined+Al hydrotalcite (HTcLi) gave  Pinders (cold box (essentially), nucleus made from silica and
higher activity than MgO or AFMg hydrotalcites (HTc) ~ PU resins, epoxy-SQ in insecticide preparations, as a
owing to its stronger Lewis basicity (Table 11). slowly evaporating solvent in insecticide delivery systems,

Recently, Barrault et &8 reported the transesterification N formulation of water-based inks, and as a solvent for
of FAMEs with glycerin in the presence of guanidine (4,5, 7- paints. Glycerol formal can also be used as a plastifying
triazabicyclo[4.4.0]dec-5-ene, or TBD) supported over poly- 29€nt. _ _ _
styrene (PS) or different silicas (HMS, KG). Due to the high ~ Only a few reactions have been noted in the literature for
basicity of guanidine, they observed high activity and glyce_rol forr_nal, mclqdmg ester|f|(_:at|on, Ijalogenatlons,.and
selectivity of the supported catalysts toward the formation "€actions with a variety of organic chlorides and bromides.
of monoglycerides at 383 K. They showed that, due to the We have found a few referen_ces in the literature for the
difference in hydrophobicity and hydrophilicity of the Preparation of glycerol formal in the presence of a homo-
support, the supported silica catalysts were 7 times moregeneous catalysis or by action of micro-organisms. No
active than PSTBD when using DMSO as solvent, whereas references describing heterogeneous catalysis have been
without solvent, only the PSTBD sample exhibited high ~ found (Scheme 36). _
activity and selectivity toward monoglycerides formation.  The acetalization of glycerol with formaldehyde (route 1
The authors attributed these results to the strong adsorptiodn Scheme 36) has been reported in the presence of different
of glycerol over the hydrophilic suppoft’® homogeneous acids, such agSiy, with or without solvent

As for the methanolysis of vegetable oils with methanol, (reflux of benzene)?””"197 or PTSA at reflux of benzene
triglycerides react with glycerol to give fatty acid mono- and With a yield of 90%:!%601%8! Gras et al%? studied the
diglycerides of glycerol (Scheme 35). We could find only acetalization and transacetalization of glycerol and form-
one example of glycerolysis of vegetable oils on a solid aldehyde or dimethyl or diethyl formal in the presence of
catalyst in the open literature. LiBr and PTSA or HCI and obtained a mixture of dioxolane

The various solid base catalysts (Cs-exchanged MCM- and dioxane in ratios of 60:40 and 44:56, respectively. When
41, Cs-exchanged Sepiolite, MgO, and calcined hydrotalcitesthe transacetalization of dimethoxymethane was performed
with various Al/Mg ratios) were tested for the glycerolysis in the presence of PTSA and LiBr, a mixture of dioxolane
of triolein and rapeseed oil without solveiit. The results ~ and dioxane in a ratio of 6:94 was achieved, the trans-
showed that the most active catalysts were MgO and calcinedacetalization being especially selective toward the dioxane
hydrotalcites, with an Al/(Al+ Mg) ratio of 0.20. The derivative.
catalytic activity was directly correlated to the basicity of ~ Marton et al:®3reported the preparation of glycerol formal
the solid, whereas the selectivity to monoglycerides was in the presence of BuSngCunder mild conditions with a
found to be dependent on triglyceride conversion. The Yield of 84% and a dioxane:dioxolane composition of 77:
authors showed that, using MgO as catalyst and optimizing 23.
the conditions of the process (temperature, molar ratio of Several patent&+1%85describe the reaction between gly-
glycerol/oil), it was possible to produce monoglycerides with cidol and formaldehyde or trioxane in the presence of
67% yield at 96% conversion of rapeseed oil, afé in a aqueous solution of acid (HCI) at 348 K, producing the
batch reactor at 513 K and with a glycerol/triglyceride molar dioxolane isomer with a conversion up to 63% and a
ratio of 12. selectivity up to 85%.

sense, Corma et #7° studied the glycerolysis of methyl
oleate in the presence of different'Bisied and Lewis base
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Scheme 36. Different Routes for the Preparation of Glycerol
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3.2. Reaction of the Fatty Chain

Vegetable oils are extracted from plant sources, known
as oil plants. Although in principle other parts of plants may
yield oil, in practice the seeds are the almost exclusive source.
Vegetable oils are considered more healthful than animal
fats because they are lower in saturated fats. Saturated fats
are among the most common fats in the human diet and are
found in animal foods like meat and in tropical oils (palm
and coconut). Diets high in saturated fats are associated with
higher risks of heart disease, cancers, and stroke. Soybean
oil is considered one of the most well-balanced vegetable
oils, with a low saturated fat content of 15%, 24% of mono-
unsaturated fatty acids, and around 61% of poly-unsaturated
fatty acids. Unsaturated fatty acids have alkyl chains that
contains one or more double bonds. Mono-unsaturated fat

o Homogeneous catalyst Homogeneous catalyst H H H H
Etherification or esterification ~ Hydrogenation is found mOStIy n Ve_getable oils _SUCh as Soybean’ O||Ve,
canola, and peanut oils. Due to their stability, these types of
OH or on oils find application for cooking. Poly-unsaturated fatty acids
X : !
ROH Reduction catalyst are found in nuts and vegetable oils such as soybean,
o OH | omogeneous cata,yst?\ Homogeneous catalyst OL (5) safflower, and sunflower oils and in fatty fish oils. Soybean
o Hydrogenation 0o oil contains approximately 61% of poly-unsaturated fatty
. acids. The composition of vegetable oils is variable, and so
is their use as renewable feedstock for chemical production
OH OPO (Table 12). Because of the interest in biological materials
HO IOH \)\WOH Ll OH as renewable sources for the production of energy and
o _HHO 0 =40 ©  Chemicals, vegetable oils have received renewed attention
OH Homogeneous catalyst /~O \\ . . . . .
Ho OR 0\)\(0R o because of its biodegradability, safety, price, and potential

|
(o)

|
(e}

competitiveness with petrochemicals for the development of

new value-added products.

Kazumasa et P8 prepared the dioxolane product by Besides the traditional uses of oleochemié&las surface-
reacting 3-halogeno-1,3 dioxolane with an acid or an alcohol active compounds (alkanoamides, alkyloamines, sulfonic
(route 4 in Scheme 36) in the presence of an alkali metal or derivatives), soaps, detergents (mono- and di-aliphatic acid
an alkaline earth metal salt, and reducing the correspondingglycerides, sulfonated monoglycerides), coatings and in
product into the desired compound. The same autffdrs cosmetics, textile, and pharmaceutical industries, derivatives
followed a similar strategy for the preparation of the isomer, such as epoxidized plant oils find uses as plasticizers and
starting from 3-halogeno-1,2-propanediol and an alcohol or Stabilizers in the production of PVE?* Also, polyols
glycidol, which are condensed in the presence of a base (routd:)roduced from epoxidized fats and alcohols are of interest
5). After reduction, they obtained the dioxolane derivative. for the production of foams, dispersants, and fluid polyure-

Other patent§88.198%described the preparation of dioxolane thane resing?%
derivatives by reacting the glyceric acid or ester with  Crucial reactions for the development of oleochemicals
formaldehyde (route 6) and reducing the resulting product as building blocks for the production of polymers or new
with LiAIH 4. commodity chemicals occur at the double bonds of unsatur-

The preparation of a selective dioxolane isonfRio( S ated oils, fatty acids, or fatty acid esters, such as epoxidation
has also been carried out with micro-organisms or substancesand epoxy ring-openings, oxidation (caustic oxidation) and
derived therefrom, by stereoselective consumption or conver-ozonolysis, hydroformylation and hydrocarboxylation, dimer-
sion of an enantiomeric mixtupg0-1093 ization, etc.

Table 12. Composition of Some Vegetable Oils

oil

fatty acid soybean palm rapeseed sunflower cottonseed castor coriander olive coconut olive peanut safflower canola
capric 10:0 0.6 0.2 7.3 6.4
lauric 12:0 0.1 0.5 48.5
myristic 14:0 0.3 25 0.1 0.9 17.6 0.1 0.1
palmitic 16:0 10.9 40.8 51 6.5 20 2 3 11 8.4 13.7 116 6.5 3.9
stearic 18:0 3.2 3.6 21 45 3 1 2.2 25 25 31 24 1.9
oleic 18:1 24 45.2 57.9 21 25.9 6 31 77 6.5 711 46.5 131 64.1
linoleic 18:2 54.5 7.9 24.7 68 48.8 3 13 8.9 15 10 31.4 77.7 18.7
linolenic 18:3 6.8 7.9 0.3 0.6 0.6 9.2
arachidic 20:0 0.1 0.2 0.9 15 0.2 0.6
ricinoleic 87

18:1-OH
petroselinic 52

18:1A8
saturated 14.7 46.9 8.3 11 25 4 4 13.2 91.9 17.1 19.3 9.2 6
unsaturated 85.3 53.1 91.7 89 75 96 96 86.8 8 817 781 90.8 93




2464 Chemical Reviews, 2007, Vol. 107, No. 6 Corma et al.

Scheme 37. Example of the Products Obtained by Epoxidation of Trioleate
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3.2.1. Epoxidation described the oxidation of oils (safflower, linseed, soy-
bean)!%®Unsaturated fatty acid esters contained in naturally
occurring oils were partially epoxidized by an epoxidizing
agent such as an aliphatic peracid (peracetic, performic, or
perbutyric acid) or hydrogen peroxide and an aliphatic
carboxylic acid with sulfuric acid. Hoesch et al. reported the

q lastic additi ith kets for plastici f use of an aqueous solution of hydrogen peroxide and acetic
uste das f aﬁtm? ) |S_\|/¢S, wit :nar_ detst orp daﬁtlﬁltzc—::[rsé'l'ame anhydride in the presence of nitrogen-containing bases or
retardants, heat stabrizers, antioxiaants and light Stabilizers, 5, manja or a salt thereof as catalyst (alkylamines and

a_r|1d as gddltlves n I#pmlzlant anbd urethlane foams. Vhegetablearomatic bases such as quinoline, pyridine, ammonia) at
olls, and more spec; ICally soy edan IOI ' c%nsntfute th € MOst 598303 K. Examples are given of the epoxidation of castor
|mpo_rtzT|nt SO[.JI“;? 0 unsatlura}['.[e' gyce:jl ?sbllc')r t ef Cct)fr1n_ oil, linseed oil, methyl oleate soybean oil, oleic acid, and
rr:erc_la y ?VS{/% € edeX)l/ P %S ICIZETS ?nd S 3 : |hzers or 'de linoleic acid. They obtained epoxidized linseed oil and oleic
plastics o and related resins. Indeed, the epoxides, ;4 methy| ester with percentages of epoxide oxygen and
change.trr:e;] SSIUbH:ty and f(lje|>_<k|)blllty %f fthe PXC Fr)(\a/s(l:ns and 5 4ine numbers of 7.4 and 4.1%, and 3.6 and 0.6, respec-
react wit rochloric acid liberated from the resins Cs o : -

under the prglonged action of light and heat. The applicability t|vgly.111f:)%9 Air Liquide has also patented the use of per-
of an epoxidized oil depends on its purity, oxirane number, gfcl)%sljce daSsdingp;e):(rlg::Zisd(fgr"rii::f:? d)afsor?nogdb?r?r]siglixvﬁrg
and iodine number; the commercial specifications are an presence of a complexing agent of heavy metals, and

. o o
gégﬁ]nee r?grr:geerr ?Sf ?ﬁi/"m"’;nsi aor} '%O(Ij';% r}l:]mt)r(;rml?selg]v;tZi.SS epoxidized oil was obtained with oxirane number close to
consumed by 100 grams of a chemical subgta%?é@]'he 6.9 and iodine number around 2.8. Henkel carried out the
main drawback of the oils is their relatively low unsaturation, SCMinuous epoxidation of unsaturated higher fatty acids and
which limits the oxirane number to about 7% ' derivatives and triglycerides (soybean oil) using performic
With respect to the epoxidation of oils (Scﬁeme 37), the acid formed in situ f_ro_m hydrogen pe_rOX|de and formlc -aCId'
epoxidized products could be so diversified because of the ;(()irraer;( : Tgrlﬁb;p 8|>O<|?ézgi;%?’?ggsﬂ;gv::noﬂﬁlnhegsv;:tsfgan
gﬁsisr:bg'fti'hgfo?sggé’ di-, or tri-epoxides according to the .., epoxidized by forming in situ the peracid, at room
g ) temperature, by dropping formic acid and further by dropping

The most important and most applicable epoxidation : : : ;
processes follow the Prileschajew reactiéhyhich uses E?.lfgdhi?llgglons of hydrogen peroxide and phosphoric acid

organic peracids, such as peracetic or performic acid, o )
obtained through the catalyzed oxidation of corresponding . Thus, the heterogenization of such processes is of great
carboxylic acids. These methods have to be separated in twdnterest from industrial and environmental points of view
major categories: ones wherein the peracid is preformed ando€cause of the advantages of the use of a solid catalyst,
added to the reaction medium, and others wherein the peracicPffering selectivity, easy recovery, possible reuse and
is formed in situ. These processes present disadvantages sudi§generation, no contamination, and no corrosion.
as the low selectivity and oxirane ring-opening, which  With respect to the use of peracids, kinetic studies showed
increase the viscosity, difficult separation from the products, that the rate-determining step of the process was the
and corrosion. Acetic/peracetic acid is largely used becauseformation in situ of the peracid, which occurs when formic
it was judged more suitable for epoxidations of oils, giving and acetic acids are used together with hydrogen peroxide
lower ring-opening than formic/performic acief’ and sulfuric acid as catalyst for the epoxidation of methyl
There are numerous patents that describe using peracidesters:!°411% Several groups have carried out a study of
for epoxidation of oils, fatty acids, and fatty acid methyl epoxidation of soybean oil using acetic acid@-as oxidant,
esters, and we summarize some of them here. FMC Corp.and Amberlite IR 120 or other resins as acid catalyst for the

Epoxidation can be considered a common transformation
to produce stabilizers and plasticizers. Moreover, epoxidation
of fatty acid methyl esters could provide interesting inter-
mediates for the synthesis of new chemicals.

Epoxidized fatty acids and their derivatives are largely
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peracetic acid formation. The examples of substitution of 353 K. They also reported the epoxidation of RSO bpH
soluble mineral acid are scare in the literature. Conversionswith ammonium molybdate cataly8€® The epoxidized
up to 97% and yields of 7782% have been achievéep110° product was obtained with a selectivity90%. Jarostw et

The incorporation of Ti into the framework of zeo- al.**?4reported the catalytic activity of molybdenum catalysts
lites!1101111or mesoporous materialé?1113%to produce oxida- for the epoxidation of oleic acid .by organi_c hydrop_eroxides,
tion catalysts offered new alternatives for the oxidation of Such astert-butyl hydroperoxide, achieving with the
bulky substrates that cannot diffuse into TS-1 channels, and[MO(O)(SAP)(EtOH)] complex 87% selectivity toward 9,10-
so opened new possibilities in the field of fatty acids and €POXystearic acid at 67% conversion of TBHP. .
esters epoxidation. In 1997, Corma and co-workers reported Phase-transfer catalysis has also been used to epoxidize
a new and interesting application of large-pore zeolites 0Oils and fatty acid derivatives. For example, ricinic com-
containing Ti in the framework for the epoxidation of methyl pounds such as castor oil and dehydrated castor oil have been
oleate using organic and inorganic peroxides. They showedepoxidized with a phase-transfer catalyst that includes
that the hydrophobic/hydrophilic properties of the zeolite tungsten peroxo complexes, quaternary ammonium tetrakis-
played an important role. The best conversions and selectivi-(diperoxotungsto)phosphates, and crown ethers. Castor oil
ties obtained with Ti-beta were 45 and 97%, respectively, Was epoxidized with a yield close to 75% and presented an
and those with TFMCM-41 were 26 and 88%, using,B, oxirane oxygen content of 3.6%°
as oxidant at 323 K. In contrast, when TBHP was used as Several metal oxides are active catalysts for olefin oxida-
oxidant, the conversions and selectivities obtained with Ti- tion. More specifically, Mo and W with hydrogen peroxide

beta were 49 and 97%, respectively, and with- FiCM-41 form peroxides, osmium tetraoxide gives diols, while rhe-
were 64 and 91%, respectively, at 343 K. Both catalysts were nium oxide reacts with hydrogen peroxide to give peroxo
effective for epoxidation of methyl oleate, and—IMCM- complexes that efficiently catalyze the oxidation of olefins.

41 exhibited high conversions and selectivities to the epoxide Thus, Hermann et al. reported the activity of methyloxo-
and TBHP, 91 and 99%, respectively. With Ti-beta, the rhenium as catalyst for epoxidation of methyl oleate at room
reaction rate was slower when TBHP was used as oxidanttemperature, giving after 24 h an epoxide yield of 9296.

than when HO, was used because of steric restrictions to ~ Another method for epoxidation is radical oxidation in the
the formation of the transition state. So, the best catalytic presence of aldehydé¥’ For example, for the autoxidation
systems were hydrophobic Ti-beta® and T—MCM-41/ of benzaldehyde or acetaldehyde, some authors have used a
TBHP. Others have prepared different titanium-grafted solid carrier with cobalt or resind?® The heterogeneous
silicates as catalysts for epoxidations of methyl oleate, catalystimproved the stability of the peroxides but decreased
elaidate, and mixtures of methyl esters obtained from high- the reactivity of the cobalt species. In 1987, Chou and co-
oleic sunflower oil, usingert-butyl hydroperoxide as oxidant.  workers carried out a kinetic study of the epoxidation of oleic
The Ti—-MCM-41 showed high conversion and excellent acid with oxygen, benzaldehyde, and cobalt acetate. They
selectivity for all substrates, related to the presence of isolatedalso compared three processes: one using acetic acid, a
tetrahedral titanium. Ti grafted on silica also gives reasonable second using perbenzoic acid, and their own study. It was
results. It appears that high-surface-area support and goodbserved that excellent yield and selectivity could be obtained
isolation of Ti are required for active and selective with benzaldehydé?®4.1128

catalysts:H4 17 Sonnet et at'?° carried out the biphasic epoxidation of a

Catalysts derived from hydrotalcite have also been pre- series of fats and oils with ethylmethyldioxirane in 2-bu-
pared and used in oxidation processes-Mdhydrotalcite tanone. The best conversions for vegetal oils were obtained
with heteropolyanions has been synthesized fromyAltg with a molar ratio of 2.5:1 (oxidant/oil) at room temperature.
(OH)NO; and TiWiMOzg (M = Mn2+, Co?t, Cr*t) by an For epoxidation of methyl oleate or ricinoleate, 80 and 86%
ion-exchange method. The results of epoxidation of alkenoic Yields were obtained, respectively. In the same way, the
acid showed that the pillared materials exhibited catalytic epoxidations of methyl oleate, methy! linoleate, and other
activity 1118 unsaturated fatty acid methyl esters with popassium per-

Another way to obtain epoxides involves the use of oxgrq?srgosulfate at room temperature gave yields of 85
hydroperoxide in the presence of transition metal ions such 99%: )
as Mo, W, Cr, and V. Martinez de la Cuesta et al. carried N conclusion, several methods have been developed for
out the epoxidation of soybean oil with cumene hydro- epoxidations of fatty acids derivatives using aldehyde and
peroxide and molybdenum acetylacetonate cat&y&they molecular oxygen, dioxiranes, and methyl oxorhenium, as
obtained a maximum yield of 66% afté h of reaction at well as hydroperoxides with transition metal oxides. How-
409-417 K, with a molar ratio of unsaturation/ROOH of €Ver, the selectivities and workup were not satisfactory for
0.65-0.53. Epoxidations of methyl oleate, elaidate, petro- indust'rial application, and currently,. the industrial processes
selinate, erucate, ricinoleate, and 10-undecenoate with cumyl@re still based on the use of peracids. _
and tert-butyl hydroperoxide over MogAl,O; were also Chemo—enzymatlc gpomdaﬂon is an interesting route for
performed by Rafaralahitsimba et al., giving yieki88%1120 the §ynthe3|§ of epox_|d|zed fatty aud derivatives bec.ause it
For the epoxidation of fatty acid esters, Itoi ettt used  avoids the ring-opening of epoxide and the formation of
the catalytic system $#0,—MoO,—BusSnCl/C in methanol ~ byproducts.
at 323 K. Epoxidations of ethyl erucate and ethyl oleate gave Epoxidations promoted by cytochrome P450 and chloro-
around 76% of epoxides, while ethyl elaidate was less peroxidase were of interest, but chloroperoxidase was not
reactive and gave only 40% epoxidation. They could also revealed to be active for bulky substrates, and cytochrome
epoxidize vegetable oils (rapeseed, olive, soybean, cotton-P450 required the use of reductive cofactor, which limited
seed, corn, and linseed), giving epoxy oxygen contents of industrial application.
5.3—-3.5%. Do Huy et al!??used Se@and \»Os as catalysts In 1990, a new way to prepare peracids was discov-
for hydroxylation of rubber seed oil (RSO) with,8, at ered!31:1132 jpases, such as Novozym 435, an immobilized
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lipase fromCandida antarcticaon polyacrylic Lewatit was  15,16-diepoxy-12-octadecenoic acid), and only traces of
active for the conversion of fatty acids with hydrogen triepoxide were obtainet3®

peroxide to peroxy fatty acids. Thus, fatty acids were

converted to percarboxylic acids by an immobilized lipase /\/\/\M LipaseiH,0;

from C. antarctica(Novozym 435R) and further epoxidized

by intermolecular oxygen transfer, with high yields of-72 o

91% after 16 H1*1t has also been observed that Novozym e
i i i i HOO X

435 catalyzes the perhydrolysis of carboxylic acid esters with

hydrogen peroxide into percaboxylic aéid* When a "Self -

? . . . . . elf" auto-epoxidation
triglyceride is treated with hydrogen peroxide in the presence \ Intra or intermolecular
of Novozym 435, perfatty acids are formed and epoxidized. o}

The resulting mixture contains epoxidized triglycerides and Hoo)WV\/b/\/\AA
small amounts of epoxidized free fatty acids and mono- and o

diglycerides. The formation of these side products could be . . - . A
avgo?/ded by adding a small amount of frepe fatty adids. 3.2.2. Ring-Opening of Epoxidized Fatty Acid Derivatives

Even if perhydrolysis occurs, free hydroxyls are esterified The production of chemicals from renewable bio-based
immediately, and the epoxidized free fatty acids can be feedstocks is expected to grow in the future due to economic
removed by alkaline washing. Thus, plant oils such as and environmental factors. Thus, the manufacture of new
rapeseed, sunflower, soybean, and linseed oil were epoxi-chemicals from oils and fats could be an economical
dized with selectivities and conversions well above 90% and alternative. For this, the interest is in using readily func-
presented high oxirane oxygen content. Even in the case oftionalizable oils, such as epoxidized fatty esters or castor
linseed oil, the selectivity is high (98%), with an oxirane oil, which contains glycerol ester of ricinoleic acid, an
oxygen content of 9.99%43° Very recently, the chemo- unsaturated monohydroxylated fatty acid. Indeed, epoxidized
enzymatic epoxidation of 5-hexenoic methyl esters, obtainedfatty esters are easily converted into new compounds:
from Meadowfoam oil metathetically cleaved with ethylene, polyols by hydrolysis (using generally a mineral acify, 114

has been carried out with,B, in the presence of Novozym  epiamino (aziridine) or epithio (episulfide) fatty derivatives
435. Since the corresponding epoxides are interesting build-by treating the epoxides with sodium azitié*3or di-

ing blocks for ring-opening polymerization catalyzed by methylthioformamidéi**and amines by ring-opening with
aluminoxane/acetylacetoA®® a large number of studies diethylamines in the presence of a Lewis acid (Zn&f>1147
have been reported. The fatty acids and fatty methyl estersThe ring-opening could take place using carboxylic acid or
commonly encountered in commercial vegetable oils were alcohols (Scheme 38). All these products are desirable
epoxidized by immobilized peroxygenase, which catalyzes commodities due to their eco-friendly nature and “green”
the inter- and intramolecular oxygen transfer from a fatty character, and they have physical and chemical properties
acid hydroperoxide to form epoxides with unsaturated fatty comparable to those of conventional petroleum-based prod-
acids. Hydrogen peroxide or cumene hydroperoxide could ucts. They find applications as emulsifiers and polymers
be used as the source of oxygen, and oat seeds are a relativeljpolyurethanes foam) and in cosmetics and pharmacy, etc.
inexpensive source of peroxygena&&.Linoleic acid has For example, amine-functionalized soybean oil has been
been converted into monoepoxide and diepoxide (9,10 prepared by selectively reacting the epoxy group of the

Scheme 38. Possible Conversions of Epoxidized Fatty Acid Ester Derivatives: lllustrative Example with Epoxidized Trioleife
(o] NR, (e}

OJA\/W\@K(,):\/\/\A o%vvv\/b/\/\/\/\
EOW/\W\ O)M\M

e S oM\/\/\N HO
) ] f”f o

Possible applications as lubricants Potential bioactive compounds
Ring opening
R,NH-ZnCl, Rlng opening polymerisation
HCSN(CHj3),

(e}
)l\/\/\/\/WV\/\ Ring opening O)(l)\/\/\/\)x\y/\/\/\/\

)\/\/\/\/CB/\/\/\/\ o Eo)\/\/\WVW\

HO™ OH

RO, RCOO o
etc.
o X

Hydrolysis o
H,O/H*
NaNj
OH

OW\ )J\/\/\/\/\H/\/V\/\
EO )j\/V\/\/WV\/\

HN HO~ OH
O\[(\/\/\/\('\/\/W
NH
o o OH
Potential bioactive compounds Application in polyurethanes foam and emulsifier (moisture holding capacity)

aR = chain or fatty acid derivatives.



Transformation of Biomass into Chemicals Chemical Reviews, 2007, Vol. 107, No. 6 2467

epoxidized soybean oil with amines. These compounds canScheme 39. Hydroformylation, Hydrocarboxylation, and
act as antioxidants as well as an antiwear/antifriction agent. Koch Reactions of Double Bond%
Moreover, the amphiphilic nature of seed oils makes them Hydroformylation

excellent candidates as base fluids. Aminated lipids can have = Metal complex 051 f{iHO
a modifying effect on cell membranes, and they find R R. COM, R4 R, o R4 R,
applications in pharmaceutical formulations. Generally, the Hydrocarboxylation XO0C COOX
polyhydroxyamino compounds obtained by ring-opening of = Metal complex J_L o ﬂ
the epoxide are cross-linked products, and also the triacyl- Ri R CO/HOX Ry Ry, Ry R,
glycerol structure is lost because of the nucleophilic attack .

. . . och reaction
of the amines to the ester functié¥® A product without ey Strongacid 00 COOX
cross-linking (lower viscosity) nor ester linkage has been Ri R:  ~comox™ R1_)_LR2 °fR1ﬂR2

obtained using diethylamine and ZnCind with an apertur - .
of a tertiary peglrt of tKe epoxy rint}“%%]edsame groﬁp als?) 9y a Rlik?/lz = alkyl, H, alkyl chain with functional group (ester), etc.=X
) or a .
realized a similar study with milkweed and salicornia &if$. _ _ . _
Milkweed has become an industrial crop because its éactions, and consequently different isomers are obtained.
hypoallergenic floss can be used in pillows and comforters Nevertheless, the addition of an excess of modifying complex
and has other industrial uses. From the triglycerides, poly- lgands avoids side reactions (triphenylphosphine or -phos-
oxirane and polyhydroxy triglycerides have been prepared, Phite)-*> Rhodium catalysts are mainly used for hydro-
the latter presenting interesting emulsifying properties for formylation of fatty derivatives and qllow working at lower _
oil-in-water emulsion&139.1149 temperatures and pressures, producing only aldehydes, while
Ring-opening and transesterification of epoxidized soybean ﬁ?balt cate;lﬁl stfs produci rlno?oaldehydes atr)d alcc()jhols. Futr—
oil with 2-ethylhexanol using different acids gives products therfmore,t_ N ]E)rmler f; ﬁys S a|:e more a;r':/ﬁ and promote
with excellent properties as lubricants when are used alone" € '0rmation of polyaldenydes. However, Rh homogeneous
or in combination with polye-olefin. It appears, then, that catalysts are difficult to recover and have a high cost, this

oleochemicals are possible substitutes for mineral oiI-based?e'ng a I'.@:F?t'oq for mdustnalthapplécatlorlié*?.tTtr_ler(.e 3ret.|
lubricants due to their low volatility, high flash point, good IV\;Q posfs;hl iies do ?vercortne i ea fOt\;]e ImlI abllon. tIIS |-t
thermal and oxidation stability, biodegradability, and safety. 240N 0f th€ product or extraction of the Soluble catalyst.

Nevertheless, their price is, at present, too high, and this is | N€ fiIrSt solution is not always feasible in the case of
why a cheap alcohol, 2-ethylhexanol, was used. With oleochemicals because of their high boiling point. With

p-toluenesulfonic acid, the reaction was low and only 82% respect to the extraction, aqueous triethanolamine and HCN

of ring-opening was observed (22 h at 403 K): with Dowex can be used to extract the rhodium comptéor, alterna-

: . : tively, to carry out the extraction with liquidliquid two-
50W-8X, the authors obtained 100% of ring-opening and 62 .
83% of transesterification (24 h at 403 K), while with sulfuric PNase systemis® Over 98% of rhodium can be extracted

: : . : - : : from hydroformylated soybean and safflower methyl esters
:Ct'gt;? ?ilggorbnegn%%ewgsg :gﬁilér\;gg.zvxltgtbgc;rg nKtrgIrl]Jg rrzcée, at 373 K, after 1 h, using HCN, water, and triethanolamine.
transesterification was observed. In contrast, with sodium AnOther way of “extracting” the metallic complex is by
methoxide, only transesterification occurred and was com- adsorption on a SOI'dz and then the rhod|um IS e'xtracted from
plete n 2 h at 403 K. Theproducts were further esterified the support by a triphenylphosphine-containing solution,
with acetic or hexanoic anhydride. Pour points of the p_roduc_lng in situ the homogeneous cata}gf%"t.llﬁ“Afluorous
products were determined to be as low as 252 and 243 K biphasic system that allows catalyst separation was tested

’ H 5-1167 i
without and with 1% of pour point depressant, respectively. for the hydroformylation of 1-decerié: In this case,
When the hydroxy groups in the products were esterified the system was based on _the fact that fluorous solvents have
with an acid anhydride, still lower pour points were observed. Nigher affinity for non-fluorinated compounds than for fluor-

The authors concluded that the synthesis of esters with two®US ONes. So, the authors prepared a catalyst with fluorous
or three branching sites with €Z7 chains improves the ligands and dissolved it in a fluorous phase. The dissolved

low-temperature stability; these compounds present a highpmdu‘?t could be eas_ily separated from _the catal_yst phase
viscosity index and thermal and oxidation stabifit§p:114.1150 by a simple decantation. Even though this catalytic system

Ring-opening of epoxidized rapeseed oil has been Carriedprtlasentts'some advlant.?gtgs, fthe' hC;ght pc>|st Ofl.th?. fluorous
out with different hydrogen donors, in the presence of sulfuric SC.VEN'S IS @ Major imitation Tor industrial application.

acid-activated bleaching earth (KSF/0) at 4333 K, but The prodqction of aldehydes opens a synthetic route for
the results were not as satisfactdp.1149.1151 the synthesis of polyols, polyacids, polyesters, and poly-
' amides. The products find different applications, mainly in

3.2.3. Hydroformylation the synthesis of polymers (plasticizers) or copolymers
(urethanes), as lubricants, and as coatings. In this way, the
There are three methods to introduce a carbonyl group touse of ethylene and dimethyl acetals obtained from hydro-
a double bond: hydroformylation, hydrocarboxylation, and formylated linseed, soybean, and safflower methyl esters
the Koch reaction (Scheme 39). gives plasticizers for PV Plasticizers from carboxy-
Hydroformylation is the most important and has been stearic acid esters for PVC have also been prepared by
extensively studied®? and largely applied!®311541155,1156  hydroformylation and oxidation or direct hydrocarboxylation
Cobalt carbonyl is still the most widely used hydroformyl- of vegetable oil methyl esters. Recently, the kinetics and
ation catalyst, while rhodium carbonyl complexes can also mechanism of the hydroformylation of soybean oil by
be used!®”11%8 The hydroformylation reaction, or oxo homogeneous ligand-modified rhodium catalysts at-343
process, could convert triglycerides or fatty acid esters into 403 K and 400611000 kPa have been studied in the
aldehydes in the presence of homogeneous Rh or Copresence of triphenylphospine or triphenylphospHit&The
catalysts. These catalysts generally favor isomerization same group has also hydroformylated vegetable oils and
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Scheme 40. Possible Routes for Arbitrary Dimerization of a Fatty Derivative
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model compounds by using ligand-modified rhodium cata-  An original and interesting method for supporting homo-
lysts, Rh(CO)(acac), in the presence of #hor (PhO)P, geneous catalysts uses supported agueous-phase catalysts
and quantitative yields of polyaldehydes were obtained under (SAP) and has been tested for hydroformylaiéi:118

mild conditions (363 K, 1000 psig}’® Polyols for the Specifically, the water-soluble rhodium complex HRh(CO)-
production of polyurethanes can be prepared from soybean(TPPTS), where TPPTS is the trisodium salt of tri

oil after hydroformylation and hydrogenation. Indeed, soy- sulfophenyl)phosphine), and water were formulated into a
bean oil was first converted into aldehydes by hydroformyl- thin film on a hydrophilic porous silica glass support. The
ation in the presence of rhodium or cobalt catalysts, and the SAP exhibited good results in hydroformylation but presented
resultant polyaldehydes were hydrogenated by Raney nickel.problems of stability, and leaching of the water film limited
The triglyceride polyols were reacted to give polyurethane, their applications.

and, inte_rgstingly, the products_ derived from the use of Rh  There are a few examples of hydrocarboxylation, which
gave a rigid polyurethane, while with those from a cobalt 5. generally catalyzed by @E&O)tertiary amine or
catalyst lead to a hard rubbef* In 2005, Mendes et al.  carhonyl hydrides of the eighth subgroup (Koch reaction).
carried out hydroformylation of methyl oleate and soybean The process is usually carried out in the presence of a strong
oil using [RhH(CO)(PP4)s] and [RhCh-3H,0] in the pres-  mineral acid with the formation of carbonium ions of
ence and in the absence of triphenylphosphine. A 100% ynsaturated fatty derivativé®8 For example, the 5-hexenoic
conversion and 8691% selectivity to aldehydes were aciq obtained by metathesis of meadowfoam oil methyl
achieved after 4 h, at 373 K and 40 bar, with CQAH2:1 esters was hydrocarboxylated with carbon monoxide/
and a ligand/Rh ratie= 10:1 using RhH(CO)(PRJy complex  methanol, giving pimelic acid dimethy! ester, which can be
as catalyst. RhGi3H,O was not active for hydroformylation  ap interesting monomer for the production of polyamides or
and favored the isomerization reactidh¥. polyesterd36 Mixtures of C19 dicarboxylic acids, such as
The applications of polyformyl fatty derivatives are the pimelic acid dimethyl ester, can be of interest for
numerous, and the recovery and reuse of homogeneous,roduction of polyamides and polyesthers and have been
catalysts from high-boiling hydroformylation products such gptained by Koch reaction of oleic acid, tall oil fatty
as fatty aldehydes remains a difficult task. The hydroformyl- acids, or partially hydrogenated tall oil fatty acids, with
ation of long-chain and branched olefins is stiI.I adomain co in the presence of sulfuric acid. In the optimized
for homogeneous catalysts whose recovery is based oncongitions, light-colored, heat-stable C19 dicarboxylic

classical two-phase methods, such as the one described:ig were produced with a yield of 83% and a purity of
abovel!31174\With short alkenes, the use of a two-phase ggoy 1186

catalytic system is well developétf> 1178 but since fatty

olefins have no solubility in water, the use of additives such 3 2 4. pimerization

as alcohols or surfactants and reasonable spé@me yields

is required for an economically competitive process. Het-  Dimerization of fatty acids is also a crucial reaction for
erogenization of homogeneous catalysts Rh osOAlnd the production of dicarboxylic acids, which, as was said
TPhP, for the hydroformylation of methyl linoleate and above, are useful for the synthesis of polyesters or poly-
linolenate, yields diformyl esters as major products{80 amides, as well as for hot melt adhesives, epoxy coatings,
85%). The polyformyl ester products obtained contrasted and printing inks (Scheme 40). However, they can also be
with the monoformyl ester products formed when cobalt hydrogenated into diols to give interesting new intermediates
carbonyl catalysts were uséH? Different types of Rh for the production of polyethers and especially of polyure-
heterogenized catalysts have also been used for hydroformylthanes. These compounds offer special properties, such as
ation of unsaturated fatty compoun@d&’-1183Unfortunately, elasticity, flexibility, high impact strength, hydrophilic stabil-
these catalysts are not truly heterogeneous, and leaching ofty, hydrophobicity, hydrolytic stability, and lower glass
the metal, along with a loss of activity and selectivity with transition temperature. Heidbreder et al. performed the
time, occurs. dimerization of acid (C-36) and converted the dimers into
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Scheme 41. Oxidative Cleavage ab-Unsaturated Fatty Compounds

R
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l CH;COOOH +HCOOH
H oH [Ru] /ICH;COO0H
H2C-C—(CHy),—COX H,C-C-(CH,),—COX 3
o H20 - H

HO

the corresponding fatty alcohols after hydrogenation in the acid with potassium permanganate, but now it is obtained
presence of a typical hydrogenation catalyst used for oleo- by oxidative cleavage of oleic acid with chromic acid or by
chemicals. The dimer diols are used for the production of ozonolysis. Azelaic acid is used, as simple esters or branched-
polyurethané®®” The dimerization can follow different chain esters, in the manufacture of plasticizers (for vinyl
mechanisms and give complex mixtures of reactions. This chloride resins, rubber), lubricants, and greases, as well as
could be the result of DietsAlder addition, giving cyclo- in cosmetics (treatment of acne). It displays bacteriostatic
hexene rings. For example, we can refer to the addition of and bactericidal properties against a variety of aerobic and
oleic acid to linoleic acid. The DietsAlder addition occurs ~ anaerobic micro-organisms present on acne-bearing skin.
when mixtures of polyunsaturated fatty acids are reacted. Pyrolysis of castor oils can give sebacic acid (C-10). This
On the other hand, when monounsaturated fatty acids areproduct and its derivatives have a variety of industrial uses
employed, the dimerization occurs following ene reactions as plasticizers, lubricants, diffusion pump oils, cosmetics,
or a reaction via the formation of carbocation intermedi- etc. It is also used in the synthesis of polyamide, nylon, and
ates'®*8The main products are dimers, trimers, and isostearic alkyd resins. Its isomer, iso-sebacic acid, also has several
acid, and because many side reactions occur (hydrogenapplications in the manufacture of vinyl resin plasticizers,
transfer, double bond shift, cidrans isomerization, branch-  extrusion plastics, adhesives, ester lubricants, polyesters,
ing), a complex product mixture is obtained. polyurethane resins, and synthetic rubber. The large-scale
In heterogeneous catalysis, a layered clay, montmorillonite, transformation of the double bond generally occurs through
showed interesting properties for dimerization of aéit&!18° epoxidation or ozonolysi&? In the chemical industry,
In the case of the layered clay, dimerization of oleic acid azelaic and pelargonic acids are produced from ozonolysis
occurred in the interlamellar spat&In the patent literature,  of oleic acid. However, due to the technical difficulties
the use of montmorillonite for the dimerization of vegetable associated with large-scale ozonolysis and environ-
fatty acids, in the presence of Li salts and water, has beenmental considerations, there is much interest in substi-
shown to produce dimers and trimé#g..1192 tuting ozonolysis by other cleavage processes using alter-
Homogeneous catalysts have been used in dimerizationnative oxidants such as hydrogen peroxide or molecular
but are active only with the methyl esters of the fatty oxygen.

acids''® The patent claimed the use of at least one Lewis  |n 1997, Warwel et al. reported the oxidative cleavage of
acid, and at least one of the components has to be anunsaturated fatty acids by transition metals such as ruthenium
inorganic tin halide. The authors reported y|6|dS of oligomers Cata|y5t with NaOCI as oxidant. However, more environ-
of 70-73% at 373 K after 20 h, and percentages of dimers mentally friendly oxidants, such as hydrogen peroxide or
and trimers of 20 and 2837%, respectively. Thermal  molecular oxygen, were less effective. Also, unsaturated
reactions using diert-butyl peroxide as initiator gave  derivatives were converted to keto fatty acids and cleaved
complex mixtures of dimers, trimers, and higher oligo- using Mn, Ru, PdGICuCI, or RhCy/FeCk catalysts and
mers;411% and the results are of limited commercial molecular oxygen with very good yields (Scheme 423:1201
Interest. Two-step processes have been described for the oxidative
3.2.5. Oxidative Cleavage and Ozonolysis cleavage of internal unsaturated fatty compounds. For
example, for the production of azelaic acid and pelargonic
Dicarboxylic acid (HOOC(CH,COOH) have industrial  acid, or alternatively ofv-hydroxynonanoic and pelargonic
application directly or indirectly through acid halides, esters, acid, by oxidative cleavage of oleic acid or oleyl alcohol,
salts, and anhydrides. They find uses as plasticizers forrespectively, a vicinal diol is produced in a first step by
polymers, biodegradable solvents and lubricants, engineeringoxidation with hydrogen peroxide and pertungstic acid. In
plastics, epoxy curing agents, adhesives, and powder-coatinghe second step, this diol is reacted with cobalt acetate and
corrosion inhibitors, in perfumery and pharmaceuticals, etc. molecular oxygen to give the carboxylic acids. The first step
Monounsaturated fatty acids are attractive starting materialshas been largely studié@’? 2% |n the second step, the “in
in oleochemistry due to their availability from natural situ”-formed catalyst could be a lacunary poly(oxometalate),
sources. They are generally produced by ozonolysis orwhere cobalt sequestered by the tungstate anion groups and
oxidative cleavage of the double bond. Short-chain di- accessible to the reagent could be the active species (Scheme
carboxylic acids are of great importance in the general 42) 12061207
metabolism: oxalic, malonic, succinic, and glutaric acids.

Other acids, with long chains, such as pimelic, suberic, Scheme 42. Oxidative Cleavage of Internal Unsaturated
azelaic, sebacic, and decanoic acids, are also of interestFatty Compounds

Glutaric acid methyl ester can be synthesized by ruthenium- H:C  H H

- . . : . H2W04 . [
catalyzed oxidative cleavage with peracetic acid from 5-hex- ¢ (n,c),.-Hc=CH-(CH,), cOx (HC)mC~C+(CHp),COX
enoic acid, provided by the metathesis of meadowfoam oil H;0, HO OH

methyl esterd!3 Heidbreder et al'é” reported the preparation X= OH, OR(alky group)

of oleochemicals as building blocks for polymer applications.
Azelaic acid (C-9) was at first prepared by oxidation of oleic HOOC—(CH;)mCHs + HOOC-(CH,),COX

[Co] 102 or H,0,
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The oxidation of unsaturated fatty esters could also be cals are the olefins conversion technology process (originally
achieved using KMn@in an aqueous solution of AcOH the Phillips tailfin process) and Shell’s higher olefins process.
under ultrasound (293 kHz, 53 W/é#2%8 Metallic oxidants Metathesis of natural fats and oils offers new alternatives
such as permanganate can be used but generally require for the development of new oleochemicals (agrochemicals,
large excess of oxidant and/or the presence of emuldffiér.  insect pheromones, fragrances, pharmaceuticals). Thus,

No other examples of heterogenization of transition metal homometathesis leads to long-chain alkenes and diesters
catalysts or other oxidant catalytic systems for the oxidative Which find numerous applications as polyolefins, surfactants,
cleavage of unsaturated fatty compounds for the preparationfragrances?'# 1214 polyamides, and polyestet&>!2%re-
of dicarboxylic acid derivatives have been found in the SPectively (Schemes 44 and 45). Cross-metathesis allows the

literature. formation of shorter esters, with a CtC14 range, with
applications in detergents, pheromo#€s, polyamides,
3.2.6. Metathesis polyesters, and polyethef®éand shorter alkenes, which can

) o ) ) ~ be functionalized and used as intermediates in organic

Recently, there is a growing interest in metathesis reactionssynthesis for polyolefins, lubricants, and surfactdfts.
to form new compounds through the cleavage of catbon  The cross-metathesis of low-molecular-weight simple
carbon double bonds of two olefins. The process is catalyzedalkenes with oils or their derivatives, such as ethylene

by transition metatcarbene complexes of Mo, Pt, Pd, Rh, (ethenolysis), has received special attention due to the low

Ru, Ir, or Os (Scheme 43). cost and abundant supply of ethylene. However, the metath-
esis of oils and derivatives (methyl or ethyl fatty esters)
Scheme 43. Metathesis Catalyzed by a Metal Complex presents some limitations due to the low activity (turnover)
M-CHR RHC=CHR, M=CHR, and deactivation of the metathesis catalysts, because of the
HRo=CRH M Ni=cRH + HR C=CRH—= RIHCTCHR: o Rs MoCHR, polarity of the functional ester group, the generation of a
RHE-CHR, l relatively unstable methylidene intermediate, and the produc-
HRG=CRH tion of terminal olefins which can compete with the internal
M-CHR olefins for ethenolysis processi46:1219.1220
R{HC-CHR The first example of an active catalyst for metathesis of
. Hhél—gag methyl oleate appeared in 1972, a tungsten oxo halide
HE-

catalyst associated with a tetraalkyltin derivative as cocatalyst
(WClg/(CH3),Sn) 1?21 Since then, different studies and sys-
Olefin metathesis was first observed in the 1950s, at tems based on W complexes and Sn cocatalyst have been
DuPont’s petrochemicals laboratories, where a propylene developed. In 1977, Mol reported the activity of supported
ethylene copolymer was obtained from a propylene feed Re catalysts, activated with tetraalkyltin species, for homo-
which passed over a molybdenum-on-aluminum catalyst. metathesis of methyl oleate. This work was the origin of
Olefin metathesis was also accomplished by Standard Oilnumerous studies toward the development of metathesis of
Co. to produce properiél®1?ll The process can offer oils and their derivative¥?? However, still in 2004, the
industrial routes to petrochemicals, polymers, and specialty highest number of turnovers for the metathesis of methyl
chemicals but also to oleochemicals. The most important oleate with these heterogeneous catalysts was 900, because
applications of olefin metathesis in the field of petrochemi- of severe deactivation resulting from contact with polar

Scheme 44. Homometathesis of Fatty Acid Methyl Esters
O

/\/\/\/\WJ\OMe

HOMOMETATHESIS

A :

NN TN NN TN TN J\/\/\/\/\/\/\/\/U\
= MeO = OMe

Functionalisation
(Alcohol, dimerisation/hydrogenation etc.)

Polyolefins, lubricants, surfactants etc. i i
Dieckmann condensation

Macrocyclic compounds Starting material for
(Fragrances) polyamides, polyesters
example: n=1

Q o)
COOMe
Hydrolysis/-CO,
= 7
)

9-cycloheptadecen-1-one
(ingredient in musk perfume



Transformation of Biomass into Chemicals Chemical Reviews, 2007, Vol. 107, No. 6 2471

Scheme 45. Cross-Metathesis of Fatty Acid Methyl Esters
o]
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impurities among others. More effective catalysts were side in the development of more active and selective solid
developed in the field of homogeneous catalysis, without catalysts with environmentally friendly CO cataly&t®; 1246
requiring the presence of a cocatalyst to initiate the metath-and on the other side on heterogenizing homogeneous
esis, because the bulkiness of the ligands avoids thecatalysts.

coordination of other functionalized molecules that may act  The first example of using immobilized or supported
as deactivating specié¥* 122> The intense research into 1 thenjum complexes, which have found interest in the past
tolerant functional groups in homogeneous catalyst led to decade, was described by Grubbs and co-workéfs.

the first generation of Grubbs’s cataly$t The development (C1x(PRs),Ru=CH—CH=CPh) was immobilized by grafting
of N-heterocyclic carbene-coordinated ruthenium complexes; 1o a 2% cross-linked polystyreraivinylbenzene solid

such as [(HIMes)(PCy)(Cl)Ru=CHPh], which displayed g pnort, starting the first generation of PBVB-supported

a higher reactivity with a large variety of olefin substrates, thenjum vinylcarbene metathesis catalysts that could be
werizc;alled secondz-sgltzezr;eratmn Grubbs’s catalysts (Schemgecoyered and reused. Others immobilized the Ru complexes
46).22" The result§®12*%encouraged the research on pos- o yinyl polystyrene, confirming its activity and reuse, but

Scheme 46. First- and Second-Generation Grubbs’ Catalysts ~ With @ strong decrease in activit§:In 2000, Schurer et al.
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Y& al Mes~ N N-Mes
CI'R,U\ R Cl
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Ph CysP Bh

Example of one of the
first generation
Grubbs' catalysts
ruthenium
benzylidene complex

Example of one of the
second generation
Grubbs' catalysts

N-heterocyclic carbene

ruthenium complexes

grafted Grubbs’s complex from the saturated N-heterocyclic
carbene ligands but observed low activity of the resulting
materialst?*° Recently, a new concept of immobilization of
Grubbs’s catalyst by direct coordination of ruthenium to
poly(vinylpyridine) has been reportéé?® while Liang et
al.*?* supported Grubbs’s catalyst on mesoporous SBA-15.
The Ru complex was anchored in the pore channels of
mesoporous silica material SBA-15 to prevent the decom-
position of the catalytic species. The authors observed high
4, catalytic activity in functionalized olefin metathesis reactions

sible applications to metathesis of fatty acid esters. In 199 | h | | ti ith
Grubbs et al. patented the preparation and use of phosphanedd could reuse the catalysts several times without any

ligated ruthenium-based catalysts, which performed the decrease in catalytic activity. New ruthenium carbene
homometathesis and ethenolysis of methy! oleate but with Catalysts, such as ReCHPh)(CI)(PCys)., were prepared
low turnover numbers (TON30 in which the chlorlde_ Ilgands_were r_epla<_:ed with carboxylic
Also, with homogeneous ruthenium catalysts, Dinger and 9r0UPS to produce,5|x-coord’|nate dimeric complexes of the
Mol reported TONs of 2500 and 440 000 using [(R@E]) VP [RUECHRRR CO)xu-R COAPCy)Au-H:0)], where
Ru=CHPh] and [(HIMes)PCy)(Cl),Ru=CHPh], respec- R was a_strongly electron-withdrawing group (_£:I€2F5, _
tively, achieving in the last case conversion and selectivity ©Ch)- This was supported on a polystyrene resin, and high
of 45 and 91%, respectivel§j2° The conversion of methyl activity for metathesis reactions was obtained. It was used
oleate via cross-metathesis with ethylene, catalyzed by bis-for the homometathesis of methyl oleate and gave a conver-
(tricyclohexylphosphine)benzylideneruthenium dichloride un- Sion of 45% after 4 h, which was slightly better than for the
der tedious reaction conditions, gave high selectivity (90%) homogeneous analogue (40%j: This is the only example
toward the formation of 1-decene and methyl 9-decenoate,0f fatty esters metathesis that we could find in the literature.
although still with low TON!?1° Recovery and reuse of Ru complexes was performed by
Cross-metathesis of unsaturated fatty acids esters withattaching these to small fluorous tagskg, CsF17), named
2-butene has recently been reported, with high conversionlight fluorous molecules. The resulting materials thus have
and excellent turnovers, using second-generation ruthenium-the properties of the metathesis catalyst, while they can be
based catalyst or second-generation Grubbs’s cat&f}sts* easily removed from the crude reaction products by fluorous
at 298 K in liquid 2-butene. The selectivity and conversion solid-phase extraction. The final catalyst was active for
of butenolysis were related to the molar ratio of 2-butene/ metathesis of functionalized olefins, with good yields and
fatty acid double bonds: for a ratio of 10, the authors reached at least five reuse’$>® Substituting phosphine ligands in
selectivity and conversion both95%1234 Grubbs’ complexes by a rigid bicyclic phosphine, 9-cyclo-
Because of difficulties in homogeneous catalyst recovery hexyl-9-phosphabicyclo[3.3.1]Jnonane, the ruthenium carbene
and catalyst stability, more efforts are being made, on one complexes that were obtained exhibited higher stability to
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Table 13. Main Terpenoid Compounds of Some Essential Oils

essential oil botanical name main constituents
turpentine Pinusspp. terpenes (pinenes, camphene)
coriander Coriandrum satum linalool (65/80%)
otto of rose Rosaspp. geraniol, citronellolX70%)
geranium Pelargoniumspp. geraniol, citronellol
lemon Citrus limon limonene (90%)
lemon grass Cymbopogorspp. citral, citronellal (75/85%)
citron scented, eucalyptus Eucalyptus citriodora citronellal (~70%)
spearmint Mentha spicatandMentha cardiaca carvone (55/70%)
peppermint Mentha piperita menthol (45%)
continental lavender Lavandula officinalis linalool, linalyl acetate (much), ethyl pentyl ketone
cinnamon bark CinnamomumerumPresl. cinnamic aldehyde (60/75%)
cassia Cinnamomum cassia cinnamic aldehyde (80%)
cinnamon leaf Presl. Cinnamomumerum eugenol (up to 80%)

air, moisture, and temperature than the first- and second-oleoresins extracted from coniferous trees and terebinth (also
generation Grubbs’s catalysts and were active for a variety called Chian, Scio, or Cyprian turpentine) and the essential
of metathesis reactions. While these complexes were notoils obtained from citrics. Table 13 presents the main
applicable as metathesis catalysts in the same broad applicaterpenoid compounds found in some essential oils.
tion profile as second-generation catalysts, they could be Most essential oils are expensive and so are applied
recovered by column chromatography, and their activity was directly, such as isolated natural chemicals. In contrast, there
maintained in the reuse. For the homometathesis of methylare abundant and inexpensive natural compounds, such as
oleate, the results obtained were similar to those obtainedlimonene or pinene, which constitute real building blocks
with the second-generation catalysts, conversion and selecfor the synthesis of new important chemicals for use as
tivity of 47 and 97%, respectively, while for ethenolysis of fragrances, flavors, pharmaceuticals, solvents, and also chiral
methyl oleate, the conversion and selectivity were 43 and intermediates.
9%, respectively, higher than the ones obtained with the other Numerous catalytic chemical processes have been devel-
complex, which gave a similar conversion but a selectivity oped for the production of valuable products from terpenes
of 58%12%4 through hydrogenation, oxidation, isomerization/rearrange-

It can be concluded that the best results on metathesis ofment, hydration, hydroformylation, condensation, cyclization,
fatty acids and esters have been achieved, up to now, withring contraction, etc. The main terpenes and terpenoids that
homogeneous catalysts. However, the results obtained areve have considered as building blocks are pinene, limonene,
far from optimum: solid catalysts and heterogenized homo- carene, geraniol/nerol, citronellol, citral, and citronellal.
geneous ones have been improving but are still limited in
use at this time due to catalyst deactivation and leaching.4.1. Pinene
Further work on the fundamentals of metathesis and ac- The a- and -pinenes are bicyclic terpenes that are the
companying reactions on solid catalysts are necessary, and__. : .

. major components of wood turpentine and can be obtained

operando spectroscopy can play an important role to unravelfror,n the resinous sap of pine treeRifug by steam-
surface interactions and catalyst decay. P P y

. : distillation.

As a general conclusion on the use of fatty oils for the : : . .

producti%n of useful chemicals, we can sa;y that there is fD|fTerent chengcal r;rocezses n}ake possible theSprﬁparatf;
. ' . of a large number of products from terpenes. Scheme

already an important body of research on the reactions and . .
derivatives that can be prepared. The main goal, in many presents some valuable conversions of pinene.
cases, is still to obtain solid catalysts with better activity and 4 1.1, jsomerization: o.-Pinene
selectivity, but especially with catalyst lifetimes long enough ] o ) ) )
to make the process economically competitive. The isomerization ofx-pinene in the presence of acid

We believe that the conversion of fatty acids and esters catalysts has been widely studied, and it produces a complex
into chemicals can benefit from the catalytic advances madeMixture of mono-, bi-, and tricyclic terpeneg-pinene,
by some companies that have been able to transform aciddricyclene, camphene, limonenecymene, terpinenes, ter-
and alcohols via FischefTropsch reactions into useful pinolenes, phelandrenes, etc.). It occurs by protonation of

chemicals. The problems of both feeds are very similar, and the double bond and the subsequent formation of a pinyl-
cross-fertilization will be very useful. carbonium ion intermediate, which can rearrange into mono-

cyclic and tricyclic terpenes, following parallel and irrevers-

4. Terpenes ible routes. Thus, on one hand cam_phene and tricyclene are
' obtained, and on the other hand limonene and limonene-
Terpenes are found in essential oils that are componentsderived products are formed (Scheme 48). Generally, in

of resins, steroids, and rubber. They are widely distributed liquid-phase systems, the main products obtained are cam-

in the plant kingdom. Since antiquity, they have been isolated phene and limonene, with selectivity and conversion depend-
and used as flavors and fragrances. They are hydrocarbonsng on the nature, strength, and number of acid sites of the
that contain one or more double bonds; oxygenated naturalcatalyst:?®®> Limonene is widely used as a flavor and
and synthetic derivatives are called terpenoids. Terpenes ardragrance additive in cleaning and cosmetic products, food,
made of units of five carbons, called isoprene, ordered in a and pharmaceuticals. It is also present in most of the essential
regular pattern, usually head-to-tail, up to 25 carbons. oils, particularly citrus oils.

Terpenes represent a sustainable and versatile feedstock. Limonene is more reactive than camphene, and so it can

The most important sources of terpenes are the turpentinebe transformed into different monocyclic terpenes, such as
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Scheme 47. Some Valuable Compounds That
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Can Be Obtained from Pinene
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themselves beintermediate in the chemical industry for production of
nes (Scheme 48)fragrance materials, acrylates, terpepbenol resins, and

Because the disproportionation reaction is a bimolecular other derivatives. A maximum of 10 t/year is used directly
process that needs space to occur, it is not observed wheras fragrance. It is also used as a solvent for varnish in the

microporous materials are used as heterogeneous catalyst@automobile industry (12 t/year of camphene).

In 1965,

Camphene is produced industrially by isomerization of camphene was approved by the U.S. FDA as a food additive,

o-pinene. Isolation of camphene is perform

ed by fractional and in 1974 the Council of Europe included camphene in

distillation under reduced pressure. Camphene is used as atthe list of artificial flavoring compounds that can be added
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to foodstuffs without a hazard to public health (the approved al.*?63-1265 glso studied the activity of clinoptilolite in the
level is 0.5 ppm). Camphene is also an important intermediateliquid phase at 393433 K and 1-10 bar. Mainly camphene
for the synthesis of camphor. Camphor occurs naturally in and limonene were obtained, and only minor quantities of
the wood of the camphor tre€i{nnamonum camphoyand other terpenes were observed at higher conversions by
is extracted by steam-distillation and crystallization. Synthetic transformation of limonene. For conversions of-&5%,
camphor is made by isomerization of pinene. Camphor is the selectivity to camphene plus limonene was close to 70%.
an aromatic crystalline compound used as an insect repellentOzkan et al?%¢ described the isomerization over exchanged
in the manufacture of films, plastics, lacquers, and explosives, clinoptilolite with NH,*, B&", and PB". Untreated zeolite
and in medicine chiefly in external preparations to relieve gave high selectivity to limonene because of the low
mild pain and itching. transformation rate, while exchanged zeolites gave more
Industrially, the isomerization of pinene occurs over Fi0 ~ Secondary products. Cation exchange occurred arbitrarily at
catalysts under normal pressure at temperatures above 374ifferent sites, and so the change in the LewisfBted ratio
K in closed systems. The overall yield of camphene, Was irregular due to the variations in the distribution of the
limonene, tricyclene, and small amounts of flenchenes andProducts. Previously, Findik and Gundé described the
bornylene is around of 7580%. The isomerization rate is ~ activity of clinoptilolite at 428 K for the isomerization in a
low, and the oxide is treated with an acid in order to form liquid phase ofx-pinene into camphene with a yield of 43%.
a layer of titanic acid on the catalyst surfdé&125%Because ~ Mesoporous silica, FSM-16, possesses acid sites able to
of the low rate of the industrial process, there is great interestcatalyze the isomerization of pinene. Yamamoto ef@l.

in finding new catalysts which could exhibit higher activity réported its activity at 303 and 353 K in the liquid phase.
and selectivity to camphene and/or limonene. The activity depended also on the reaction temperature, and

so at 353 K, the conversion of pinene was 77.8%, while the
selectivities to camphene and limonene were constant and
around 41% in both cases. Krishnasaffy studied the
rearrangement of-pinene over alumina in the gas phase
SiO,/Al,O3 ratios, incorporating B, Ti, or V atoms, as and obtainedx-pinene, menthadienes, and camphene with

o ; - ; concentrations of 27, 24, and 38%, respectively.
catalysts for the liquid-phase isomerizationafinene at )
373 K. Acid Beta zeolites (SigAl,0; = 55-66) exhibited Natural clays have been also tested and showed high
high catalytic activity, with selectivity to camphene and activity after modification with mineral acids, due to the

terpinenes close to 27.5 and 13%, respectively, while samplescontrol of the surface acidity and the exchange of the

catalytic activity. Gunduz et ap5812% also studied the  OVer Indian montmorillonite modified by sulfuric acid

process over different zeolites at 373 K. The maximum yield (normality 1-9 N) or exchanged with Ce, Fe’*, La®", or

of camphene (2527%), at a high level of conversion, was Ad"- They achieved conversions of 889% at 323 K with
obtained in the presence of Beta zeolites witfirgted acid  different selectivity to camphene (4&9%). Among mono-
sites. Terpinenes were also produced witt28% selectivity. cyclic terpenes, selectivity to limonene or terpinene depends
Other products, such as terpinolenes and heavy products©n the normality of the acid solution. The authors also
were also observed. Recently, the same gi¥8eported a showed t_hat hlgh temperatures (433 K) favored the conver-
comparative study of pinene isomerization using zeolites suchSion of pinene into camphene. The poor crystalline kaolin
as ZSM-5, Beta and mordenite, and the mesoporous materia€nhanced the pinene conversion up to 86%, giving selectivi-
MCM-41. They observed that, in liquid phase at 373 K, the ties to camphene of 53% and limonene of 24%. Besun et
Beta zeolite with a Si/Al ratio of 55 presented a good al.*?™* worked with acid-pretreated montmorillonite and
combination of acidity and pore size, giving 99% conversion Showed, too, that the acid pretreatment enhanced the catalytic
with selectivity to camphene of 27%. Previously, Lopez et activity of the clay for an ac_ld-to-clay'ratlp between 0.2 and
al. 1?81 carried out the reaction over dealuminated mordenites 0-4 due to the presence of Bisted acid sites. The changes
and Y-zeolites at 393 K. The main products were camphenein the ratio of Lewis/Bfosted sites caused changes in the
and limonene, with maximum yield of 68% in the presence d|s_tr|but|on of the products_. Volzqne et’ﬁT?used kaolinitic

of mordenite, with a selectivity to camphene/camphene acid-treated clay for the pinene isomerization at 373 K and
limonene of 0.54, while over Y zeolite the formation of Obtained a pinene conversion of-694% and selectivities
undesired compounds was favored but the selectivity to {0 camphene and limonene of 65 and 23%, respectively.
camphene/campherelimonene was similar to that obtained  Breert?’® studied the use of acid-activated, polycation-
with mordenite. The authors concluded that selectivity was €xchanged clays for the catalytic isomerization of pinene
not influenced by the conversion level below 90%, and that toward camphene and limonene and produced them with
the wider pore diameter of the zeolite, the higher the selectivities up to .50 and.ZO%, respectively, at 353 K and
production of undesired products. Akpolat et?dtperformed complete conversion of pinene.

a study of the influence of the calcination temperature of a Ecormier et al?’* reported the isomerization of pinene
natural zeolite (clinoptilolite) on its catalytic activity for the  over new, highly active hexagonal mesoporous silica (HMS)
isomerization of pinene at 428 K. The study revealed a with different content of sulfated zirconia and compared their
dependency of the activity on the calcination temperature: activity with those exhibited by amorphous sulfated zirconia
the activity decreased when the temperature increased dusesilica. They observed a linear increase in the activity of the
to the disappearance of Brsted acid sites. Furthermore, the  HMS with the Zr content and higher specific activity, by
authors observed that selectivity to camphene was constantlose to an order of magnitude, than those obtained in the
(30%), independent of the conversion level, while the presence of materials prepared by conventional methodol-
selectivity to limonene decreased at conversions higher thanogy '?’°the selectivity to camphene or limonene depending
80—85%, from 20 to approximately 5%. Allahverdiev et on the strength of the acid catalyst. Weak acids favored the

Solid acids such as zeolites and modified clays have been
largely used and studied as catalysts for the isomerization
of pinene due to their suitable acid sites and shape-selectivity.
Recently, Yilmaz et al?®” used Beta zeolites with different
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Table 14. Isomerization ofo-Pinene with Different Heterogeneous Catalysts

selectivity (%)

conversion
ref T (K) catalyst camphene limonene terpinene of pinene (%)
1259 373 Beta 2527 18-20 100
1261 393 mordenite 37 32 100
1262 323 clinoptilolite 35 25 8085
35 10 100
1268 353 mesoporous silica FSM-16 41 41 77.6
1269 gas-phase alumina 38 75
1270 423 acid-treated bentonite 47 118 9-11 99
natural Kaolin 53 24 3 86
1272 373 Kaolinic clay 65 23 6794
1273 353 Exchanged clay 50 20 100
1280 393 Amberlyst 15 31 15 99
1283 323 Yb/SiQ 62 20 100

camphene formation, while strong acids favored the forma- in organic chemistry for the functionalization of substrates
tion of monocyclic product¥76-1278 A maximum conversion  and the production of a wide variety of chemicals, such as
of 66% in the presence of sulfated zirconia, with a 4.03 wt alcohols, carbonyl compounds, ethers, amino alcohols, etc.
% sulfur content, was obtained. The sulfur content induces Different examples of heterogeneous catalysts for epoxidation
great changes in the selectivity from camphene to monocyclic reactions have been reported in literature, such as complexes
terpenes: with 0.44 wt % of sulfur, the selectivity toward of metals supported on or enclosed in microporous or
polycyclic camphene was 90%, and with a content of 4.03 mesoporous materials, titanium silicates, etc. The epoxidation
wt %, the selectivity was close to 40% toward polycyclic of a-pinene using heterogeneous catalysts has been largely
camphene or monocyclic products. described and usually affords a complex mixture of different
Costa et at?”® studied the liquid- and gas-phase isomer- products, sometimes unidentified because of the occurrence
ization of a- and -pinene over metal(IV) (Sn, Ti, Zr) of simultaneous competitive reactions of isomerization,
phosphate polymer at 438 and 573 K. The maximum hydrogenation and dehydrogenation, hydration, etc.
conversion of pinene obtained in the gas phase was 88  From an environmental point of view, the most convenient
94%, and the main products formed were limonene and peroxides used in epoxidation reactions are hydrogen per-
pironene, while camphene appeared in small quantities. Thesexide, tert-butyl hydroperoxide (TBHP) and cumyl hydro-
results showed that, in the gas phase, two mechanisms tak@eroxide, because they produce as byproducts wiees,
place: a carbocation route, giving camphene and limonene,butanol, and cumyl alcohol, respectively, which are easily
and a biradical route, giving pironene. In contrast, in the recyclable.
liquid phase, the authors observed in the presence of Zr and
Ti catalysts a biradical reaction, while with Sn catalyst only o)
carbocation rearrangement of pinene occurred. The conver- 6% [0l éﬁ %
sions were 11 and 14% with Zr and Ti catalysts, respectively, o]
and 95-98% with Sn catalysts. a-Pinene a-Pinene Oxide (POX) Campholenic aldehyde
Chimal-Valencia et al?®° reported the isomerization of
pinene over Amberlyst-35 wet resin at 393 K, with yields / \
of camphene around 31% and terpinenes of 15%.
Yamamoto et al?®! reported the isomerization of pinene OH_
on different supported element silicas with acid properties. E i
The activity of the catalyst depended essentially on the rare éﬂ%( o
1,2 Pinanediol D-Verbenone

earth metal and increased with atomic number from La to
Yb, from 15 to 30% conversion at 353 K. The selectivities

to limonene and-pinene were 66 and 1&3%, respec- Since the discovery of titanium silicalite (TS-1), with its
tively. The same authot¥” also studied the activity of  pigh activity and selectivity for oxidation processes with
different |OadlngS of Yb/S|@aCt|Vated at different temper— ] H202 in the ||qu|d phase, interest was given to the deve|op-
atures. They observed a strong dependence of catalyticment of new materials with bigger pores for the oxidation
activity of the oxide on the treatment temperature, and an of pylkier substrates. The preparation of Afor the first
increase of catalytic activity with the Yb loading from 0.28 {ime by Corma et al1121284ffered the possibility to perform
umol up to 5.8 mmol per gram of S{OThe selectivities to  the oxidation of slightly greater molecules than in the case
the main products, limonene and camphene, were 62 andof TS-1. In 1994, Ti incorporation in the mesoporous material
20%, respectively, at a conversion close to 100% at 323 K. pjCcM-41 was performed successfully by Corma et'éa1285
These resul'_[s showed that all the active sites are acidic dueryrthermore, because of the low activity exhibited by this
to a strong interaction between Yp@ctahedra and SO catalyst when hydrogen peroxide was used as oxidant,

and with a homogeneous distribution of their strength. In gifferent techniques of silylation were described in order to
Table 14 are summarized the conversions and selectivitiescontrol the hydrophilic character of the mesoporous

of the main products obtained in the isomerization of pinene gg|jq 1286-1288 This mesoporous material, along with the use

using different solid acid catalysts. of MCM-41, SBA-15, or HMS as supports of titanium oxide,

I , could be an interesting approach for the oxidation of larger

4.1.2. Epoxidation of a-Pinene substrates. Examples of the preparation of Ti-SBA15 are
Epoxides are generally obtained by a catalyzed oxidation scarcet?8®-12°1 Thus, Chiker et al??212%prepared meso-

of C=C bonds with peroxides. They are key raw materials porous silica SBA-15 samples functionalized with titanium
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oxide. They used them as catalysts for the epoxidation of sense, the chiral metasalen complex represented an ef-
pinene with TBHP as oxidant, at reflux of acetonitrile. For ficient and selective catalyst method. Thus, Bhattacharjee
instance, using Ti-SBA15 with a pore diameter of 61 A and et al3°! prepared a chiral sulfonato-salen manganese(lll)
a Si/Ti ratio of 17.8, the epoxide was produced with 100% complex intercalated into a Zn(HAI(lll) layered double
selectivity at 91% conversion, with an efficiency of the hydroxide (LDH). The epoxidation ofi-pinene with this
oxidant of 93%. Over several reaction cycles, the authors catalyst at room temperature, using acetone as solvent and
observed leaching of Ti species in the liquid phase. With air as oxidant, gave a conversion close to 100%, with
H.0, at 343 K, the selectivity was constant but the conver- selectivity to the epoxide of 91.7%, while the diastereomeric
sion decreased to 35% and the efficiency of the oxidant to excess (de) was 98.2%. The catalyst could be recycled
19%. Kapoor et al?** reported the catalytic activity of  without loss of efficiency. Previously, the same authors
titanium hexagonal mesoporous aluminophosphate molecularreported the catalytic activity of the sulfonato-salen manga-
sieves prepared by hydrothermal crystallization in fluoride nese(lll) complex intercalated into a Zn¢HAI(I1) —LDH1302
medium. The catalysts were active for the epoxidation of for the epoxidation of pinene, in the same reaction conditions,
a-pinene, and the oxide was obtained with 67% yield at 72% and compared it to those obtained with Msalen and Ce
conversion. However, the reuse of the catalyst showed asalen complexes immobilized into a zeolite (faujasite}1304
decrease of its activity. On et #% prepared bifunctional ~ The LDH-based catalyst exhibited higher conversion, selec-
titanium mesoporous molecular sieves, MCM-41, with dif- tivity, and de than the Mrsalen-zeolite catalyst, whereas
ferent trivalent ions such as®B AI®*, or Fe? The bifunc-  the Co-salen-zeolite developed slightly higher conversion
tional catalysts produced tlepinene epoxide along witha  but lower de. Holderich et &B9313%4 prepared modified
large amount the corresponding diol due to the presence ofzeolites X, Y, and DAY with incorporated transition metal
both acid and oxidizing sites, whereas the Ti materials were salen complexes, occluded via the “ship-in-a-bottle” synthesis
100% selective to the epoxide. However, all catalysts approach. The catalysts were active for epoxidation of
presented a low conversion of pinene-(#%) using HO a-pinene using oxygen as oxidant, obtaining maximum
or TBHP as oxidant. selectivity and de of 96% and 91%, respectively, at 100%
Other supported metals have been testedofgrinene of conversion in the presence of a-€salen complex.

epoxidation, exhibiting lower activities and selectivities.  Other types of immobilized complexes have been tested
Arnold et al:***studied the catalytic activity of microporous  for the epoxidation ofx-pinene, exhibiting lower catalytic
metallosilicates with various transition metals using TBHP activities than previously presented. Rey e8#synthesized

as oxidant. Silicates containing molybdenum showed the metallocene mesoporous siliceous solids with large diameters
maximum conversion but low activity and selectivity toward (25100 A) by direct grafting of an organometallic complex
the formation of the epoxide. The conversion and selectivity onto the inner walls of mesoporous silica MCM-41. The
were 32 and 41%1s8 h and 44 and 34% at 24 h reaction  resylting material was active for the epoxidation of pinene
time, respectively. Robles-Dutenhefner etéireported the  ysing TBHP as oxidant, giving 20% conversion after 12 h
oxidation ofa-pinene with oxygen as oxidant in the presence of reaction at 313 K. Nunes et 59 immobilized a

of Co/SIC; catalyst obtained by a segel process, a  gioxomolybdenum(VI) complex [MogEl,(L—L)] in ordered
promising method to immobilize homogeneous cobalt cata- mesoporous silica MCM-41 and tested it as a catalyst for

lysts.a-Pinene was transformed into both epoxide and allylic e epoxidation of pinene. The catalyst exhibited low
alcohol with selectivities of 14 and 60%, respectively, at 40% -gnversion and selectivity, both close to 20%. Skrobot et

conversion. The authors showed that the activity of the Co/ 5| 1307 using a Y zeolite-supported Maporphyrin complex

SiO, catalyst was influenced by the temperature of the 5.4 140, as oxidant, obtained the epoxide with a selectivity
thermal treatment. In addition, they did not observed cobalt 4t 7104 at 5204 conversion after 24 h of reaction time. Joseph
leaching, and the catalyst could be reused several times. Raja /1308 performed the oxidation af-pinene in the presence

et al!2%® substituted Co(lll) or Mn(lll) ions (4 atom %) in ¢ s salicylaldehyde-phenylenediimine (Saloph) and sub-
Al(lll) sites in a microporous aluminophosphate (AIPO-36), gityted (CI, Br, and NG) Salophs of ruthenium and cobalt
which was used as catalyst for the free-radical-based epoxi-j, v seqlite. with air (30 atm) at 373 K. Using the Ru

dation using benzaldehyde for formation of acylperoxy Salo : ; ;

. . ) ph-Y catalyst, they obtained pinene oxigeyerbenone,
radicals (PhCOQ in dry air (30 bar). CO/A!)PO'SG and M/~ 504 campholenic aldehyde with selectivities of 35, 12, and
AIPO-36 gave conversions of 54 and 59% and selectivities 1 5o, “respectively, at 77% conversion. Similar results were

to the oxide of 84 and 91%, respectively, aféeh of reaction achieved with the CoSaloph-Y catalyst, although it was
at 323 K. found to be more selective tverbenone (30%). Buffon
Sakamoto et &P prepared polyoxotungstates immobi- and Schuchar#®® prepared heterogeneous Mo and Re
lized on chemicaly modified hydrophobic mesoporous silica catalysts by various methods. The most active catalyst for
gel for the selective epoxidation of pinene usingdzas  the epoxidation ofi-pinene with TBHP was a microporous
oxidant. They obtained an excellent yield of pinene oxide molybdenum silicate (Mo(OiPs), which gave a TON of 265,
(>97%). Venkatathri et @ synthesized a novel vanadium  with selectivity to epoxide of 41% afte h at 353 K.Over
hexagonal mesoporous aluminophosphate (VHMA) molec- alumina, the authors obtained an epoxide yield of 69% after
ular sieve and tested it in oxidation reactions. The authors 4 h at 353 K. The catalytic activity of alumina for epoxidation
reported a conversion af-pinene of 56.7% and selectivity  had been previously observed by Van Vet et¥#:1311They
to the epoxide of 97.3% at reflux of acetone and usiB@H  performed the epoxidation of alkenes over different alumina
as oxidant. samples with KO, (60%) under anhydrous conditions at
Epoxidation ofa-pinene has been also performed in the reflux of ethyl acetate. The different samples showed similar
presence of different complexes intercalated, immobilized, catalytic activities. For the epoxidation of pinene, they
or occluded in an inorganic matrix. Much attention was given obtained a yield of pienene oxide of 69% afié h of
to the development of enantioselective routes, and, in thisreaction, which is higher than yield the reported by Rebek
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Scheme 49. Different Compounds Obtained from Isomerization o&-Pinene Oxide
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et all¥2using alumina as catalyst. More recently, Saladino ceuticals as an odorant additive (herbal green woody amber
et al®3 prepared encapsulated methyltrioxorhenium leafy).
(CH3Re0;, MTO) by previous immobilization of the ligands Da Silva et al3!° reported the isomerization of POX at
(Lewis base adducts of MTO) in polystyrene, leading to 288-313 K in the presence of heteropolyacid (HPA)
recyclable catalysts for the epoxidation of alkenes using supported on silica. At 298 K over 20 wt % loading of HPA,
hydrogen peroxide as the oxidant. The catalysts were foundthey obtained a selectivity to CPA and TCV of 70 and 28%,
to be more selective and active than their homogeneousrespectively, at 100% conversion after 5 min of reaction time.
parent compounds. Complexes of MTO with bidentate The catalyst was reused six times without loss of activity,
ligands (2-pyridinemethanamine atielns-1,2-cyclohexane-  while leaching of HPA was not observed.
diami_ne)_ were found to be _the most active catalysts. Nerj et g]1320 reported the catalytic activity of titanium
Epoxidation of monoterpenes in the presence ofttaas oxides doped with iron and prepared by-sgkl routes for
1,2-cyclohexanediamireMTO adduct and its microencap-  he isomerization of POX. The reactions were performed in
sulated variant converted pinene quantitatively to its epoxide e liquid phase at 343 K in cyclohexane as solvent. The
(>98% yield), using HO, as oxidant and at 263 K. authors observed that the activity was strongly increased
o . . when TiG, was doped with F©s;. The enhancement of
4.1.3. Isomerization of o.-Pinene Oxide activity was related to acidbase changes due to the-Fe
The isomerization oft-pinene oxide (POX) in the presence  O—Ti mixed structure, which is responsible for the Lewis
of Lewis or Brinsted acid catalyst®* results in the active sites. However, the selectivity to CPA at 90%
formation of campholenic aldehyde (CPA) and many others conversion was low (35%), since PCV (40% selectivity) was
compounds, such as pinocarveol (PC¥gns-carveol (TCV), also formed. More recently, the same authistudied the
trans-sorbrerol, isopinocamphone (IPC), argicymene isomerization of POX over Lewis acids {BOs;, FeC},
(Scheme 49). Lewis acids favor the formation of CPA and ZnCl,) supported on Ti@and SiQ nanoparticles prepared
PCV, while Brinsted acids favor the formation of TCV, by sol-gel routes. They observed that Lewis acids supported
trans-sorbrerol, IPC, ang-cymene. Using homogeneous on titania were more active than those supported on silica,
Bronsted acid catalysts, the maximum selectivity reported because of the higher surface area of titania catalysts. The
for the cited products has been 55%, while with Lewis acid order of activity of the supported Lewis acids wagB;
catalysts such as Zngand ZnBg, the maximum selectivity > FeCk ~ ZnCl,. However, they observed that the selectivity
toward CPA observed has been 85%:13'However, there  depended on the number of Lewis sites. Then, by optimizing
are numerous drawbacks associated with the use of Znthe catalyst, they were able to achieve a maximum yield of
halides as catalysts, such as the fast deactivation of theCPA of 74% using ZnGlsupported on silica. Flores-Moreno
catalysts, requirement for a high catalyst/substrate ratio dueet al13?? reported the isomerization of POX over different
to their low reaction rates, the TONs lower than'28,and sulfated oxides. The authors showed that the formation of
finally the need for aqueous extraction of the catalyst, CPA required mild Lewis acid sites, and so it was observed
producing a large amount of waste contaminated with heavy that the more active and selective catalyst was the sulfated
metal. alumina and not the sulfated zirconia or titania. Indeed, it is
Taking into account that, from an industrial point of view, known that the acidity of sulfated materials decreases in the
the most important product coming from pinene epoxide is order Zr > Ti > Al.1323 |n a batch reactor at 273 K and
CPA, there is a need to find alternative heterogeneous using sulfated alumina as catalyst, they obtained, at high level
catalysts with higher activity and selectivity than homoge- of conversion (around 100%), a 76% yield of CPA. Ravindra
neous catalysts to produce CPA. Campholenic aldehyde iset al1®?*reported the catalytic activity of 3 supported on
used as an intermediate for the preparation of flavor and SiO, and compared its activity with those exhibited by Al
fragrance chemicals, such as sandalwood-like fragranceand Zn-MCM-41 and A-MSU (mesoporous structure with
chemicals3*®and it is also used in perfumery and pharma- microporous walls; nanopatrticles of faujasite as seeds). Using
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Scheme 50. Possible Products Resulting from Hydration of Pinene
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B,O; (5—20 wt %) supported on Sidas catalyst and  flow reactor, a selectivity of 94% toward CPA was achieved
working at 298 K, they observed that the most active sample at 95% conversion, using 1,2-dichloroethane as solvent at
was SiQ loaded with 15 wt % BOs;. However, the selectivity 363 K, while using alkanes as solvent they obtained a
to CPA was constant (around 70%), independent of §@B  selectivity of 89% with a conversion of 100%, but in this
loading. HY zeolites and AIMCM-41 showed high conver-  case the catalysts suffered a drastic deactivation afté& 5
sion and selectivity<66%, while A-MSU presented 86%  h of reaction.
selectivity to CPA at 54% conversion. The authors attributed ~ Motherwell et al** studied the isomerization of pinene
the good activity and selectivity of this catalyst to the oxide towardranscarveol over imprinted polymers as protic
presence of both micro- and mesopores in its framework. acid catalysts. They showed the solvents effects on the

Shu et al3251326stydied the one-pot synthesis of CPA from  selectivity to TCV. Thus, working at room temperature and
a-pinene over Ti-substituted mesoporous molecular sievesin DMF as solvent, they achieved 45% selectivity to TCV,
at 348 K. They obtained 35% pinene conversion with very and 24% selectivity to CPA, while in toluene they obtained
low selectivity to CPA and POX, while the maximum selectivities of 11% to TCV and 62% to CPA at high levels
selectivity was toward verbenone (25%). of conversion.

Wilson et al*3?"reported the use of unsupported and silica- . . ) ,
supported zinc triflate (Zn(OT4) for the isomerization of 4.1.4. Hydration of a-Pinene: o.-Terpineol
pinene epoxide. Silica-supported zinc triflate presented Hydration and acetoxylation constitute an important route
mainly Lewis acid sites and a few Bisted sites. They were  for the synthesis of valuable functionalized monoterpenes
highly active in the rearrangement afpinene oxide with such asi-terpineol,a-terpenyl acetate, and dihydromyrcenol.
TON >3000. Over Zn(OTH supported on a hexagonal a-Terpineol, with its typical lilac odor, is the most important
mesoporous silica catalyst, and working at 298 K, a 69% monocyclic monoterpenic alcohol and the one most used as
selectivity to CPA at full conversion was obtained. However, a fragrance in soaps and cosmetics. Its common industrial
in order to increase the selectivity to CPA, it was better to preparation is by hydration @f-pinene or turpentine oil with
work at low conversion levels. Thus, at 50% conversion, aqueous mineral acids, givirgs-terpin hydrate, which is
80% selectivity to CPA was obtained. Finally, the catalysts partially dehydrated inta-terpineol33! Also, the addition
could be reused without loss of selectivity, and the leaching of organic acid (acetic) gives terpinyl esters which can be
of Zn was determined to be0.5%. Vicevic et at*?studied further hydrolyzed. On the other handsterpineol can be
the use of (Zn(OTH—HMS,, fixed on the surface of a  obtained by hydration of limonene or 3-carene.
spinning disc reactor (SDR). They showed that the selectivity The hydration ofa-pinene or turpentine gives complex
to CPA may be increased by minimizing the residence time, mixture of a-terpineol, limonene, and terpinolene as main
decreasing, in doing so, the side reactions. They comparedproducts, while oligomers, other terpineols, borneol, ter-
the results obtained in a batch reactor and in a SDR andpinenes, etc. can also be formed (Scheme 50).
obtained selectivity to CPA of 80 and 75% at conversions Rao et af332 reported the hydration of limonene and
of 50 and 85%, respectively. However, this comparison only q-pinene using a strong cation-exchange resin, achieving
slightly favored the SDR performance, because in this caseyields of 85 and 70%, respectively. They also performed the
the catalyst/substrate ratio used is twice that used with theetherification with ethanol and methat#®fand reported first
batch reactor. the homogeneous hydration and acetoxylation of limonene,

Holderich et al***reported the catalytic activity of HCI-  a-pinene, and3-pinene with HPW;;04 (PW) with acetic
treated H-USY zeolite, in order to remove the silica acid and acetic acid/water solution. They obtained mainly
extraframework and so liberate the Lewis acid sites presenta-terpineol ando-terpenyl acetate. The reaction rate in-
over the superficies of the catalyst. The authors obtained acreased in the order limonene o-pinene < S-pinene.
selectivity of 75% to CPA at 100% conversion within 24 h  Starting froma.-pinene and under optimized reaction condi-
reaction time at 273 K, using toluene as solvent. They tions, they could obtaimt-terpineol ando-terpenyl acetate
claimed that the high selectivity was due to well-dispersed with 85% selectivity at 90% conversion. Limonene gave 85%
Lewis acid sites in a nearly all silica matrix. At 258 K, they selectivity at 50% conversion. Using supported PW on silica,
achieved a selectivity to CPA of 78% at 90% conversion in the conversions oé.- and 3-pinene were lower (close to
24 h. Kunkeler et al3?° claimed the use of titaniumBeta 20%) than those obtained with the unsupported catalyst, and
zeolite as an excellent catalyst for the isomerization of the selectivity tax-terpineol andx-terpenyl acetate was close
o-pinene oxide to CPA in both liquid and gas phases. In a to 65%. However, in both cases, the catalytic activities of
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PW, soluble or supported, were higher than those observedioward the formation of aromatics of 68 and 67%, respec-
with H,SO, and Amberlyst-15. More recently, Castanheiro tively, with a content ofp-cymene of 98 and 99%, respec-

et all®®* reported the preparation and use of a polyvinyl tively. Nevertheless, hydrogenolysis was still a major side
alcohol/molybdophosphoric acid (PVA/HPMo) membrane reaction, giving tetramethylcyclohexanes. The dehydro-
cross-linked with succinic acid and modified with acetic isomerization occurred at first by isomerization of pinene to
anhydride as catalyst for the hydration of pinene. After long camphene and terpinolene; camphene isomerized itself into
reaction times, they obtained a selectivityotderpineol and terpinolenes, which isomerized into terpinenes. These then
o-terpenyl acetate close to 70% at 100% conversion, the dehydrogenated to give cymene or hydrogenated partially
selectivity increasing with the conversion and the degree of to give menthenes and carvomenthenes (Scheme 51). The
acetylation. The same group previously reported the hydra- same results could be achieved using crude sulfate turpentine
tion of pinene over USY zeolite dispersed in polymeric as the pinene source.

membranes with different loadings of cataly&f They ) _
obtained a complex mixture af-terpineol, terpenes, and Scheme 51. Some Eosglble Pa.thways and Products Resulting
alcohols. They obtained 80% conversion of pinene and from Dehydroisomerization of Pinene

selectivity towardu-terpineol close to 43%. Before, they hd o

reported the activity of sulfated carbon, Beta zeolite, and é ﬂeﬁn éb

USY zeolite dispersed in polymeric membrai&8.They a-pinene ppinene

observed that activities toward terpineol of the composite \ Acl sites

membranes were lower than those of the free catalysts. | 'somerisation
However, the effect of membrane on the selectivity depended

on the catalyst. Thus, at complete pinene conversion, the Actd, metallic sites Acid sites 1 mers
USY zeolite composite exhibited higher selectivity than the | Hydro/benydregenation

free catalyst (55 and 30%, respectively); on the Beta zeolite

the opposite trend was observed, the composite exhibitingoipentene Terinolene a-Terpinene . y-Terpinene
lower selectivity (58%) than the free catalyst (70%), and the Mehydrogenation. Motallc sites
sulfated carbon composite giving a slightly increased selec- / Disproportionation
tivity (65%) with respect to the free catalyst.
Van Bekkum et a3 studied the catalytic activity of
H-Beta zeolite for the production ofi-terpineol from
o-pinene. Working at 329 K and using water as a solvent,
they obtained mainly-terpineol with a maximum selectivity p-Cymene p-Cymene  3-p-Menthene  Carvomenthene

of 48%. Bicyclic terpenes (borneol, camphene) were also , 240 ) ) ,
formed in large amounts with a selectivity close to 26%. Jaramillo et at**® converted pinene oover bifunctional
The reaction rate increased with the ratio Si/Al, but the Cc@lcined, impregnateddlWi,040xH20 (33%)-mesoporous

selectivity did not change. silica. Working at 313433 K in a batch reactor, they
obtained a conversion of pinene close to 100%, with a yield
4.1.5. Dehydroisomerization of cymenes of 70%. Ipatiéff*: performed the cycloisomer-

ization of pinene over silico-phosphoric acid at 473 K and

p-Cymene is an important product and valuable intermedi- gbtained cymenes with low yields (up to 15%). Ruda-
ate in the chemical industry and finds numerous applications, kov3411342converted pinene intp-cymene with low yield
for example as a solvent for dyes and varnishes, as anon activated carbon. First, pinene was completely isomerized
additive in fragrances, in musk perfume, and as a maskingat 623-693 K into camphene and terpinolene and further
odor for industrial products. But actually, its main use dehydrogenated at 873 K to give a mixture of aromatic
involves its conversion to cresol, which is generally produced compounds.
from toluene due to the lower price of the raw material. A widemar®31344performed the aromatization of turpentine
good alternative to the production of cresol could be the use (54% a-pinene and 38%s-pinene) over a supported alkali
of cheap raw materials with high content of pinene, limonene, metal hydroxide at 723 K, obtaining 33% dimethylstyrenes,
and carene, such as the crude sulfate terpentine, which is 80% p-cymene, and 11%-cymene. Krishnasamy et &°
byproduct of the pulp and digestion in kraft papermills.  also reported, more recently, the dehydroisomerization of

In the literature, there are examples of aromatization of pinene over alumina and chromialumina with different
pinene using solid catalysts. Among them, transition metal- acid strengths. With chromia gel, they obtained a maximum
based materials with Pt or Pd constitute excellent catalystsyield of p-cymene around 50% at 663 K. The extent of
for hydrogenation and dehydrogenation processes. Holderichisomerization varied with the number and strength of the
et al13381339described widely the dehydroisomerization of acid sites. Thus, a decrease in the isomerization reaction with
terpenes. They prepared, by impregnation methods, high-the loading of K was observed, while dehydrogenation
surface-area Pd supported on silica, alumina, and zeolitesincreased.
(ZSM-5 and mordenite) and tested these catalysts in the Ratnasamy et &P reported the conversion of Indian
aromatization of pinene at 573 K in the gas phase, with a turpentine oil in the vapor phase at 57873 K into
pinene/H ratio of 4. Thus, these catalysts presented a dual menthadienes ang-cymene over AIO; catalysts with
functionality: acid sites for isomerization and metallic sites different acid strength. Pin&$” converted limonene over
responsible for hydrogenation/dehydrogenation. The authorsactivated AJO; at 573 K in the presence of HCI and obtained
studied the effect of the acidity of the support in order to a complex mixture of 51% of aromatics, containjrgymene
avoid side reactions and favor the aromatization. The bestand durene, 40% of monocyclic olefins, and 9% of heavy
results were obtained over Pd supported on alumina or silicaproducts. When limonene was reacted over sitialumina,
catalysts, achieving total conversion of pinene and selectivity it suffered both isomerization and dehydrogenation to higher
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extents, giving 65% op-cymene and durene. Stanislaus et ~ Other solid acid and basic catalysts, such as Amberlite IR
al.*?""reported the aromatization of pinene in the vapor phase 120, acid clays, and hydrotalcites, have been used to
over doped chromiaalumina catalysts. Over chromia isomerize or condense and isomerize limon&p&3>4The
alumina doped with 1% Na, an aromatic yield of 68% was common denominator in all these processes has been the
obtained, composed lprcymene (78%), trimethylbenzenes, production of complex reaction mixtures in which products
and traces of toluene and xylenes. Over nondoped chromia such ag-3-menthene, carvomenthere, andy-terpinene,
alumina, the aromatic yield was 56%, with a conent of p-cymene, and polymers were present. We can conclude that
p-cymene of 81%, whereas with chromialumina contain- the transformations of limonene into terpinolene, terpinenes,
ing 5% HF, the aromatic yield was 72%, with a content of and cymene by either acid or base catalysis are not selective
p-cymene of 35% and a large amounteitymene, toluene,  processes, owing to the large variety of reactions that can

and tetramethylbenzenes. occur through the different carbocations and carbanions
. formed on these catalysts. This makes necessary intensive

4.2. Limonene product distillation to separate the desired product.

4.2.1. Isomerization 4.2.2. Epoxidation: Limonene Oxide

The isomerization reactions gave generally complex
mixtures because of the occurrence of secondary reactionqi
of disproportionation, aromatization, and polymerization
together with aromatization of cyclic olefins. One can find

Limonene oxide, also known as limonene-1,2-epoxide or
monene monoxide, is found in natural sources and is used
' in fragrances. It is an active cycloaliphatic epoxide with low

: . . S X Vi i nd it m I with other Xi in
examples in the literature on the isomerization of limonene scosity, and it may also be used with other epoxides

into terinol d terpi in th fot .dapplications including metal coatings, varnishes, and printing
INto teTpinotene and ferpinenes I te presence of strong aclfy .5 scheme 52 depicts the potential reactions that can occur
or basic catalysts. Tanabe et'# prepared terpinolene by

. e ; . . during epoxidation of limonene. There we can see that it
|somer|zat|on'ofl|monene |n.the presence of Z,rﬁbtamed will not be an easy task to find a selective epoxidation
from Zr(OH), 'mpfe@lr?ateo' W'th an aqueous$, solution catalyst, able to work at high levels of conversion.

treated at 903 K. The isomerization performed in the presence

of the resultant acid catalyst at 333 K, and afeeh of
reaction time, gave 78% selectivity to terpinolene at 65%
conversion. The cycloisomerization of limonene on StO

P.,Os at 443 K gave a complex mixture with polymers (closed OH 0 OHOH
to 50%), while the other fraction contained mainly 1,3- [0] H,0
dimethylbicyclo[3.2.1]octene (40%), terpinene, cymenes, and

Scheme 52. Potential Reactions Occurring during
Epoxidation of Limonene

menthenes (20%4$*° The use of a more conventional acid
catalyst (supported phosphoric acid) was described in a
Japanese patéfit®for the preparation of terpinolene at 448  Carveol Limonene 1,2 epoxide Diol
K, to give selectivities of terpinolene of 77 and 70.5% at o
45.5 and 64.2% conversion, respectively, while somewhat [0] [ ]‘
higher selectivity (75% at 41% conversion) to terpinolene OH
was obtained by isomerization of limonene in the presence o)
o]
o)
Diepoxide

8,9 epoxide Carvone

of orthotitanic acid*5! A basic catalyst was, however, used
OH OH OH
A large body of work has been done on the heterogeneous
| catalytic epoxidation of limonene. The catalysts used include
OH

to isomerizeéranslimonene into isoterpinolene. Thus, using
a high-surface-are sodium/alumina which was partiall Bl/
9 P y Carvacrol o
heterogenized Coe and Mn—salen, porphyrins, ruthenium
and cobalt complexes, as well as polyoxometalates, Ti-

deactivated, a 2831% vyield of isoterpinolene was
achieved.®52
substituted zeolites and mesoporous materials, and hydro-
Hydration U ta|cites?292,1294,12961298,1300,1301,1304,1305,130%11,1313,13551371AS
oxidants, HO,, organic peroxides (TBHP and cumene
Isomerisation P magengoa” | 1Y peroxide), and oxygen have been used.
— — 4</ A Mn—salen complex in hydrotalcite (LDHMn—salen)
| Cymene was presented to give 93% selectivity at 95% conversign.
Terpinolene Terpinene Limonene This is an astonishing result, and certainly the best we have
T found, that does not fit with the some lower selectivity
obtained with the Mr-salen complex when used with Y
zeolite, which gave 42% selectivity at 95% conversitf.

o o a Other supported complexes, such as methyltrioxorhenium
- encapsulated in polystyrene with tridentate ligantlans

OH
a-Terpineol (-Terpineol y-Terpineol | 1,8-Terpineol

Epoxidation

1,2-cyclohexanediamine-MTO), quantitatively converted li-

monene into the epoxide with a yiek98%, at 263 K with
Limonene oxide Dihydrocarvone | Carvone HzOz as OXidanﬂ_313
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Since Ru-based homogeneous catalysts performed well forvone (1), respectively, while the trans isomer was slowly

selective epoxidatiok101311a [(Mestacn)RU' (CFRCOO)-
(H20)][CFsCO;] complex was impregnated on silica gét?
Using TBHP as oxidant, a 53% yield of 1,2-limonene
epoxide at 100% conversion was obtained, in line with the
results obtained with Masalen complex supported on Y
zeolite, described above. However, impregnation on silica

transformed into only dihydrocarvone with a yield of 69%.
Other acid catalysts and single or binary rare earth oxides
have also been used as cataly§ts 13811382yt the yields

of dihydrocarvone and cyclopentanecarboxyaldehyde were
not high.

We were surprised by the claim in a Japanese p&fént

is perhaps not the best way of supporting a homogeneousthat it is possible to achieve a 90% yield of carvenone using

catalyst, and leaching could be expected. Interestingly, NaY
zeolite exchanged with Fg, Co*", Mn?*, or Mo?™ has been
used to oxidize limonene with oxygé#f’ The best results
were obtained with NaCoMoY zeolite, achieving 53%
selectivity to 1,2-epoxylimonene at 57% conversion.

Owing to the interesting properties offzeolites and T+
mesoporous materials for epoxidation of olefitfs;'3"%these
materials have been used for epoxidation of limonene. The
best result we have found was an 87% yield, obtained using
TBHP as oxidant and a supercritical dried sitiddania
gel 361 0ur own results show that, when silylated-NCM-
41 material¥®3were used for epoxidation of limonene with
TBHP, yields of 1,2-limonene epoxide of 80% could be
achieved. Co(llll- and Mn(lll)—ALPO-36 are able to
epoxidize limonene with @and sacrificial benzaldehyde with
a selectivity of 87% for 51% conversidf?®

Polyoxometalates of Mo and W can be used for epoxi-
dation of limonene using hydrotalcité’* Then, supported
polyoxometalates can give yields of monoepoxide of li-
monene close to 30% using®, as oxidanf.36°

It is interesting to point out the epoxidation of limonene
using hydrotalcite as oxidadt®13"with a double-layered
Mg/Al hydrotalcite with carbonate, dodecyl sulfate, and
dodecyl benzenesulfonate with,® as oxidant in the
presence of nitrile (peroxycarboximidic acid intermediate).
The best result, obtained with the selected nitrile, was 74%
selectivity for 98% conversion.

4.2.3. Isomerization of Limonene Oxide

ZnBr; is the main soluble catalyst, though it is used in
very large amounts for the isomerization of terpene deriva-

a CaA zeolite at 423483 K and 3-15 Torr pressure. At
least for us, the question is the role played by the CaA zeolite,
since limonene oxide cannot penetrate through the eight-
member-ring pores of A zeolite, and any reaction that occurs
with the zeolite has to take place on the external surface.
Even if this is so, it would be interesting to know the reaction
proceeds.

4.2.4. Dehydroisomerization of Limonene and Terpenes
To Produce Cymene

From a catalytic point of view, one could predict that the
limonene could be transformed inpecymene on acid sites
by isomerization and hydrogen transfer, on metallic sites by
successive hydrogenation/dehydrogenation, or even with a
bifunctional acid/metal catalyst.

29

Terpinene Dipentene Terpinolene

Acid, metallic sites

Isomerisation
Hydro/Dehydrogenation

Limonene

Acid, metallic sites
Hydro/Dehydrogenation

p-Cymene

tives and has been largely described as a catalyst for the

isomerization of limonene oxide, the main products obtained
being cyclopentanecarboxyaldehyde (2) and dihydrocarvone

(l)_l375
/g//o ﬁ
e

Cyclopentanecarboxyaldehyde Limonene oxide
2

Dihydrocarvone
/ OH

p-Cymene
3 Carveol
4

Indeed, when turpentine oil is converted on an acidic
montmorillonite clay, 11% cymenes were obtaif&dwhile
when limonene was aromatized on silicophosphoric acid at
473 K, the result was a mixture of polymeric compounds
and 65% of monomeric hydrocarbons, in which 19% was
p-cymene-38s

In order to combine acidity and shape-selectivity in the
para isomer, the hydroisomerization of limoneng-ymene
was performed on a bifuncional Pd-on-ZSM-5 zeolite, and
the results compared with those obtained using the same
system but with a non-shape-selective zeolite (zeolite Y).
The diffusion coefficients for the three isomers of cymene,
i.e., 0-, m-, and p-cymene, were calculated with the two
structures, and it was found that, in ZSM-p;cymene
presented the lowest diffusion coefficient, while for Y zeolite
the diffusion coefficients were very similar for the three
isomers. The experimental results confirmed the theory, and
the highst yield ofp-cymene among the different isomers

Solid acid and base catalysts are less selective than thevas obtained with Pd/ZSM-5. The presence of Ce enhanced

Lewis acid ZnB5.1376-1378 Some authors have claimed that,

the selectivity top-cymene, and with Ce(2 wt %)/Pd(1 wt

on solid acids such as amorphous silica alumina, the reaction%) on ZSM-5,p-cymene was produced with a selectivity of

occurs on Lewis acid¥°that yield 77 and 7% of the primary
product cyclopentanecarboxyaldehyde (2) and dihydrocar-

60.1%, while the total selectivity for the three isomers was
65.4041339,1386
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Taking into account the multiple reactions that can occur The most selective solid base catalyst we have seen reported
via carbocation chemistry when reacting limonene on acid is MgO. However, to achieve selectivities to 2-carene of 96%
sites, one is not surprised by the relatively low selectivity to at a 46% level of conversion, the MgO catalyst preactivation
p-cymene obtained. The authi®:1%6then focused their  has to be optimized®®
attention on nonacidic catalysts. In this sense, when the As inthe case of imonene hydrogenation, (metal) catalysts
acidity of ZSM-5 was eliminated by the presence offNa have also been used for the isomerization of 3- into 2-carene.
and a Pe-Ce/Na-ZSM-5 catalyst was used to catalyze the With Ni on silica, selectivities close to 60% at a 50% level
transformation of limonene intp-cymene, a selectivity up  of conversion could be obtainé#® However, the selectivity
to 80% was obtained without- or o-cymenes, the remaining  of Ni could be improved by modifying the metal with tetra-
20% beingp-menthanes ang-menthene4303.1387.1388yen (n-butyltin. The role of Sn as a modifier is to selectively
better results were obtained when using Pd on silica. In this poison the sites responsible for hydrogenolysis, increasing
case, either a mixture of terpeA®$or direct reaction with  therefore the selectivity to isomerizatidii®14°With this
limonené3® yielded p-cymene in the 7680% range. The  catalytic system, selectivity to 2-carene close to 80% could
yield was increased to 92% in the presence of olefins (1- be achieved at50% conversion. When Pt/4D; was used,
decene and 1-undecene) as hydrogen acceptors, working ahe products were cymenes, menthanes, and some mentha-
453 K139t appears then that hydrogenation/dehydrogena- diene and menthenes.
tion catalysts can be active and selective for this process, We can then conclude that the best catalysts reported for
and there is a number of patents reporting the use of catalystgshe double bond isomerization to produce 2-carene from
such as Pd doped with Se on carbon, a:GgrCuO, ZnG3** 3-carene are basic catalysts and especially properly activated
or ZrQ,, and ThQ,'3%? that give yields ofp-cymene up to ~ MgO.

97%.
Interestingly, base catalysts have also been used for this 3-Carene 2-Carene

reaction, and while Mg/Al hydrotalcites were not active or X, Dehydrogenation-
selective'®4on CaO only the dehydrogenation ii@ymene |, ) ~Aromatisation Isomerisation

occurred, and 98% conversion of limonene was obtained with

100% selectivity. c 4-Carene
. . . . ymene
In conclusion, for the transformation of limonene into
p-cymene, Brasted acid sites should be avoided due to low \
selectivities, while either Pd or CaO can give high conver-

sions and selectivities within a very acceptable range of
reaction conditions.

4.3. Carene '

3-Carene is a monoterpene naturally obtained from Terpinene Limonene Terpinolene
Western U.S. turpentine ar?d “Essence é};ébentine”. It (Menthadiene) (Dipentene) (Menthadiene)
finds a few applications and sometimes is used as a solvent.
Its isomer 2-carene presents a higher reactivity and is used4.3.2. Epoxidation of Carene
as a raw material for the production of numerous fine

chemicals, among which menthol is an important one. Besides the potential interest of carene oxides, 2 and
’ 3-carene oxides can be used to produce a large variety of

interesting products as the corresponding allylic alcohols,
ketones, and aldehydes.
.some"sat,on |sg%d;ﬁ;i§t?;n Lev_vig base adductls of methyltrioxorhenium (MTO) yvith
—_— 2-pyridinemethanamine andans-1,2-cyclohexanediamine
OH have been encapsulated in polystyrene and tested for epoxi-
Dehydrogenaﬂon dation of monoterpenes: pinene, limonene, and calr?éﬁe.
Ammat.sat.on Menthol The most active catalyst was ti@ns-1,2-cyclohexanedi-
amine-MTO adduct: its microencapsulated material con-
verted carene quantitatively into carene epoxide with yield
| >08%, at 263 K with HO, as oxidant. Other classical
‘</ epoxidation catalysts with 1D, are polyoxometalates and,
more specifically, W-polyoxometalates. They have also been
Cymene used in the case of the epoxidation of carenes, and Hirota et
al.**%* have epoxidized carene with,8, in the presence of
4.3.1. Isomerization of Carene W oxides obtained by oxidation of W compounds witkQ,
boric acids, and a phase-transfer catalyst. Otff@rs®have
As we saw before in the case of the hydroisomerization described the epoxidation using® and a polyoxometalate
of limonene, basic catalysts are more selective than acidsanchored on Amberlite IRA-900. Conversion up to 55% with
for double bond isomerization: either homogeneous bases,epoxide selectivity of 97% was described. There is an
such as lithium ethylenediamine tart-butylpotassiunt3®3 interesting work in which the oxidation agent wag @his
or solid bases such as alkali X and Y zeolites and basic would be the most friendly oxidating agent, though selectivi-
oxides (MgO, Ca0, SrO, X0s, Lay0s).13%+ 1397 Thys, while ties are, in general, low when allylic hydrogen is present, as
basic oxides led to isomerization of 3-carene, acid oxidesis the case with carene. Robles-Dutenhefner et?%al.
such as Si@-Al,0;, Ce0s, or TiO, gave mainlyp-cymene. performed at the same time the oxidation of pinene,

3-Carene 2-Carene
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Scheme 53. Possible Products Resulting from Isomerization of 3-Carene Oxide

3-Carene oxide 2-Carene
| ™Y Dehydrogenation- 0 o o
_J Aromatisation Basic and o
4< Acid sites Acid sites
Cymene

M sites \ Caranone Carvenone
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CHO CHO

trans 2-caren-4-ol  trans 3-caren-4-ol
. 3,6,6-trimethylbicyclo[3.1.0] 1-methyl-1-formyl-3-
Allylic alcohols hexane-3-carboxyaldehyde  isopropyl-3-cyclopentene
Scheme 54. Possible Products Resulting from Isomerization of 2-Carene Oxide
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cis-2,8-p-menthadien-1-ol

1,5,8-p-menthatriene and

a and S -phellandren-8-ol
1,2,8-p-menthatriene

limonene, and 3-carene with oxygen with Co/Siatalysts 4.3.4. Dehydroisomerization
obtained by a setgel process. In the case of carene, a . o
complex mixture was obtained and, as could be expected, 3-Carene is a bicyclic monoterpene that naturally occurs

the epoxide was not formed. However, two allylic oxidation N turpentine in contents around 60%, together vaithand
products were obtained, 3-caren-5-one and 3-carene-2,54-Pinene. The main drawback of turpentine stability is the

dione with a selectivity of 10% at 66% conversion. easy oxidation of 3-carene on exposure to air. So a good
alternative is its conversion into a mixture of cymenes, which
4.3.3. Isomerization of 2- and 3-Carene Oxides finds a large number of applications in chemicals, as we have

described before.

A reaction scheme for conversion of 3-carene into
cymenes is given in Scheme 55. We see there that, in order
to achieve the desired products, one has to open the
cyclopropane ring and dehydrogenate or double-bond-
isomerize, followed by dehydrogenation of the intermediate
tgroducts. In principle, the ring-opening can be catalyzed by
acid sites, while the dehydrogenation can be catalyzed either

Isomerization of 2- and 3-carene oxides give interesting
alcohols, allylic alcohols, ketones, and aldehydes that are
used in fragrances (Scheme 53). The isomerization of
epoxides is conventionally carried out with ZnBr using
almost quantitative amounts.

In the case of 3-carene oxides, binary oxides with acidic
and basic active sites were used as catalysts, and the resul
could be generalized by saying that acid catalysts give mainly S
carbonyl compounds, while catalysts with acidic and basic by acid sites (hydrogen transfer) or, better, by metals or

sites gave principally allylic alcohols (Scheme 58}Indeed, oxides. Following this and the reaction scheme given above,
Arata et all493.14040bserved that Sig-Al,Os, Al,Os A, and it is not surprising that, with pure acid catalysts such as

FeSQ, all of them with acid sites, gave preferentially partially exchanged Y and ZSM-5 ;eolites, 3-carene could
carbonyl compounds with selectivities up to 78% at 100% ge t::onvertletd into cybr?e_nez bl{:} W'toh a IOX (S)elecjt“\;l'wi
conversion during the isomerization of carene oxides, while S°'€' 'esy sowere obtained wi o a206-0N-AlxLUs catalys
Al,O; C and TiQ—Zr0O, gave selectivities of 6069% to that gave 37%n-cymene and 49%-cymene when starting

allylic alcohols for conversions from 37 to 61%. from 2-carene, and 43% of-cymene and 53% g-cymene

- 345,1408,1409
As presented in Schemes 53 and 54, cymene can also bérom 3-carené:

obtained from carene oxides. Acids are good catalysts for _ Bifunctional acid/metal catalysts formed by mixtures of
cyclopropy! ring aperture, and large amounts of cymene were PUAl20s + H=ZSM-5 or Pt on acid-activated alumina
obtained with HSO, on silica. In this case, together with ~ Provide, as was said before, the active sites required for this
cymenegis-2,8(9)p-menthadien-1-ol airans-isolimonenol reaction. The results obtained are 3é5t}“!'and selectivities
thadienol. Thus, depending on the catalyst and contact time, The use of single oxides ZnO or £&, Cr,0;, MoO;,

one can maximize eithgrcymene or menthadienol, the yield CoO, \,Os, or CuO on nonacidic support always gave much
of menthadienol reported to be 75% or higFp.1406 lower yields of cymene than the bifuncional cataly4$ts:141>
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Scheme 55. Products Resulting from Dehydroisomerization of Carene
3-Carene
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4.4. Camphene synthetically by aldolic condensation from isobutene and
formaldehyde.

4.4.1. Epoxidation of Camphene

Camphene can be obtained by isomerization of pinene and4'5'1' Aldol Condensations of Citral and Ketones

finds applications in flavors and as a synthesis intermediate. The condensation of citral with acetone or methyl ethyl
It could be functionalized in order to enlarge its possible ketone is of great interest for the preparation of pseudo-
applications. One of the possible functionalizations is ep- ionones, which are the acyclic precursors of ionones and find
oxidation, which will generate the oxide, as well as the application in fragrances and pharmacy (Scheme 56).
alcohols and carbonyl derivatives.

In a previous section, catalysts and oxidants for terpenes
was described, and they also apply to the epoxidation of
camphene. Indeed, Fizeolites, MTO, and Mn complexes

have been used as catalysts together with peroxides as L~ A o) Q 2
oxidants. van der Waal et &6 carried out the oxidation ° o I 6:(\)\ ii(\/u\
with aluminum-free zeolitetitanium beta (Ti-beta) with | I C  Aldol condensation e
H,O.. Low conversions (4%) with selectivities of 1% into ‘ Pseudoionone fonone
the corresponding epoxide and of 92% into the camphyl “ane” ¥ "G ™ o

aldehyde were obtained. In any case, this is an interesting Citral 0 PR Q
result, since it shows that the catalyst was able to epoxidize Aldol condensation ™ | + é(ﬁ)\

and isomerize the epoxide to the corresponding aldehyde.

The aldehyde of camphene, like that afpinene, may Metilpseudionone Isometilpseudoionone
undergo aldolic condensation to produce fragrances of the ;

Scheme 56. Condensation of Citral with Acetone and
Methyl Ethyl Detone into Pseudoionones, Acyclic Precursors
of lonones

sandalwood type. ' '
MTO was a better catalyst for camphene epoxidation either

alone or heterogenized on NaY zeolité’ When the epoxi- - éiﬁ*o

dation of camphene was performed with NaY/MTO and N

aqueous 85% §D,, excellent selectivity> 95% to camphene Metilionone Isometilionone

epoxide was obtained at 89% conversion, the final mass ] ) )

balance being 79%. Sulfonated manganese(|“) tetrapheny'_. 4511 Condensation of .C|tra| with AcetonePseudo- )
porphyrin supported on Amberlite IRA-400 or on poly(4- ionone is usually produced in the presence of soluble alkali
vinylpyridine) was able to epoxidize camphene with sodium Metal bases in water or aIcoQgJIs, at low temperatures<313
periodate under sonication. Conversion into camphene ep-333 K) in the liquid phasé!® The yield and selectivity

oxide up to 97% was obtainé#s1418 depend on reaction parameters such as temperature, molar
ratio of the reactants, etc. For environmental reasons, it is
4.5. Citral possible to find in the literature a large number of works

describing efforts to substitute the soluble basic catalysts by
Citral (3,7-dimethyl-2,6-octadienal) is a fragrance and solid bases. Aldol condensations have been found to be
flavor as well as a starting material for the synthesis of other catalyzed by solid bases such as MgO, mixed oxides derived
terpenoids. From citral, it is possible to obtain a large number from hydrotalcites and reconstructed hydrotalcites by water
of key derivatives, such as hydroxydihydrocitronellal, lower treatment, and aluminio phosphore oxynitrid&81421t was
acetals, and products of condensation such as pseudoionongossible to produce Lewis basic catalysts by calcinations of
(an intermediate in the synthesis of vitamin A) or ionones hydrotalcites and Brusted basic catalysts by rehydration of
but also citronellol, geraniol, etc. the calcined mixed oxides of Mg and AP°1422MgO—Al,O;
Since citral is largely used industrially in bulk as a starting mixed oxides are Lewis basic solids that are active, and some
material and, it is produced on a large scale from essentialselective, for the condensation of citral and acetdfieDe
oils such as lemongrass oil dritsea cubebaoil, from Jong et ak*?41426reported that rehydrated hydrotalcite with
geraniol or geraniotnerol by catalytic dehydrogenation, or Bronsted basic sites were more active (65% conversion), with
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Scheme 57. Possible Products Resulting from BaeyeVilliger Oxidation of Citral
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good selectivity to pseudoionone (90%), at a very low alternative route to this, a four-step synthesis that involves
concentration of citral of 1 wt %. More active catalysts were the oxidation of citral with solid catalysts (see Scheme 57),
produced by optimizing the synthesis of hydrotalcite precur- has been described by Corma ett.

sors in order to minimize crystalite size and consequently The new process implies the Baey#filliger oxidation
maximize the number of accessible Lewis sites (calcined of citral with H,O, using Sr-zeolites and Samesoporous
mixed oxides) or Biosted basic sites (hydrotalcites recon- materials as catalysts. The resulting formate ester gives
stituted by rehydration). The first attempts involved the melonal after hydrolysis. The Sn catalysts are chemoselec-
preparation of hydrotalcites by three methods: conventional tive'**?and avoid the epoxidation of the double bond, giving
co-precipitation and aging, aging under microwave irradia- a selectivity to the formate ester plus the melonal of 95%,
tion, and sonication during the co-precipitation st&1428 with very high HO, selectivity. Sn-Beta and SrMCM-

The results showed that the material obtained by sonication41 catalysts can be reused several times without loss of
presented well-dispersed particles of 80 nm average particleactivity and selectivity.

size that produced, after calcination, mixed oxides with 300 , )

m? g~ and more defects in the solid, leading to higher 4.5.3. Hydrogenation of Citral

basicity. These samples gave excellent results, with yields  The hydrogenation of citral has been extensively studied
and selectivities to pseudoionone of respectively 93 and 95%pecause of the great interest of the possible hydrogenated
for the mixed oxides and 96 and 99% for the rehydrated products. Since citral presents three groups that can be
samples. This work marked the direction to produce more hydrogenated, i.e., an isolatee=C, a conjugated €C, and
active and selective basic catalysts derived from hydrotalcite. the carbonyl group, the number of hydrogenated products
Oth_ers have since increased the_surface further by delami-cgn pe large. Hydrogenation of the carbonyl group produces
nation of the lamered hydrotalcit€’®'*?*a concept put  the unsaturated alcohols, nerol and geraniol, and it is least
forward before to achieve higher external surface &€a’**  fayored thermodynamically. Hydrogenation of the conjugated
or by depositing hydrotalcite platelets on carbon nanofibers. double bond produces citronellal and its derivatives, iso-
In general, it was observed that, when the surface area ispylegol and menthol. Finally, hydrogenation of the isolated
larger, the activity for citral/acetone condensation is higher. c=c can produce 3,7-dimethyloctanol and 3,7-dimethyl-
CaO, MgO, ALOs, and their modified versions produced  octanal (see Scheme 58). All these derivatives have a large
by introducing alkalines or KF gave higher basicity and number of applications in flavors, pharmaceuticals, and
consequently higher activity for citral/acetone conden- cosmetics. Nerol and geraniol are used in perfumery, due to
sation!**2*3However, these materials become deactivated their particular freshness in blossom compositions and for
with use by leaching of alkalies. Finally, we point out that poyquetting citrus flavors. They are also precursors of
basic alumin&=°or anionic resins (divinylbenzerstyrene  cjtronellol, which is one of the most used fragrances for rose
copolymer type**+4¥*have also been used for citral/acetone notes and floral compositions. It is also a precursor for the
condensation to produce pseudoionones. synthesis of hydroxydihydrocitronellol, which is an inter-
4.5.1.2. Condensation of Citral with Methyl Ethyl ~ mediate for the production of hydroxydihydrocitronellal,
Ketone (MEK). The solid catalysts used for condensation \yhich gives linden blossom and lily of the valley notes.
of citral and MEK are practically the same as those used citronellal can be used for perfuming soaps and detergents,
for_ the condens.atlon W|th_ acetone, i.e., alkaline earth pyt it is mainly employed for the synthesis of isopulegol,
oxides, hydrotalcites and mixed oxides derived from them, citronellol, and hydroxydihydrocitronellal. Isopulegol is used
amorphous aluminophosphates, KFAB4, and anionic  jn perfumery in various blossom compositions as geranium
resins!#26143¥1449The best results are obtained with recon- notes, but it is also an important intermediate in the synthesis
stituted hydrotalcites, with ¥#D treatment and hydrotalcite  of menthol. Menthol has a cooling and refreshing effect, and
platelets deposited on carbon nanofibéf$}*giving yields it is widely used in cigarettes, cosmetics, toothpastes,
close to 95%. chewing gum, sweets, and pharmaceuticals. Citronellal and
- L citronellol are industrially the most important products.
4.5.2. Baeyer-Villiger Oxidation: Melonal Nerol and geraniol, citE/oneIIaI, citrongllol, isorr)JuIegol, and
Melonal is used in many fragrances due to its powerful certainly menthol are industrially relevant products obtained
green, cucumber-like, and melon odor. It is generally by hydrogenation of citral. Because of that, it is convenient
prepared by Darzens condensation of 6-methyl-5-hepten-2-to prepare catalysts that can hydrogenate selectively the
one to yield an ester, which is further hydrolyzed. An aldehyde group or the conjugated double bond, hydrogenate
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Scheme 58. Possible Products of Hydrogenation of Citral
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Table 15. Summary of Different Catalysts Used in the Table 16. Summary of the Reported Results on Production of
Hydrogenation of Citral Citronellal Using Different Heterogeneous Catalysts

selectivity  conversion selectivitynax conversion

ref (%)?2 of citral (%) catalyst ref catalyst to citronellal (%) (%)
1443, 1444 96 100 RhSSnBux/SiO 1455 Pd/SiQ—AIPO, 83 30
1445 80 87.5 Rk Sn/SiQ 1452 Ni/SiQ 72 84
1446, 1447 >80 90 Ru-Sn/C 1457 Pd/N 85 40
1448 85 75 PUTI@-HTR 1458 RUEC1(Ru/AD3) 58 (COL 68) 90 (100)
1449 72 90 PY/Si® 1257 Pd/clinoptilolite 90 100
1450 78 95 Pt (5 wt %)/Sn (3 wt %)/
C-P

) ~1, a 96% yield of nerol plus geraniol is obtained, while if
“Nerol + geraniol. the Sn/Rh ratio is 0.12, an 81% yield of citronellal is
produced#4314440therd*>?have observed that, with Ni/SiO
the conjugated double bond to the carbonyl, or hydrogenateit was also possible to achieve relatively high selectivity to
the conjugated double bond plus cyclization. The preparation citronellal (72%), the other products being isopulegol (22%)
of nerol plus geraniol by selective hydrogenation of the and citronellol (6%). The influence of the support on the
carbonyl group can then be carried out with a relatively large selectivity for double bond and carbonyl hydrogenation with
number of metals, for instance Ni, Rh, Ru, or Pt, provided citral can be seen by comparing the results obtained with Ni
that Sn is addeé!*3-1450 Selectivities above 95% at 100% on different types of carbon, sepiolite, SIBIPO,, or Pd
conversion to nerol plus geraniol can be obtained, but the on clinoptilolite and on alumin&?>7.14531455
final result depends on the effective Sn/metal ratio, and It is worth mentioning the work of Marinas et at>¢who
consequently not only the global composition but also the have carried out the selective hydrogenation of the carbonyl
catalyst preparation procedure determine the interactiongroup of citral with cyclopentanol through a Meerwein
between Sn and the metal. A summary of the different Pondorff-Verley reaction using base oxide catalysts such
catalysts used and the results obtained is given in Table 15.as MgO or CaO. A summary of the reported results on
It is interesting to remark that the presence of Sn is production of citronellal is given in Table 16.
mandatory to avoid the hydrogenation of the double bond The hydrogenation of both the conjugated double bond
with Pt, owing to the well-known interaction of Pt or Pd and the carbonyl group can give, in one step, citronellol. If
with conjugated double bonds. However, gold, being more hydrogenation proceeds further, the fully hydrogenated 3,7-
prone to adsorb preferentially the molecule through the dimethyloctanol can be produced. In principle, one can
carbonyl group ina,S-unsaturated aldehydé¥, should expect that those catalysts which are able to produce
selectively produce nerol plus geraniol during the hydrogena- citronellal will give citronellol or 3,7-dimethyloctanol when
tion of citral. Indeed, Galvano et &°*have shown that Au/  the contact time is increased. This is exactly what occurs
FeO; allows the above alcohols to be produced with a during the hydrogenation of citral with Ni on crushed
selectivity >95% and in any case much higher than that alumina, working in ethanol medi&>* Citronellal appears
obtained with Pt/F€s. However, what remains to be found as a primary product that, with time, evolves to citronellol,
is a way to to achieve selectivity at very high conversions. reaching yields close to 95%. If the reaction proceeds still
The production of citronellal from citral requires the further, 3,7-dimethyloctanol is observed, with nerol and
selective hydrogenation of the conjugatee-C bond (see  geraniol present only in trace amounts.
Scheme 58). For doing this, it is possible to useRBw/ Different methods for preparation of Ni-supported catalysts
SiO,. However, it is remarkable that, if the Sn/Rh ratio is have been studield41459146nd the best result for citronellol
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Table 17. Results Obtained for Selective Hydrogenation of Citral Citronellal can be extracted from essential oils or produced
into Citronellol synthetically by hydrogenation of citral and vapor-phase
selectivity to conversion rearrangement of nerol and geraniol.
ref citronellol (%) of citral (%) catalyst

Citronellal can cyclize into isopulegol, as a precursor of
ijgg gg igg “:;ﬁ%l?sahed Alumina menthol. Because of the presence of three asymmetric
1459 a3 100 Ni (8.8 Wt %)/ADs ca_rbons in isopulegol, t_here are foyr dlastere0|somers_, which

exist themselves as pairs of enantiomety Hydrogenation

of isopulegols gives also eight stereocisomers of menthols,
was obtained with AlD; prepared by an atomic layer epitaxy but only the ¢)-menthol is interesting from an industrial
method, working at low bl pressure (23 bar working in point of view, because it is the unique isomer which has the
ethanol media). In all these cases, acidity has to be avoided peppermint odor and refreshing, cooling effect. It is known
since in that case the acetal of the citronellal with ethanol that cyclization occurs in the presence of acid catalysts and
solvent would be produced (see Scheme%8)A summary that the more selective are Lewis actd®:1463

of the results obtained for selective hydrogenation of citral  |nqustrially, until a few years ago, isopulegol has been

into citronellol is given in Table 17. prepared from citronellal in the presence of homogeneous

Finally, it is of much interest to obtain isopulegol or even Lewis acids, such as ZnBrwith 92% yield and diastereo-
better menthol. In order to do that (see Scheme 58), selectivity of 96%:%64In 2002, Takasago International Corp.
citronellal has to be produced and cyclized. For that, a patented a new process, using tris(2,6-diarylphenoxy)-
bifunctional metal and acid catalyst should be adequate, andaluminum catalyst, that yields 100% of isopulegol with

Trasarti et ak*6*have reported the selective one-pot synthesis higher diastereoselectivifyf®s

of_ menthols _from citral_ over bifunct!onal P(_leeta zeolite, Numerous examples of heterogeneous catalysts have been
Ni/Beta zeolite, and Ni/MCM-41. Ni on acidic MCM-41  ohqred to be active for the cyclization of citronellal to

presented the best results, with 90% yield of menthols. With isopulegol under mild conditions, and with good activity and

these catalysts, it is mandatory to have low acid strength in giereoselectivity. Among them, zeolites, mesoporous materi-

order to avoid decarbonylation and cracking. als, and supported Lewis acids on silica, alumina, or titania
We have seen that citronellal is a key product in Scheme have been widely studied.

58, and in Scheme 59, we can better see the large amount |, 19389 Corma and co-workéf&s

of products that can be obtained from citronellal. In many ’

cases, production of citronellal can be an objective.

reported the catalytic
activity and selectivity of acid clinoptilolite, mordenite, and
faujasite zeolites for the cyclization of citronellal to iso-
pulegol in different solvents. They observed that both activity

Scheme 59. Isomers of Isopulegols and Menthols and selectivity were linked to the total number of Bsted

H HO HO™

»O-
¥ O/
»O-

-
-

>..|
>|

T acid sites and the textural properties of the catalysts, i.e.,

~o ~o number of accessible acid sites. Besides cyclization, other

+ reactions such as etherification and cracking also occur. Shieh
| | et all*¢7 studied the cyclization of citronellal, in a batch

(+)Citronellal  (-)Citronellal reactor, over MCM-41 and zeolites (HZSM-5, Hbeta) in
toluene. They observed that-AMCM-41 (Si/Al = 50) was

/ the best catalyst and produced isopulegol with a total
selectivity of 62% at 92% conversion aftg h at 333 K.
Dmitry and co-workers% also reported the cyclization of

“OH ~" g (+)-citronellal over aluminosilicates (acid ZSM-5, Beta, Y,
A MCM-22, MCM-41) and silica and alumina. The latter
(+)-neo-Isopulegol  (-)-Isopulegol  (+)-Isopulegol  (-)-neo-Isopulegol materials and ZSM-5 were not active. So, the highest initial
rates were obtained over mesoporous materials and 12-
membered-ring zeolites with a high number of Bsted acid
sites. The selectivity to isopulegols was close to 100% with
OH o  HO HO these catalysts, independent of the level of conversion, and
the stereoselectivity towardt-isopulegol was 6368%
(+)-neoiso-Menthol  (-)-iso-Menthol (-)-iso-Menthol (-)-neoiso-Menthol after 3 h of reaction.
Other Brnsted acid catalyts, such as sulfated zirco-

l J nia 14691470 Amberlyst, and Nafiort?’* do not give better
results, and a higher diastereoselectivity (80%) has been
achieved only with HPW;,040 0n silica heteropolyacids. In

this case, however, leaching can be an issue.
oH /’\ OH HO /’\ HO In summary, we can say that diastereoselectivities achieved
with heterogeneous Bnsted acid catalysts are relatively low.
(+)-neo-Menthol - (-)-Menthol (*)-Menthol - (-)-neo-Menthol Because of that, Corma et 2 thought of removing
Bronsted acidity and generating Lewis acidity by introducing
Sn in the framework of Beta. In this case, conversion was
. HO close to 95%, and the diastereoselectivity increased to 82%.
OH ‘OH HO Based on the same concept, the introduction of Zr into Beta
zeolite increased the diastereoselectivity to 93% -j- (
(+)-neoiso-Menthol ~ (-)-iso-Menthol  (-)-iso-Menthol (-)-neoiso-Menthol isopulegoll.473

-
-
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These results have not been improved upon by supporting Candidates from Sugars and Synthesis ;GasS. Department of

conventional Zn Lewis acids (Zng&1ZnBr,, Zn(NOs),) on Energy: Washington, DC, 2004.

S 1474 . . . (6) Roper, H.Starch-Starke2002 54, 89.
s!llca. Thesg patalysts, besides Ieachmg problems, give  (7) Lichtenthaler, F. WAcc. Chem. Re002 35, 728.
diastereoselectivities lower than those obtained with &nd (8) Lichtenthaler, F. W.; Peters, §. R. Chim.2004 7, 65.
Zr—Beta zeolites. (9) Lichtenthaler, F. WCarbohydr. Res1998 313 609.

_ : : : _ (10) Lipinsky, E. S.; Sinclair, R. GChem. Eng. Prog1986 82, 26.

The reports on one-pot cyclization and successive hydro- 11y |jichfield, 3. H Ady. Appl. Microbiol. 1996 42, 45.
genation of {+)-citronellal into isopulegol, which is in turn (12) Louwrier, A.Biotechnol. Appl. Biocheni998 27, 1.
converted into {)-menthol, should be emphasized. Working  (13) Varadarajan, S.; Miller, D. Biotechnol. Prog1999 15, 845.

at 1 bar H pressure and 363 K in toluene, Cu/Sigave (14) l\l_arayﬁnaln,zcl)\ld; ROBr’]Ch‘?/‘;dh“ryv .E.- K-?hs”‘faSta.V?E/kC"O”if JI- ,
complete conversion of citronellal and 95% selectivity to Ef&‘;g”ﬂﬂ,‘wpdﬁ 7 hup:/iwww.ejbiotechnology.infofcontent/vol 7
menthol, with a stereoselectivity of 75%-)-menthol)!*" (15) Gao, M. T,; Hirata, M; Koide, M.; Takanashi, H.; Hano Pfocess
De Vos et al*’6 have transformed-)-citronellal into Biochem.2004 39, 1903. _ ) _
(—)-menthol with a selectivity of 84% at 100% conversion ~(16) m’gsgwgfb *;;n Eae\/é%llézrhé- sAggQ""“'””' J. A.; Pangarkar, V. G.
with a one-pot reaction at 353 K and 0.8 bag Mth Ir (17) Holten, C. HLactic acid Verlag Chemie: Copenhagen, Denmark,
supported on Beta zeolité’® Besides menthol, dimethyl- 1971.
octanol and isopulegol were also obtained. (18) Datta, K. Hydroxycarboxylic acids. IKirk-Othmer Encyclopedia
I L d he basis of th | btained. i of Chemical Technologytth ed.; Kroschwitz, J., Howe-Grant, M.,
n our opinion and on the basis of the results obtained, it Eds.; Wiley: New York, 1997:Vol. 13, p 1042,

would be interesting to improve the results obtained with (19) Datta, R.; Tsai, S. P.; Bonsignore, P.; Moon, S. H.; Frank, BERIS
the one-pot system, and we predict that this could be done Microbiol. Rev. 1995 16, 221.

; ; (20) Buchta, K.Biotechnologyl983 3, 409.
by using Ir on Zr-Beta or Sr-Beta zeolites. (21) Fahey, J. Shucking PetroleuRorbes Magazin@001 Nov 26, 206.

(22) Mccoy, M.Chem. Eng. New2003 81 (8), 18.
5. Conclusions (23) Agarwal, V.Man-Made Textiles in Indi@002 45, 446.
(24) Arun, N.Synth. Fibre2003 32, 18.
While we have been introducing partia| conclusions (25) Linnemann, B.; Sri Harwoko, M.; Gries, Tinctoria2004 101, 32.

. - o . (26) Lunt, J.Polym. Degrad. Stahl99§ 59, 145.
through this review, it is perhaps worth saying here that there (27) Nijenhuis, A. J.. Grijpma, D. W.; Pennings, A.Macromolecules

is already an impressive amount of catalytic work on the 1992 25, 6419.
transformation of different types of biomass, i.e., saccharides, (28) Agrawal, A. K.; Bhalla, RJ. Macromol. Sci. Polymer Re2003
fats, and terpenes, into valuable chemicals. Much work was €43 479.

. . . . (29) Gruber, P. R.; Hall, E. S.; Kolstad, J. J.; lwen, M. L.; Benson, R.
done 20 years ago, and we are seeing a revival in this decade.”™™ 5. 5 thardt R, L. WO Patent 9509879, 1994,

In many cases, impressive results were already obtained (30) Hyon, S. H.; Jamshidi, K.; Ikada, Riomaterials1997, 18, 1503.
before, while in many other cases there is the necessity to (31) Ohara, H.; Ito, M.; Sawa, S. WO Patent 2002060891, 2001.
improve conversion, and especially selectivity, to make (32) Rafler, G Lang, J.; Jobmann, M.; Bechthold, I. DE Patent 10113302,
possible a commercial application of those processes. With (33) stevens, E. SGreen Plastics: an introduction to the new science of
the advances made in materials science, it should be possible biodegradable plasticPrincenton University Press: Princeton, NJ,
today to prepare more selective and “realistic” catalysts that 2002.

; : : o (34) Bellis, H. E. WO Patent 9200292, 1992.
give the necessary improvements in reactivity. MOreover, (3si uiiier. V.o Kuhne, K. Schubart. R.: Muller, H. P. WO Patent

these advances should allow for production of more envi- 2000043381, 2000.
ronmentally friendly process than those previously reported (36) He, X.; Guo, X.-k.; Zheng, D.-s.; Zhang, J.dngxi Huagong2004
and even used today. Meanwhile, new materials will open 21, 745,

fficient theti t t hi the final (37) Wang, Y.; Gu, L.; Wang, J.; Pan, J. CN Patent 1394680, 2002.
new, more efncient syntnhetic routes to achieve the tina (38) Li, C.; Wang, Y.-l.Huaxue Yu Nianh@003 13.

products, as we have seen, especially in the section on (39) Narayana, K. T. US Patent 6342626, 2002.

terpenes. The possibility of producing catalysts with well-  (40) Suchy, M.; Zeller, M.; Winternitz, P. WO Patent 9100287, 1991.
defined multiple sites that can also include transition metal (41) Shol. J. 1 Hong, W. H.; Chang, H. Nat. J. Chem. Kinet1996
complexes and enzymes in collaboration with solid acid (42 passy, S.; Wiame, H.; Thyrion, F. @. Chem. Technol. Biotechnol.
base or redox catalysts should allow several reaction steps 1994 59, 149.

to be performed in a cascade, avoiding costly intermediate (43) Sanz, M. T.; Murga, R.; Beltran, S.; Cabezas, J. L.; Coc&yd].

. . f i Eng. Chem. Re002 41, 512.
separations which have a strong negative economic impact (44) Engin, A; Haluk, H.. Gurkan, KGreen Chem2003 5, 460.

on the process. o _ (45) Jafar, J. J.; Budd, P. M.; Hughes, RMembr. Sci2002 199 117.
With the number of scientists already working and others (46) Tanaka, K.; Yoshikawa, R.; Ying, C.; Kita, H.; Okamoto, Bhem.
coming into the field, we forecast an important increase in Eng. Sci.2002 57, 1577.

K led d industrial for t f . (47) Corma, A.; Garcia, H.; Iborra, S.; Primo,JJ.Catal. 1989 120, 78.
nowe g'e an mo're Industnal processes for rans orming (48) Corma, A,; Corell, C.; Lopis, F.; Martinez, A.; Perezparientéppl.
biomass into chemical products that are now derived from Catal. A-Generall994 115, 121.
oil. (49) Torres, C.; Otero, CEnzyme Microb. Technol999 25, 745.
(50) McAlee, A. J.J. Chem. Soc., Chem. Commu®69 2454.
(51) Adkins, H.; Billica, H. R.J. Am. Chem. S0d.948 70, 3118.
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