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1. Introduction

Because our fossil raw materials, derived from
prehistoric organic matter, are irrevocably
decreasing and because the pressure on our
environment is intensifying, the progressive
changeover of the chemical industry to renew-
able feedstocks for its raw materials emerges as
an inevitable necessity [1-3]; i.e. it will have to
proceed increasingly to utilize raw materials
that prevailed before natural gas and oil out-
paced all other resources.

Historically, such raw materials were sub-
stantially renewable, as depicted in Figure 1,
with the utilization of biomass and coal being
almost equal a century ago [4]. In the 1920s,
however, coal tar-based materials had taken the
lead reaching a maximum around 1930, but
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thereafter fossil gas and oil irresistibly took
over, nearly eliminating coal completely and
reducing renewable feedstocks to very modest
levels.

This over-reliance of the chemical industry
on fossil resources has its foreseeable limits as
they are depleting and are irreplaceable, the only
question being: When will affordable fossil
fuels be exhausted? Or, stated more appropri-
ately: When will fossil-based raw materials
have become so expensive that biofeedstocks
are an economically competitive alternative?

Fossil oil will be around for a long time, even
if it has to be isolated eventually from oliferous
rocks or shale. So the prevailing issue is: When
will be the end of cheap 0il? Experts realistically
predict this to occur within the next two to three
decades [5-7]. Accordingly, the curve for the
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Figure 1. Raw materials used by the chemical industry in historical perspective

a) renewable feedstocks; b) coal; ¢) natural gas, oil

utilization of biofeedstocks in Figure 1 will have
to rise such that it meets that of fossil raw
materials somewhere around 2030-2040.

The terrestrial biomass to be utilized for the
transition from fossil to renewable raw materi-
als, however, is — compared to fossil resources
— an exceedingly complex array of low and
high molecular mass products, exemplified by
sugars, hydroxy and amino acids, lipids, and
biopolymers such as cellulose, hemicelluloses,
chitin, starch, lignin, and proteins. By far the
most important class of organic compounds in
terms of volume produced are carbohydrates as
they represent roughly 75% of the annually
renewable biomass of about 180x 107 t (Fig. 2).

Of these, only a minor fraction (ca. 4%) is
used by man, the rest decays and recycles along
natural pathways.

Thus, carbohydrates, a single class of natural
products — aside from their traditional uses for
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Figure 2. Distribution of types of natural products in biomass

food, lumber, paper, and heat — are the major
biofeedstocks from which to develop industri-
ally and economically viable organic chemicals
that are to replace those derived from petro-
chemical sources.

2. Availability of Carbohydrates

The bulk of the annually renewable carbohy-
drate biomass is made up of polysaccharides,
yet their nonfood utilization is confined to the
textile, paper, and coating industries, either as
such or in the form of simple esters and ethers.
Organic commodity chemicals, however, are
usually of low molecular mass, so they are more
expediently obtained from low molecular
mass carbohydrates than from polysaccharides.
Accordingly, the constituent repeating units of
these polysaccharides — glucose (cellulose,

Lignin

Fats, proteins, terpenoids
alkaloids, nucleic acids



starch), fructose (inulin), xylose (hemicellu-
loses), etc., or disaccharide versions thereof
— are the actual carbohydrate raw materials
for organic chemicals with tailor-made indus-
trial applications. They are inexpensive, ton-
scale accessible, and provide an ensuing chem-
istry better worked out and more variable than
that of their polymers.

Table 1 lists the availability and bulk-
quantity prices of the eight least expensive

Table 1. Annual production volume and prices of simple sugars,
sugar-derived alcohols and acids as compared to some petrochemi-
cally derived basic chemicals and solvents

World Price”,
production®, t/a €/kg

Sugars Sucrose 169 000 000 0.20
D-Glucose 30000 000 0.30
Lactose 295000 0.60
p-Fructose 60000 1.00
Isomaltulose 70000 2.00
Maltose 3000 3.00
p-Xylose 25000 4.50
L-Sorbose 60000 7.50
Sugar alcohols D-Sorbitol 650000 1.80
Erythritol 30000 225
Xylitol 30000 5.00
D-Mannitol 30000 8.00
Sugar-derived acids  Citric acid 1 500000 1.00
p-Gluconic acid 60000 1.40
L-Lactic acid 150 000 1.75
L-Tartaric acid 35000 6.00
L-Ascorbic acid 80000 8.00

L-Glutamic acid 1500000 1.20

L-Lysine 740 000 2.00
Petrochemicals Ethylene 90 000 000 0.40
Propylene 45000 000 0.35
Benzene 23 000 000 0.40
Terephthalic acid 12000 000 0.70
Aniline 1300 000 0.95
Acetaldehyde 900 000 1.10
Adipic acid 1500 000 1.70
Solvents Methanol 25000000 0.15
Toluene 6 500000 0.25
Acetone 3200000 0.55

“Reliable data are available for the world production of sucrose
only, the figure given referring to the crop cycle 2007/2008 [9].
All other data are average values based on estimates from
producers and/or suppliers as the production volume of many
products are not publicly available.

" Prices given are those attainable in early 2005 for bulk delivery
of crystalline material (where applicable) based on pricing
information from sugar industry (sugars) and the Chemical
Market Reporter 2009 (acids, basic chemicals, and solvents).
The listings are intended as a benchmark rather than as a basis
for negotiations between producers and customers. Quotations
for less pure products are, in part, markedly lower, e.g. the
commercial sweetener “high fructose syrup”, which contains
up to 95% fructose, may readily be used for large-scale
preparative purposes.
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sugars, some sugar alcohols and sugar-derived
acids — all well below € 10/kg — compared
with some basic chemicals from petrochemical
sources. The result is stunning, since the five
cheapest sugars, their alcohols, and some im-
portant sugar-derived acids are within the same
price range as basic organic bulk chemicals such
as naphtha, ethylene, acetaldehyde, or aniline.
Actually, the first three of these sugars, sucrose,
glucose, and lactose, are in the price range of
some of the standard organic solvents.

The uniqueness of this situation becomes
even more imposing when looking at the avail-
ability of these sugars. Sucrose, “the royal
carbohydrate” [8], has for centuries been the
world’s most abundantly produced organic
compound, annual production being an impres-
sive 169x10°t in 2007/08 [9]. Similarly
bulk scale-accessible are its component sugars
D-glucose, produced by hydrolysis of starch
(— Glucose and Glucose-Containing Syrups),
and p-fructose, generated either from glucose by
base-induced isomerization or from inulin or
sucrose by hydrolysis (— Fructose). Isomaltu-
lose, an a(1—6)-isomer of sucrose, has become
accessible on an industrial scale through enzy-
matic transglucosylation (— Sugar Alcohols,
Chap. 5), lactose and maltose are available in
large quantities from whey (— Lactose and
Derivatives) and starch, p-xylose, the cheapest
pentose, from wood- or straw-derived xylans.
L-Sorbose is the cheapest, large-scale accessible
L-sugar, because of its production from
D-sorbitol (= p-glucitol) in the Vitamin C fabri-
cation process (— Vitamins, Chap. 10). The
sugar alcohols Dp-sorbitol, erythritol [10],
D-xylitol, and p-mannitol (— Sugar Alcohols,
Chaps. 2-4), each of comparatively high yearly
production via hydrogenation of their parent
aldoses, are mainly used as food ingredients
because of their sweetening properties, yet
also have potential as inexpensive raw materials
for broad-scale preparative purposes. The
same holds for p-gluconic acid (— Gluconic
Acid) and the other sugar-derived acids
listed.

Despite their large-scale accessibility at
comparatively low cost, it seems surprising that
the chemical industry currently utilizes these
mono- and disaccharides to a minor extent as
feedstock for organic chemicals, despite intense
efforts within the last decade [11-20] to boost
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the acquisition of organic chemicals from
sugars in Table 1.

There are a variety of reasons for this. Cur-
rent use of fossil raw materials is more econom-
ic and, as important, the process technology for
the conversion of petrochemical raw materials
into organic chemicals is exceedingly well
developed and basically different from that
required for transforming carbohydrates into
products with industrial application profiles.
This situation originates from the inherently
different chemical structures of the two types
of raw material, the essence of which is man-
ifested in their structure-based names (Fig. 3).
Our fossil resources are hydrocarbons, distinct-
ly hydrophobic, oxygen-free and devoid of
functionality, thus, organic functional groups
such as hydroxyl, amino, aldehyde, acid, ester or
halo functionalities have to be introduced —
usually into olefinic hydrocarbons such as
ethylene, propylene and butane — to obtain the
industrially important intermediate chemicals.
By contrast carbohydrates are overfunctiona-
lized with hydroxyl groups and markedly
hydrophilic in nature. Needless to say, that the
methods required for converting carbohydrates
into viable industrial chemicals — reduction of
oxygen content with introduction of C=C and
C=0 unsaturation — are diametrically opposed
to those prevalent in the petrochemical industry.

As higher oil prices, environmental issues,
and regulations begin to adversely affect the
manufacture of chemicals from fossil raw
materials, the inevitable transition to a biobased

Fossil Resources: Renewable Resources:

HYDRO-CARBONS
CnH2n+2

oxygen-free, lacking

CARBO-HYDRATES
Cn(HZO)n
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functional groups with hydroxyl groups
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Refinery (CO, T) Biorefinery (CO, {)

Figure 3. Hydrocarbons versus carbohydrates: more than
a play on words, as their names, taken literally, reveal the
basic differences in their utilization as organic raw materials

production system urgently necessitates the
systematic elaboration of appropriate chemical
and microbial process methods to convert car-
bohydrates into industrially viable products, be
it bulk, intermediate and fine chemicals, phar-
maceuticals, agrochemicals, high-value-added
speciality chemicals, or simply enantiomeri-
cally pure building blocks for organic synthesis.

3. Current Nonfood Industrial
Products from Sugars

Current utilization of carbohydrates as a feed-
stock for the chemical industry — whether for
bulk, commodity, intermediate, fine or high-
value-added specialty chemicals — is modest
when considering their ready availability at low
cost and the huge as yet unexploited potential.
These examples are outlined briefly that are
presently realized on an industrial scale.

3.1. Ethanol

With a production of about 52x10° t in 2008
(17335x 10° gallons [21]), fermentation ethanol
(“bioethanol”) is the largest volume biobased
chemical utilized today. The principal organism
for fermentation is Saccharomyces cerevisiae,
an ascomycetous yeast that can grow on a wide
variety of carbohydrate feedstocks — sugar
crops, and sugar-containing byproducts such as
sugar cane, sugar beet, sorghum, molasses, and
(after hydrolysis to glucose) starchy crops such
as corn, potatoes and grains, or cellulosic ma-
terials; e.g. wood pulping sludges from pulp and
paper mills [22]. Developments starting in
2000 [23] replace the conventional yeast by
bacteria (Zymomonas nobilis) and/or genetical-
ly engineered organisms, which seem to
improve productivity significantly.

The enormous growth in production of
industrial-grade fermentation ethanol in the
early 2000s is less due to its use as a solvent
or as a starting material for follow-up chemicals,
such as acetaldehyde, ethyl esters (e.g. EtOAc)
and ethers (Et,O) as these mostly result from
ethylene-based processing lines; rather it is its
use as fuel additive, directly mixed to standard
gasoline at a level of 5-10%. There is consider-
able debate [24] about how useful bioethanol is



in replacing fossil fuels, arguments going as far
as considering this a giant misguided effort to
reduce oil insecurity. First of all, present pro-
duction predominantly relies on grain (wheat,
corn) thereby diverting large areas of land for
nonfood purposes, which indubitably will result
in food price inflation. Furthermore, the produc-
tion process is not CO, neutral as fermentation
yields as much CO, as ethanol:

fermentation

p-Glucose (C¢Hj20g) 2 C,HsOH+2 CO,

Ethanol is economically only viable, at least
in Europe, with hefty government subsidies
(exemption of gasoline tax) and — a further
disadvantage — it cannot be used in diesel
engines due to its comparatively low boiling
point. Although developments with cellulosic
ethanol production [23] and commercialization
may allay some of these flaws, the transition to
more sustainable and considerably more effec-
tive second-generation biofuels such as 2,5-
dimethylfuran (see Section 4.1.2) or 1-buta-
nol [24], generated from cellulosic biomass in
agricultural and forestry wastes and the like, are
imperative.

Kylosans
+
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3.2. Furfural

With an annual production of approximately
25%x10* t, furfural (2-furfuraldehyde) seems to
be the only unsaturated large-volume organic
chemical prepared from carbohydrate sources.
The technical process involves exposure of
agricultural or forestry wastes — hemicellulose
up to 25% p-xylose polysaccharides (xylosans)
— to aqueous acid and fairly high temperatures;
the xylosans are first hydrolyzed, and
then undergo acid-induced cyclodehydration
(— Furfural and Derivatives) [26b, 26c¢].

The chemistry of furfural is well developed,
providing a host of versatile industrial chemi-
cals by simple straightforward operations
(Scheme 1): furfuryl alcohol (2) and its tetra-
hydro derivative 1 (hydrogenation), furfuryla-
mine (3) (reductive amination), furoic acid (4)
(oxidation) and furanacrylic acid (5) (via a
Perkin reaction), or furylidene ketones 6
(aldol condensations). Furfural is also the key
chemical for the commercial production of
furan (through catalytic decarbonylation) and
tetrahydrofuran (8) (hydrogenation), thereby

OH
: L o

OH O

s ° 3

Scheme 1. Furanic commodity chemicals derived from pentosans in agricultural wastes (corn cobs, oat hulls, bagasse, wood

chips)
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providing a biomass-based alternative to its
petrochemical production by dehydration of
1,4-butanediol (— Furfural and Derivatives)
[26b, 26c]. Further importance of these furan
chemicals stems from their ring-cleavage chem-
istry [27], which has led to a variety of other
established chemicals, for example fumaric,
maleic and levulinic acid, the last a byproduct
of the production of furfural (— Oxocarboxylic
Acids).

The susceptibility of the furan ring in these
compounds for electrophilic substitution at C-5
has been widely exploited. Mineral acid-pro-
moted condensations with aldehydes or ketones
convert 3 into the difurfural diamine 9 [28],
whereas esters of 2-furoic acid afford the re-
spective difurfuryl dicarboxylates (10 — 11).
Both — the latter on saponification — are
relevant monomer components for the genera-
tion of polyesters and polyamides [29].

.
H
@\/NHZ = N I\ /A NH,
o o o
3 HC CH,
9
H+
/ OR — RO 7\ (A OR
o o o o
H,C CH
w0 © )k o 3 3 ©
H,C~ CH, 1

Most of the furfural currently produced is
used as a selective solvent in the refining of
lubricating oil, and, together with furfuryl alco-
hol in condensations with formaldehyde, phe-
nol, acetone or urea to yield resins of complex,
ill-defined structures, yet excellent thermoset-
ting properties, most notably exhibiting
high corrosion resistance, low fire hazard
and extreme physical strength (— Furfural and
Derivatives, — Resins, Synthetic, Section 3.1)
[26a, 26b]; they are extensively used in the
foundry industry as cores for high-quality
castings.

3.3. p-Sorbitol (= p-Glucitol)

Although p-sorbitol has a sizable annual pro-
duction (Table 1), the main consumer is the food
industry, primarily as a noncaloric sweetening

agent and as a key intermediate in the produc-
tion of ascorbic acid (vitamin C). However,
D-sorbitol has important nonfood applications
because of its moisture conditioning, softening
and plastifying properties (— Sugar Alcohols,
Chap. 3). These result in its use in adhesives,
paper, printing, textiles, cellulose-based films
and pharmaceutical formulations. Other non-
food applications of p-sorbitol result from ether-
ification and polycondensation reactions which
provide biodegradable polyetherpolyols used
for soft polyurethane foams and melamine—
formaldehyde or phenolic resins [28]. Sizable
amounts of p-sorbitol are also used for produc-
tion of the sorbitan ester surfactants (cf.
Section 3.5.1).

3.4. Lactic Acid and Polylactic Acid
(PLA)

Large amounts of b-glucose — in the crude form
obtainable from corn, potatoes or molasses by
acid hydrolysis — enter into industrial fermen-
tation processes towards the production of lactic
acid (see Scheme 2), citric acid and different
amino acids; for example, L-lysine or L-glutamic
acid. Although the major use of these products is
in food and related industries, nonfood exploi-
tation of lactic acid has made it a large scale,
organic commodity chemical. Most of it is

Glucose-based feedstock
(cornstarch, sucrose, molasses)

Fermentation
with bacteria or fungi

CH,

OH
HO
O
EtOH Polycondensation

ol CHj,
CHj 3 o O
OEt
.0
0 0o n
Ethyl lactate Polyactic acid

PLA

Scheme 2. Production and uses of lactic acid



subsequently polymerized via its cyclic dimer
(lactide) to polylactic acid [30], a high-molecu-
lar mass polyester.

Because of its high strength, PLA can be
fabricated into fibers, films, and rods that are
fully biodegradable (formation of lactic
acid, CO,) and compostable, degrading within
45-60 days. Accordingly, PLA and copoly-
mers of lactic and glycolic acid are of particular
significance for food packaging and in agricul-
tural or gardening applications, but they are
also are highly suitable materials for surgical
implants and sutures, as they are bioresorbable
[31].

Since 1989 Cargill has invested some
$ 750x10° to develop and commercialize
polylactic acid (tradename INGEO by Nature-
Works), its Nebraska plant with an annual
capacity of 14x10* topened in 2002 [32]. Thus,
polylactides, because they combine favorable
economics with green sustainability, are poised
to compete in large-volume markets that are
now the domain of thermoplastic polymers
derived from petrochemical sources.

Another green development based on lactic
acid is its ethyl ester which has been marketed as
ELSOL by Vertec Biosolvents for applications
in specialty coatings, inks, and directly for
cleaning because of its high performance and
versatility [33]. As a most benign solvent
—green, readily biodegradable, and with excel-
lent low toxicology — this chemical has the
potential to displace a variety of petrochemi-
cally-based solvents such as acetone, DMF,
toluene or N-methylpyrrolidone in industrial
processes.

OH OH OH

D-Glucitol (R = H) 1.4-Anhydro-
(sorbitol) D-Glucitol
R =H)

"Sorbitol monoester" (SMS) : R = Cy4 - Cyg-acyl

Carbohydrates as Organic Raw Materials
3.5. Sugar-Based Surfactants

Utilization of cheap, bulk-scale accessible su-
gars as the hydrophilic component and fatty
acids or fatty alcohol as the lipophilic part
provides nonionic surfactants which are non-
toxic, nonskin-irritating and fully biodegrad-
able. Typical examples of such industrially
relevant surfactants are fatty acid esters of
sorbitol (sorbitan esters) and of sucrose, fatty
acid amides of 1-methylamino-1-deoxy-p-glu-
citol NMGA) and, most pronounced in terms of
volume produced, fatty alcohol glucosides, the
so-called alkyl polyglucosides (APGs) [34, 35].

3.5.1. ‘Sorbitan’ Esters

Bulk-scale accessible p-sorbitol (cf. Table 1)
readily undergoes dehydration on exposure to
mineral acid at fairly high temperatures to give
anhydrosorbitol or sorbitan, de facto a mixture
of sorbitol and its 1,4-anhydro and 1,4:3,6-
dianhydro derivatives, the exact composition
depending on the conditions employed [35]
(Scheme 3). Esterification of this mixture with
C,6/C;g fatty acid chlorides/base or transester-
ification with their methyl esters leads to either
sorbitan monoesters (SMS for sorbitan mono-
stearate), or di- and triesters (“SMS”).
Because of their favorable hydrophilic/hy-
drophobic balance (HLB) values, sorbitan esters
find use as nonionic surfactants and as solubi-
lizers and emulsifiers in cosmetics, pharmaceu-
ticals, textile processing, and a variety of other
formulations [40]. Having been commercially

1,4:3,6-Dianhydro-
D-Glucitol (R = H)
(isosorbitol)

Scheme 3. Dehydration of p-sorbitol to “sorbitan”, giving the ‘sorbitan monoester’ surfactant on esterification with C6/C;g-

fatty acids
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available since the 1940s, de facto they consti-
tute one of the first fully green synthetic surfac-
tants, presently produced at an estimated 2x 10*
t/a.

3.5.2. N-Methyl-N-acyl-glucamides
(NMGA)

Reductive amination of p-glucose with methyl-
amine smoothly generates an aminoalditol, 1-
methylamino-1-deoxy-p-glucitol, which, on
amidation with fatty acids gives the correspond-
ing fatty acid amides, carrying a methyl group
and a pentahydroxylated six-carbon chain at the
amido nitrogen.

Reductive oH QH
D-Glucose 4> HO : : NH
amination =z z |
OH OH CH;
Fatty acids
Cpa-Cig
OH OH (0]
HO -
N CHj

: : |
OH OH CH;,
n=2-5

The NMGA'’s have highly advantageous
ecological and toxicological properties which

n-BuOH

allow their use as surfactants and cleansing
agents, and also in cosmetic applications
[35, 36].

3.5.3. Alkylpolyglucosides (APG)

APGs are commercially produced by several
companies — most notably Cognis, with a
capacity in the 50x10° t/a range — Kao,
Seppic, and ICI. They are by far the most
important nonionic surfactants and comprise
fatty alcohol glucosides with an alcohol chain
length normally between Cg and C;4. Their
industrial synthesis entails either direct acid-
catalyzed Fischer glycosidation of glucose (in
the form of a syrupy starch hydrolysate) or
starch itself. The alternate process consists of
two stages, the first being Fischer glycosidation
with n-butanol to butyl glycosides which
are subsequently subjected to acid-promoted
transacetalization [34].

The resulting product mixtures predomi-
nantly contain the a-p-glucosides, as designat-
ed in the general formula (Scheme 4) and are
marketed as such. APGs are not skin-irritating,
have good foaming properties, and are
completely biodegradable; hence they are
widely used in manual dishwashing detergents
and in the formulation of shampoos, hair
conditioners and other personal care products
[34].

Glucose i HO O,
(starch) HO
o e,

H* OH

H+\+c8 -C,0H

APG's (x=0.3-0.7, n=2-5)

Scheme 4. Synthesis of alkyl polyglucosides (APG’s)



3.5.4. Sucrose Fatty Acid Monoesters

These compounds are currently produced at an
approximate 4x 10’ t/a only, and are mostly
used in cosmetic and personal care formulations
because of their attractive dermatological prop-
erties. Produced by transesterification of fatty
acid methyl esters or with fats, the resulting
sucrose monoesters (if 1:1 molar ratios have
been used in the process) are not defined pro-
ducts, acylated exclusively at the primary
glucose-6-OH as indicated in the formula, but
also at the other primary and some of the
secondary OH groups [37].

Sucrose

3.6. Pharmaceuticals and Vitamins

Alongside the enormous amount of sugars,
mostly glucose and sucrose, that flows into the
fermentative production of amino and hydroxy
acids (see Table 1) (a substantial part of which is
for food use), a significant volume of these
sugars is used in fermentation processes fur-
nishing high-value-added products — antibio-
tics and vitamins, much too complex in their
structures as to be generated by chemical syn-
thesis. Figure 4 lists several representative
examples — penicillins and cephalosporins
with an estimated world production in the
7x10° t/arange, the aminoglycoside antibiotics
of the kanamycin and spectinomycin type, or the
optimized bioprocesses for the bulk-scale pro-
duction of vitamins C and Be.

Some sugar-derived drugs obtained by
chemical means have also reached some impor-
tance, e.g. ranitidine (Zantac), an inhibitor of
gastric acid secretion — one of the top 30 drugs
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based on sales (— Pharmaceuticals, General
Survey) — isosorbide dinitrate, a coronary
vasodilatator (— Cardiovascular Drugs, Chap.
15) [38], or topiramate, a fructose-derived antic-
olvulsant drug with high antiepileptic efficacy
[39].

4. Toward Further Sugar-based
Chemicals: Potential Development
Lines

Considering the large-scale, low-cost availabil-
ity of the basic biomass-sugars listed in Table 1,
most notably sucrose, glucose and fructose,
their present nonfood utilization by chemical
industry is modest indeed; i.e. the huge potential
as the raw material for further viable industrial
chemicals and materials is largely untapped. In
view of the need for the chemical industry to
somehow bring about the changeover from
fossil raw materials to biofeedstocks, most
notably carbohydrates from agricultural crops
and waste materials, their further exploitation to
produce industrially viable products is one of
the major “green” challenges. The attempt to
trace those sugar-based development lines
along which the further use of the key sugars
of biomass is likely to proceed, implies
an assessment of many imponderables, particu-
larly with regard to current dynamics in exploit-
ing genetically engineered enzymes and the
products resulting from them. Nevertheless, an
“inventory” based on the present status may be
expedient for focusing efforts on those areas
where useful methods leading to promising
products already exist yet await further
development.

4.1. Furan Compounds

In addition to furfural, an established sugar-
based five-carbon commodity with versatile
industrial applications (see Section 3.2), several
other furan compounds, readily prepared from
sugars, hold high promise as industrial interme-
diate chemicals, albeit — for purely economic
reasons — they are not (yet) produced on an
industrial scale.
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Figure 4. Sugar-derived high-value-added products — antibiotics, vitamins, and pharmaceuticals

4.1.1. 5-Hydroxymethylfurfural (HMF)

Like many petroleum-derived basic chemicals,
e.g., adipic acid or hexamethylenediamine,
HMF is a six-carbon compound with broad
application potential, inasmuch as it is readily
accessible from fructose or inulin hydrolysates
by acid-induced elimination of three molecular
equivalents of water [40]. Even a pilot-plant-
size process has been elaborated [41].

HMF has been used for the manufacture of
special phenolic resins of type 12, because acid
catalysis induces its aldehyde and hydroxy-
methyl group to react with phenol [42].

H,C oH
Cﬂ 7\ Cﬂ
0

OH OH CH;

12

Of high industrial potential as key biomass-
derived chemicals are various HMF-derived
products for which well worked-out, large
scale-adaptable production protocols are avail-
able (Scheme 5). Of these, 5-hydroxymethyl-
furoic acid (13), the 2,5-dicarboxylic acid 19,
the 1,6-diamine 15, and the respective 1,6-diol
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Scheme 5. Versatile intermediate chemicals from HMF.

A [40]; B [43]; C [43]; D [43]; E [44]; F [45]; G [46]; H [47]

17 are most versatile intermediate chemicals of
high industrial potential, because they are six-
carbon analogues of adipic acid, of alkyldiols, or
of hexamethylenediamine in the production of
polyamides and polyesters. Indeed, an impres-
sive series of furan polyesters and polyamides
has been prepared [26, 28] in which the furan-
dicarboxylic acid 19 replaces terephthalic and
isophthalic acids in current industrial products
(see Section 4.7.3). However, none has yet
proved economically competitive with existing
products.

4.1.2. 2,5-Dimethylfuran (DMF)

Hydrogenation of HMF over a copper-rutheni-
um catalyst affords DMF (16) (Scheme 5) in
high yield [44]. DMF is considered to be a
second-generation biofuel as it has vital advan-
tages over ethanol such as full utilization of the
six carbons of the sugar precursors; moreover,
its energy content is similar to that of gasoline, it

has a higher boiling point (by 16 °C) and it is
immiscible with water.

To become a bulk-scale industrial product,
however, the raw materials basis for its genera-
tion will have to change from b-fructose
(Scheme 5) or p-glucose (rearrangement by
base to p-fructose) to nonfood raw materials,
i.e. cellulosic biomass from agriculture and
forestry waste or switch grass and the like.
Indeed, there are some promising developments
in this direction. Exposure of cellulose to treat-
ment with dimethylacetamide containing lithi-
um chloride in the presence of CrCl, at 140 °C
affords HMF in 54% yield [48] (cf. Scheme 6),
whilst untreated lignocellulosic biomass such as
corn stover as the raw material, when subjected
to these conditions except for using CrCly as
promoter, delivers HMF in 48% yield [48].
These promising results, upon further develop-
ment along these veins, are likely to eventually
turn HMF and its ensuing products into key
biomass-derived chemicals; most notably DMF
as a biofuel.
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Scheme 6. Reactions and conditions

A, dimethylacetamide/LiCl (10%), CrCl,, [EMIM]CI, 2 h,
140 °C, 54% from cellulose [48].

B, dimethylacetamide/LiCl (10%), CrCl;, [EMIM]CI, 2 h,
140 °C, 48% from corn stover [48].

C, LiCI/HCI in (CH,Cl),, 65 °C, 71% [49].

D, Cu/Ru/C, H, in n-butanol, 120 °C, 79% [44].

E, PdCI,/H, in N,N-dimethylformamide, 3 h, 40 °C, 88
[49]

HMF
3N
07 o7 Tom,
DMF

O
CH; ZnCl,
4 - >
CHs 40%
O
D-Glucose
aq. NaHCO;
96 % 85°C
(-AcO™)
HO
O

C-Glucoside 30

4.1.3. Furans with a Tetrahydroxybutyl
Side Chain

A very simple, one-step entry from hexoses
to more highly substituted furans is their
ZnCl,-mediated reactions with 1,3-dicarbonyl
compounds such as 2,4-pentenedione or ethyl
acetoacetate. Because only the first two sugar
carbons contribute to the formation of the furan,
a distinctly hydrophilic tetrahydroxybutyl side-
chain is produced. Thus, p-glucose smoothly
provides furans 28 and 29 with the p-arabino
configuration in the polyol fragment [50]; these
can be shortened oxidatively to the dicarboxylic
acid (29 — 31) or a variety of other furan
building blocks (Scheme 7).

In contrast, under mildly basic conditions
(aqueous bicarbonate at 85 °C), bp-glucose
reacts with pentane-2,4-dione in an entirely
different manner, producing, via C-addition and
subsequent retroaldo-type elimination of OAc ™,
the 2-C-glucosylpropanone 30 [51]. Because
this conversion can be performed with the
unprotected sugar and in aqueous solution with
simple reagents, it may legitimately be referred
to as a prototype of green and/or sustainable
sugar transformations. The procedure is equally
feasible with other aldohexoses and with
p-fructose [52]; thus, it is one of the cleanest
and most efficient preparative entries into the
area of C-glycosides, which, as stable “mimics”

OH OH

28 R = Me
29 R = OEt

Oxid.

Scheme 7. One-pot conversions of b-glucose into hydrophilic furans [50] or, alternatively, into C-glucosides by reactions with

acetylacetone [51]



of the usual O-glycosides, command major
interest as glycosidase inhibitors [53].

4.2. Pyrones and Dihydropyranones

The bulk-scale-accessible mono- and disacchar-
ides of Table 1 invariably adopt pyran cyclo-
hemiacetal forms, from which well-elaborated,
efficient reaction channels lead to an unusually
large variety of unsaturated pyran building
blocks; for example, pyrones, dihydropyrans,
and dihydropyranones, of which the last two
have the additional advantage of being
enantiomerically pure. They are treated only
cursorily in this context, because their potential
as ideally functionalized six-carbon building
blocks, particularly for the preparation of phar-
maceutical targets, has not been utilized
comprehensively.

Pyrones of type 32 (kojic acid) are readily
obtained from p-glucose, the former either
enzymatically by growing Aspergillus oryzae
on steamed rice [54] or chemically via pyran
3,2-enolones [55, 56], or the y-pyrone 33 by
oxidation to D-gluconic acid and acetyla-
tion [57]. Both compounds, at present, are of
little significance as six-carbon building blocks,
despite a surprisingly effective route from 33 to
cyclopentanoid products of type 34 [58] which
is surmised to have industrial potential.

HO
Asp. oryzae
D-Glucose —— > ‘ ‘

O
J 1. Oxid. 3

OH

2. Ac,0/A

O
AcO = DMAP p} OH
| >
OAc o OH

o 1) 90 %

33 34

Other highly useful derivatizations of the
common sugars, particularly towards the gener-
ation of enantiopure six-carbon building blocks,
comprise their three-step, one-pot conversion
into glycal and hydroxyglycal esters, as
depicted for p-glucose in Scheme 8. These
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D-Glucose
1. Ac,0 1. BzC1
70 % 2.Br, /P 85 % 2.Br, /P
3. Zn/HOAc 3. Et,NH

OAc OBz
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OAc OBz OBz
Glucal Hydroxyglucal
OAc OBz
WwOAc BzO OBz
‘ OAc ‘ OBz
O O

Scheme 8. Readily accessible pyran derivatives from p-
glucose [59]

esters not only have the oxygen content of
D-glucose reduced — a precondition for elabo-
ration of industrially viable products — but
carry olefinic unsaturation in the pyran ring.

Despite the ready accessibility of these
glucal and hydroxyglucal esters, and their
well-developed ensuing chemistry, their exploi-
tation as industrial intermediates is exceedingly
modest. Nevertheless, to emphasize their poten-
tial toward industrial intermediates, whether as
enantiomerically pure building blocks for the
synthesis of noncarbohydrate natural pro-
ducts [56, 60] or for agrochemicals and/or
high-value-added pharmaceuticals, a particu-
larly versatile array of six-carbon dihydropyr-
anones is listed in Figure 5 all are accessible
from p-glucose (via the glucal and hydroxyglu-
cal esters) in no more than three to five straight-
forward steps.

A bicyclic dihydropyranone, levoglucose-
none, is accessible even more directly by vacu-
um pyrolysis of waste paper [70]. Although the
yield achievable is relatively low — levoglu-
cosan is also formed, the proportion depends on
the exact conditions (Scheme 9), — relatively
large amounts can be amassed quickly. Levo-
glucosenone has been used for the synthesis of a
diverse variety of natural products in enantio-
merically pure forms [71].
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[63]
OTj\/
OR
RO O
Hydroxyglucal
OR 0] OR
_— @)
OR
O
[67] [68] [69]

R = acyl; R’ = alkyl
Figure 5. Pyranoid six-carbon building blocks accessible
from p-glucose via glucal (upper half) or hydroxyglucal
esters (lower entries). All products require no more than
three to five straightforward steps from p-glucose [61-69].

4.3. Sugar-Derived Unsaturated
Nitrogen Heterocycles

Although transformation of sugars into trace
amounts of nitrogen heterocycles occurs exten-
sively on exposure of foodstuffs to heat
(Maillard reaction [72]), and although a variety
of nitrogen heterocycles have been generated

Lactose

from saccharide derivatives [73] procedures
meeting preparative standards are exceedingly
scarce. Improvements of existing procedures in
the early 2000s and the development of new
methods have led to the more ready acquisition
of various nitrogen heterocycles from carbohy-
drates, e.g. imidazoles, pyrroles, pyrazoles, pyr-

OH o
O

O 300 - 500 °C

OH S OH fe)
O
OH
oH | 6
Cellulose Levoglucosan

(Waste paper) (up to 10 %)

300°C
0.5 % H;PO,

O
© =
O _
N p—
O
o) O

Levoglucosenone
3-4%

Scheme 9. High-vacuum pyrolysis of cellulose [70]

idines and quinoxalines which, because of their
sugar derivation, have hydrophilic side chains
— a favorable asset particularly in pharmaceu-
tical applications [17].

4.3.1. Pyrroles

The generation of pyrroles by heating a glycerol
solution of lactose-derived ammonium salt of
galactaric acid over a free flame [74] seems to be
the highest-yielding acquisition (40%) from a
carbohydrate source — a process that, in this or
modified form, does not seem to be utilized
industrially.

O OH OH
: NHy/ A

HOMOH (-2 COy) U

B N
OH OH O 40 % H

HNO,

75 %

Galactaric acid

Pyrroles with a hydrophilic tetrahydroxybu-
tyl substituent, e.g. 39, are available from
D-glucosamine by exposure to acetylactone or
ethyl acetoacetate under mildly basic condi-
tions [75] or in a one-pot reaction from
D-fructose by heating with acetylacetone and
ammonium carbonate in DMSO [76].
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The hydroxylated side chain can, of course,
be oxidatively shortened to give a variety of
simple pyrrole building blocks, for example the
carboxylic acid 40, or cyclized to a furanoid ring
(39 — 41) [75], compounds that may be
regarded as C-nucleosides.

4.3.2. Pyrazoles
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hydroxymethyl, 5-dihydroxyethyl, or 5-gluco-
syloxymethyl substituents have been elaborated
starting from Dp-xylose [77], p-glucose, and iso-
maltulose [78], respectively.

N—N
p-Xylose 4 steps \ H
D-Glucose —_— R =
Isomaltulose 5560 % H o
OH
R=H
R =HOCH,
OH
R=
HO w
OH
OCH,—

As illustrated for p-xylose, its osazone,
formed almost quantitatively on reaction with
phenylhydrazine, readily gives the pyrazole
when added to acetic anhydride under reflux.
Subsquent removal of the N-acetylphenylhydra-
zone residue with formaldehyde/acetic acid and
de-O-acetylation provides a pyrazole aldehyde
(57% overall yield from p-xylose), a versatile
heterocyclic building block, useful for prepara-
tion of pharmaceuticals or monomers for the
generation of polyamides and polyesters, e.g.

Expeditious four-step approaches to 1- the diamino and diol derivatives [77]
phenylpyrazole-3-carboxaldehydes with  5- (Scheme 10).
Ph
OH NNHPh N
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Ph.
N KMnO,
HO YL\)TOH -
o )

R=Ac
R=H
NaBH,

l NHy, Ni/ H,

Ph Ph_

N—N N—N
\
OH OH OH NH,

Scheme 10.

Ba(MnO,),

\
N—N

O

lNHS, Ni/H,



16 Carbohydrates as Organic Raw Materials
_NH,
H,NNH, OH N‘
- N.
D-Fructose E— Ho : = NH,
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Scheme 11. Fructose-derived hydrophilic imidazoles
A: CH,0, aq. NH;, CuCO3/Cu(OH),, 2 h, 100 °C [79]; B:
formamidine (HOAc/liq. NH3, 15 h, 75 °C [80a]; C: N,H4/
formamidine, HOAc, H3BO3, 3 h reflux [80b]

4.3.3. Imidazoles

A variety of imidazoles carrying hydrophilic
substituents in the 4-position are readily acces-
sible in one-pot procedures from standard
monosaccharides. Of those, the formation
of 4-hydroxymethylimidazole by a Cu(Il)-
promoted reaction with formaldehyde and
conc. Ammonia [79] is rather unique, because
obviously retroaldolization to glyceraldehyde
and dihydroxyacetone is involved
(Scheme 11). The retroaldol fission can be
partially suppressed, however, on heating b-
fructose with formamidinium acetate in liquid
ammonia in a pressure vessel [80] or with

HO

formamidinium acetate in the presence of boric
acid and hydrazine, obviously proceeding via a
boric acid complex of the bis(hydrazone) of
D-glucosone.

These conditions can be readily applied to
pentoses or disaccharides with acceptable
yields, as exemplified when using Dp-xylose
[80a] and isomaltulose [80b] in one-pot proce-
dures.

D-Xylose Isomaltulose

49 % B 65% | C

OH
v

OH N=—\

OH OH OH

4.3.4. 3-Pyridinols

The conversion of pentosans or pentoses into
3-pyridinol can be effected in a practical
three-step sequence, involving acid-induced de-
hydration to furfural, reductive amination to
furfurylamine, and subsequent oxidation with
hydrogen peroxide [81], the last step conceiv-
ably proceeding through the stage of a 2,5-
dihydroxy-2, 5-dihydrofurfurylamine,  which

RNH Br,/H,0 —
/A - oy /A X X
0 Ni/H, o 0°c o)
on O on NHR oH NH,
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Scheme 12.
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forms the pyridine nucleus by dehydration to a
5-aminopentenal intermediate and intramolec-
ular aldimine formation. The pyridinol is
a prominent intermediate chemical for the
preparation of herbicides and insecticides [82],
and cholinergic drugs of the pyridostigmine

type.

D-Xylose » /A °
(Pentosans) o
(0]
NH;
JNi/H2
OH
AN H,0O
| « )N
N HCI 0

For the conversions of furfurylamines with
readily oxidizable hydroxyl groups, e.g. those
derived from fructose via HMF/bromine in
water/methanol, the entire multistep process to
the hydroxymethylpyridinol takes place in a
one-pot procedure [83] (Scheme 12).

4.4. Toward Sugar-Based Aromatic
Chemicals

On the basis of a 1995 compilation [11], twenty
of the 100 major organic chemicals in the US
were aromatic compounds, invariably manufac-
tured from fossil raw materials, mostly from
the BTX (benzene-toluene—xylene) fraction
derived from naphthas in the refineries. There
are very few alternatives. The direct thermo-
chemical conversion of biomass into an equiv-
alent BTX product is not realistically feasible,
because only small amounts of monocyclic
aromatic hydrocarbons — phenols of the cate-
chol and pyrogallol series — are formed on
pyrolysis or thermal cracking of woody feed-
stocks. The same is true for exposure of simple
sugars, for example D-xylose, D-glucose or
p-fructose, to either basic or slightly acidic
aqueous conditions at 100-160 °C [84]. Vanil-
lin, however, is a byproduct of the manufacture
of cellulose pulp by the action of alkali on
calcium lignosulfonate and may be isolated in
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yields of up to 25%.
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An entirely different, highly-promising
approach from sugars to industrially relevant
aromatic compounds is based on microbial con-
versions along the shikimic acid pathway using
genetically modified biocatalysts. By incorpo-
ration of the genomic portion encoding the
synthesis of 3-dehydroquinic and 3-dehydroshi-
kimic acid into Escherichia coli constructs, the
carbon flow is channeled into the accumulation
of large amounts of either quinic or shikimic
acid [85] (Scheme 13); thus, rendering
their availability independent of an often
difficult isolation from plant sources. These
improvements are likely to lead to pronounced
expansion of the synthetic utilization of these
enantiomerically pure carbocycles, not only in
the pharmaceutical industry, where quinic acid
already is already used as the starting material
for the synthesis of the anti-influenza drug
Tamiflu (oseltamir phosphate [86]), but for
the production of bulk scale commodity chemi-
cals such as hydroquinone [87] or phenol
[88] by application of simple chemical
transformations.

The powerful potential of metabolic engi-
neering is similarly manifested in the E. coli
biocatalyst-promoted conversion of p-glucose
into protocatechuic acid, which can be
readily decarboxylated to catechol [89]. This
two-step process (see Scheme 13), feasible in a
24% overall yield, may replace the present
process used to manufacture of this 25 000 t/a
petrochemical commodity (— Phenol Deriva-
tives, Chap. 2). Of similar significance seems to
be the genetically modified microbe-catalyzed
conversion of D-glucose into gallic acid and
pyrogallol [90]; the accessibility of these che-
micals currently relies on their isolation from
plant sources, despite a wide range of uses,
particularly as starting materials for pharmaceu-
ticals (— Phenol Derivatives).



18 Carbohydrates as Organic Raw Materials

COOH

PO~ “CH, PEP

‘ < D-Glucose
OH -
~o
OP OH
DAHP EHP
(a-d)
COOH
(a-d)
o : OH
OH
(b) DHS ()
© l
COOH COOH COOH
HO" ™ “OH i “oH HO" )v\ Non
OH oH on
Quinic acid Shikimic acid Procatechuic Gallic acid
acid
H,0 H,0
87% ¢ HOCI S1%2 350 0c © 1 £ 5800 @
30 min
OH OH
@OH HOQ\OH
OH
OH
OH
Hydroquinone Phenol Catechol Pyrogallol

Scheme 13. Metabolic engineering of the shikimic acid pathway intermediates toward aromatic chemicals: — chemical
transformations; — bioconversions with biocatalysts (a) E. coli QP1.1/pKD12.138 [85], (b) E. coli SP1.1PTS/pSC6.090B [85],
(c) E. coli KL3/pWL2.46B [87], (d) E. coli KL7/pSK6.161 [88]Abbreviations: PEP = phosphoenolpyruvic acid, EHP =
erythrose-4-phosphate, DAHP = 3-deoxy-p-arabinoheptulosonic acid 7-phosphate, DHQ = 3-dehydroquinic acid, DHS

= 3-dehydroshikimic acid

The recent unraveling of the biosynthesis of
phloroglucinol may also pave the way to its
production from glucose. Thus, by expressing in
Escherichia coli the Pseudomonas fluorescens
enzyme (that assembles three molecules of
malonyl coenzeme A into an activated

diketoheptanethioate) phloroglucinol can be
generated from glucose in yields of up to
10 g/L. In this process the initially formed
diketoheptanethioate subsequently undergoes
cyclization and conceivably spontaneous aro-
matization into the trihydric phenol [91].
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4.5. Microbial Conversion of Six-
Carbon Sugars into Simple
Carboxylic Acids and Alcohols

Major future development lines towards the
economically viable generation of industrial
chemicals from carbohydrates lie in the targeted
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utilization of genetically engineered biopro-
cesses, most notably, those that involve the
bioconversion of sugars into industrially rele-
vant bioalcohols (other than ethanol) and into
simple C3—Cs-carboxylic acids other than those
already exploited (i.e. lactic, citric and tartaric
acids, and a variety of amino acids, see Table 1).
Table 2 lists a variety of acids and alcohols that
can be obtained by microbial production and
substantial further activities in this field are to be
expected.

However, which of these products are likely
to enter industrial production will be determined
by a variety of factors — demand, availability of
a genetically engineered biocatalyst, and, not
least, by economics, with rising oil prices
increasingly  providing more favorable
conditions.

The products with significant industrial
potential marked in bold in Table 2 are being
briefly discussed below with respect to the
current status of their microbial production and
future prospects.

4.5.1. Carboxylic Acids

In 2004 the US Department of Energy (DOE)
published a list of twelve sugar-derived chemi-
cals worthy of industrial exploitation [93a-h],

Table 2. C5—Cs carboxylic acids and alcohols producible by microbial fermentation”

Product” Substrate Microorganism
Acids Propionic acid various sugars Clostridium sp.
Propionibacterium shermanii
Pyruvic acid glucose Pseudomonas aeruginora
3-Hydroxypropionic acid glucose E. coli constructs
Butyric acid Clostridium butyricum
3-Hydroxybutyric acid glucose Alcaligenes eutrophus

Succinic acid
Fumaric acid
L-Malic acid

Itaconic acid

various sugars
various sugars
various sugars
various sugars

Actinobacillus succinogenes Mannheimia succiniciproducens
Rhizopus nigricans Rhizopus arrhizus

Parcolobactrum sp. Brevibacterium sp.

Aspergillus terreus Aspergillus itaconicus

2-Oxoglutaric acid glucose Pseudomonas fluorescens
Alcohols n-Propanol glucose Clostridium fallax
Isopropanol glucose Clostridium sp.
1,2-Propandiol glucose E. coli constructs
1,3-Propanediol glucose, glycerol Clostridium pasteurianum E. coli mutants
Glycerol glucose yeasts
n-Butanol various sugars Clostridium butylicum

2,3-Butanediol
1,2,4-Butanetriol

glucose, xylose

xylose (xylonic acid)

Klebsiella pneumoniae Bacillus polymyxa
E. coli construct

“Compiled from [92].

b Acids already exploited industrially, i.e. lactic, tartaric and citric acid (cf. Table 1) are not listed here.
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of which five are simple carboxylic acids acces-
sible by biotransformations of sugars, mostly
glucose:

¢ 3-Hydroxypropionic acid (3-HPA)

e Four-carbon 1,4-diacids (malic, fumaric, suc-
cinic acids)

e [taconic acid (IA)

o Aspartic acid (Asp)

e Glutamic acid (Glu)

O (0]
o OWOH
NH,

L-Glutamic acid

o) O
HO NH; HO \)k
NOH - Wh OH
O NH, O

L-Aspartic acid Fumaric acid

Each of these are considered to have high
“building block potential” either as monomers
for the production of novel polyesters and poly-
amides [94] or as a starting material for a variety
of commodity chemicals, currently produced

along petrochemical pathways. Accordingly,
these five carboxylic acids are to become eco-
nomically viable products if low-cost fermen-
tation routes can be developed and implemented
on an industrial level. Even for glutamic acid —
for which several fermentation processes have
been industrially realized to meet the need for its
sodium salt as a flavor enhancer — the produc-
tivity of the organism and the final fermentation
titer must be improved if it is to become an
attractive candidate for chemical and microbial
follow-up transformations [93a]. The same is
true for aspartic acid, for which the tricarbox-
ylic acid cycle of biocatalytic organisms can be
engineered to overproduce oxaloacetate (cf.
Scheme 14) to provide a product competitive
with the (racemic) one obtained from petro-
derived fumaric acid by amination [93b].

3-Hydroxypropionic acid (3-HPA) repre-
sents a three-carbon building block with the
potential to become a key intermediate for a
variety of high-volume chemicals, most notably
acrylic acid, presently produced on a 3x 10° t/a
level by oxidation of propylene or 1,3-propa-
nediol [93c]. Cargill and Novozymes are jointly
developing a low-cost fermentation route
from sugars by metabolic engineering of the
microbial biocatalyst that produces 3-HPA
under anaerobic conditions, yet the hurdles still
to be overcome are significant, delaying the
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Scheme 14. Glycolytic pathway leading to L-malic, fumaric, and succinic acids [95]



immediate introduction of this technology
[96].
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Fumaric acid is ametabolite of many fungi,
lichens, mosses and some plants; it is mainly
used as the diacid component in alkyd resins
(— Maleic and Fumaric Acids) and is produced
commercially, to some extent, by the fermenta-
tion of glucose in Rhizopus arrhizus [97]. It
seems, however, that improvements in produc-
tivity are essential before this approach can be
considered an option for replacing the current
petrochemical method that requires the catalytic
isomerization of maleic acid.

Malic Acid. Most of the malic acid pro-
duced, approximately 10° t/a, is racemic,
because it is derived from petrochemically pro-
duced fumaric acid. The rL-form can also be
produced from fumaric acid by hydration with
immobilized cells of Brevibacterium or Cory-
nebacterium species.

Succinic acid is used to produce food and
pharmaceutical products, surfactants and deter-
gents, biodegradable solvents and plastics, and
ingredients to stimulate animal and plant
growth. Although it is a common metabolite
formed by plants, animals and microorganisms,
its current commercial production of about
15%10° t/a is from petroleum; i.e. by hydro-
genation of malic acid. The major technical
hurdles for succinic acid as green, renewable
bulk scale commodity chemical — 1,4-butane-
diol, THF, y-butyrolactone or pyrrolidones are
industrially relevant products — entail the
development of very low-cost fermentation
routes from sugar feedstocks. Currently avail-
able anaerobic fermentations of glucose include
the use of an organism genetically cloned from
Aspergillus succinoproducens, an engineered
E. coli strain developed by DOE laboratories
[93d], and several others [98]. The processes
are currently under active development
[99]. Production costs are to be at or below
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$ 0.25/Ib to match those from fossil raw
materials [93d].

Itaconic acid (IA) is an «-substituted
methacrylic acid; providing a Cs building block
with significant market opportunities. It is cur-
rently produced by fungal fermentation at
approximately 10° t/a [100] and mainly used
as a specialty comonomer in acrylic or
methacrylic resins, as incorporation of small
amounts of itaconic acid into polyacrylonitrile
significantly improves its dyeability.

CH, O

HO ol Itaconic acid

To become recognized as a commodity
chemical, productivity improvements with the
currently used fungi Aspergillus terrous and
Aspergillus itaconicus are required. Progress
seems to be encouraging [100]; however, to
become competitive with analogous commodi-
ties the crucial production price of about $ 0.25/
Ib has to be reached [93e] — a significant
technical challenge yet to be solved.

4.5.2. Potential Sugar-Based Alcohol
Commodities by Microbial Conversions

1,3-Propanediol and terephthalic acid, the
dicarboxylic acid component of poly(trimethy-
lene terephthalate)— a high performance poly-
ester fiber with extensive applications in cloth-
ing textiles and carpeting — are currently man-
ufactured from petrochemical raw materials by
Shell (“Corterra”) and DuPont (“Sorona’)
[101].

O _~_0

O n
Poly(timethylene terephthalate) (PTT')
For the diol portion of the polyester, 1,3-

propanediol, however, biobased alternatives
have been developed which rely on a microbial
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conversion of glycerol [102], a byproduct of
biodiesel production, or of corn-derived
glucose [103]. For the latter conversion, DuPont
has developed a biocatalyst, engineered by in-
corporating genes from bakers’ yeast and Kleb-
siella pneumoniae into E. coli, which efficiently
converts corn-derived glucose into 1,3-propa-
nediol [103]. The bioprocess is implemented on
an industrial scale in a Tennessee manufactur-
ing plant by a DuPont/Tate & Lyle joint venture
(“BioPDO”).

E. coli
—_—
B
fermentation

HO/\/\OH

D-Glucose

1,2-Propanediol, in its racemic form a pe-
troleum-based high-volume-chemical with an
annual production of over 5x10° t, is mostly
used for the manufacture of unsaturated poly-
ester resins, yet it also has excellent antifreeze
properties. Enantiomerically pure (R)-1,2-pro-
panediol accumulates along two different path-
ways via DAHP (cf. Scheme 13) or methyl-
glyoxal, which is then reduced with either
hydroxyacetone or lactaldehyde as the inter-
mediates. Both routes have been examined for
microbial production from glucose by means of
genetically engineered biocatalysts, obtained
either by expressing glycerol dehydrogenase
genes or by overexpressing the methylglyoxal
synthase gene in E. coli [104]. This work pro-
vides a basis for further strain and process
improvements. Another approach entails inoc-
ulating silos containing chopped whole-crop
maize with Lactobacillus buchneri. After stor-
age for four months, yields of 50 g/kg were
reported [105]; thus, prospects for elaborating
an economically sound bioprocess look
promising.

1,2,4-Butanetriol. Used as an intermediate
chemical for alkyd resins and rocket fuels,
1,2,4-butanetriol is presently prepared commer-
cially from malic acid by high-pressure hydro-
genation or hydride reduction of its methyl
ester. In a novel environmentally benign route
to this chemical, wood-derived p-xylose is mi-
crobially oxidized to p-xylonic acid, followed

by a multistep conversion to the product by use
of a biocatalyst specially engineered by insert-
ing Pseudomonas putida plasmids into
E. coli [106]. Although further metabolic engi-
neering is required to increase product concen-
tration and yields, microbial generation of 1,2,4-
butanetriol is a clear alternative to its acquisition
by chemical procedures.

OH OH
OH OH Pseudomonas fragi  HO
HO H -
OH O
OH O D-Xylonic acid
D-Xylose
OH
Escherichia coli
HO
>, OH
—_—

1,2,4-Butanetriol

4.6. Chemical Conversion of Sugars
into Carboxylic Acids

The sugar-derived carboxylic acids listed in
Table 1, i.e. gluconic, citric, lactic, tartaric, and
ascorbic acids, are accessible in bulk by fermen-
tation processes and may be considered (and
used as) commodity chemicals despite being
mostly used for food purposes. In addition to
these compounds, however, there are several
industrially attractive carboxylic acids obtain-
able from sugars by chemical means which have
high potential as versatile building blocks.

In the 2004 DOE report [93], four of these
sugar-derived carboxylic acids have already
been singled out as suitable candidates for fur-
ther development:

Furan-2,5-dicarboxylic acid
Glucaric acid

Levulinic acid, and
3-Hydroxybutyrolactone

yet there are a many others that equally merit the
development and implementation of low-cost
preparative procedures to become competitive
products. They are addressed briefly here.



Furan-2,5-Dicarboxylic Acid. The high
industrial potential of furan-2,5-dicarboxylic
acid (19) (cf. Scheme 5), has already been
emphasized, because 19 could replace petro-
leum-derived diacids, such as adipic or
terephthalic acid, in the production of polyesters
and polyamides.

Aldaric Acids. The aldaric acids of the key
hexoses and pentoses as highly hydrophilic
diacids also have much potential in industrial
use, similar to that of the sugar platform. The
most important are p-glucaric acid, a direct
nitric acid oxidation product of glucose or
starch [107], usually isolated as its 1,4-lactone;
galactaric and xylaric acid, accessible from
lactose [108] and from p-xylose or hemicellu-
losic xylans. The technical barriers to their
large-scale production are mainly development
of efficient and selective oxidation technology
for these sugars to eliminate the need for nitric
acid as the oxidant. Investment in the Pt- or
Au-catalyzed oxidation with oxygen appears to
be a promising approach.

OH OH
HNO;
D-Glucose »
(starch)
OH OH O
D-Glucaric acid
OH OH
HNO;
Lactose e
OH OH O
meso-Galactaric acid
(0] OH O
D-Xylose HOWOH
(Xylans) C)H éH

meso-Xylaric acid

Because sucrose is cheaper than its compo-
nent sugars D-glucose and p-fructose, and avail-
able in large quantities (cf. Table 1) carboxylic
acids resulting from selective oxidation of its
primary hydroxyl groups are likely to be of even
higher industrial relevance in the future.

Carbohydrates as Organic Raw Materials 23

Through the persistence of an intersaccharidic
water-bridge of the 28-HO---H,O---HO-1*
type in aqueous solution [109], oxidation of
sucrose with air in the presence of 0.5% Pt/C
at 35 °C gives a 9:9:1 ratio of the 6%-, 6" and
1"-saccharonic acids [110] (Scheme 15). On
further oxidation, particularly when using large
amounts of the Pt catalyst and higher tempera-
tures (80-100 °C), the formation of sucrose-
6g,6f—dicarboxylic acid 42 has been observed
[111], yet a preparatively useful procedure for
its acquisition was developed only end of the
1990s [112] by combining Pt/air-oxidation with
continuous electrodialytic removal of 42, there-
by protecting it from further oxidation. Other-
wise, on letting the reaction proceed, the sucrose
tricarboxylate 43 is obtained [113].

Levulinic acid (“LA”) and formic acid are
end products of the acidic and thermal decom-
position of lignocellulosic material, their multi-
step formation from the hexoses contained
therein proceeding through HMF as the key
intermediate, the hemicellulosic part, mostly

HO OH

HO : [¢]

. O
OH
1,4 - Lactone

xylans, furnishes furfural [26a, 26b]. A com-
mercially viable fractionation technology for
the specific, high-yield acquisition of LA has
been developed (the “Biofine Process” [114]),
rendering it an attractive option as an important
biorefinery platform chemical [93g].
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Scheme 15. Catalytic oxidation of sucrose [112, 113]

Levulinic acid is a starting material for a
large number of higher-value products, because
it can be converted by established procedures
into products such as acrylic and succinic acids,
pyrrolidines, and diphenolic acid (44), which
has the potential of replacing bisphenol A in the
manufacture of polycarbonate resins. Another
derivative is 5-aminolevulinic acid (45), applied
in agriculture as a herbicide and as a growth-
promoting factor for plants. Another asset is that
levulinic acid may be converted into 2-methyl-
tetrahydrofuran (46), which is used as a
liquid fuel extender (Scheme 16). The esters
of LA, e.g., ethyl levulinate, have similar indus-
trial potential as oxygenated additives to diesel
fuels.

3-Hydroxybutyrolactone (3-HBL) is now a
specialty chemical for fairly high-value phar-
maceuticals. The 2004 DOE report [93h] places
it in the list of the top twelve sugar-based
candidates worthy of industrial exploitation. Its
generation from starch by oxidative (H,0,)
degradation is regarded as “messy”, because
it involves multiple steps and results in a variety
of side-products. Thus, this process must be
improved, or alternatives found — one such
alternative is reduction and cyclization of mi-
crobially produced r-malic acid (see Section
Fumaric acid, Malic acid, Succinic acid) — to

fully utilize the potential of this four-carbon
building block for the production of a variety
of industrially important tetrahydrofuranoid
derivatives.

Starch

0,1

3-Hydroxybutyro-

lactone L-Malic acid

NH%

Levuhnlc acid

0 O
45 46
(MTHF")
Scheme 16.

OH



4.7. Biopolymers from Polymerizable
Sugar-Derivatives

Today, biocompatibility and biodegradability
are key functional requirements in the design
of new polymeric materials, whether polyesters,
polyamides, or polyurethanes (— Polymers,
Biodegradable). If composed of sugar-derived
monomer components, such polymers are non-
toxic and biodegradable and, hence, have mini-
mal impact on waste management. They can be
safely incinerated and, by composting, can be
returned to the ecosystem harmlessly in a carbon
dioxide-neutral process.

4.7.1. Synthetic Biopolyesters

The polyester production worldwide is estimat-
ed to be approximately 2x 107 t/a, of which only
a small fraction is based on renewable mono-
mers, such as polyols, dicarboxylic acids, or
hydroxyalkanoic acids, despite the fact that a
huge variety of these building blocks are ame-
nable to either chemical or biotechnological
production. As amply illustrated by the large
variety of sugar-derived di- and polyols, hydro-
xyacids, and dicarboxylic acids shown in
Tables 3 and 4 — only those which are reason-
ably accessible are listed — the number of
possible polyesters is immense, and not all
conceivable combinations have been imple-
mented and evaluated for their application pro-
files. The only one of industrial relevance today
is Cargill’s polylactic acid (PLA), used as a
benign, biodegradable material for packaging,
for disposable single use items, and for medical
devices (vide supra). Nevertheless on the verge
of becoming an industrial bioproduct is Du
Ponts’s poly(trimethylene terephthalate) — its
high-performance fiber Sorona. In this case one
of the raw materials, presently petroleum-
derived 1,3-propanediol, is being replaced the
same component obtained from glucose by
microbial fermentation.

Of the vast number of polyesters prepared
from the monomers listed in Tables 3 and 4,
those containing furan residues have attracted
particular interest [27, 29]. 5-Hydroxymethyl-
2-furoic acid, for example, gave a mixture of
linear (47) and cyclic products (48) on polycon-
densation [115, 116], whereas the 2-furoy-
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Table 3. Sugar-based alcohols and diamines suitable as monomers
for polyesters, polyamides, or polyurethanes

Compound Derivation
OH 1,2-Propanediol D-glucose
)\/OH

,C

1,3-Propanediol p-glucose

HOWOH
OH Glycerol fats

HO\)\/OH (p-glucose)

2,5-Bis p-fructose

HO \/®\/OH (hydroxymethyl)

O furan

ol 1,6-Dianhydro- Dp-glucose

p-sorbitol

ngo

O B

OH
3,5-Bis D-xylose
(hydroxymethyl)
pyrazole
N—N
HO\//\)\/OH
oH Xylitol D-xylose
/\/\/\
HO™ ™ -~ TOH
oH oH
OH OH D-Sorbitol D-glucose
OH
HO™ ™
OH OH
OH OH 1,6-Diamino-1,6- D-glucose
dideoxy-
H,N NH, p-glucitol
OH OH

NH 2,5-Diamino-1,4:3,6- p-glucose

g{\f) dianhydrosorbitol

O Z

NH,

2,5-Bis(aminomethyl) p-fructose

O

lacrylic acid analogue afforded the polyester
49; 2,5-furandicarboxylic acid has been poly-
esterified with a series of aliphatic diols (—
50 [116]), with dianhydrosorbitol (— 52 [117]),
or with bisphenols (— 53 [118]) (cf. Fig. 6).
Even the all-furan polyester 54 has been
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Table 4. Sugar-derived carboxylic acids for potential use as mono-
mers for polyesters and polyamides

Compound Derivation
oH Lactic D-glucose
on acid
(0]
HC OH 3-Hydroxy- p-glucose
3 W butyric
OH O acid
5-Hydroxy- p-fructose
HO [ OH methylfuroic
O acid
(0]
OH O 3-Hydroxy- D-glucose
\)\)J\ valeric
HsC OH acid
o OH O p-Xylaric D-xylose
w aCid
HO™ Y 7 ToH
OH OH
o OH OH p-Glucaric p-glucose
on acid
HO
OH OH O
o OH OH p-Galactaric lactose
= on acid
HO
OH OH O
Furan-2,5- p-fructose
HO / \ OH dicarboxylic
O acid
(0] (0]

Pyrazole-3,5-

3, D-xylose
dicarboxylic
acid

(@] O
/
HO o Sucrose—6,6 - sucrose
dicarboxylic
acid
on GMF-6,6'- isomaltulose
(0] dicarboxylic (sucrose)
HO e} acid
HO
OHO / \ OH

Table 4. (Continued)

Compound Derivation
5-Amino- p-fructose
/ \ ol methylfuroic
O acid
NH, O
RO 6—Amino—}D— D-glucose
O gluconic
RO, acid lactam
NH (R = H, CH3)
RO
RO

successfully prepared from its respective mo-
nomeric components [27] — like polyesters
47-50, 52 and 54, a “fully green”, naturally
resourced product. The same applies to polyes-
ter 51, composed of 1,3-propanediol and the
furan-2,5-diacid. This polyester is in fact an
analogue of Du Pont’s Sorona wherein the
terephthalic acid portion is replaced by a bio-
counterpart. Given the same fiber properties it
would rightfully deserve the “clothing from a
cornfield” attribute.

Despite the versatile application profiles of
these polyesters — and a vast number of others
that have been synthesized — they have been
prepared only on the laboratory scale and used
in experimental applications and so currently
are “academic curiosities”. They will remain
so, however, only as long as the economics are
in favor of the production of the monomeric
components from fossil raw materials — a
situation that will change within the near
future [5].

4.7.2. Microbial Polyesters

Microbial polyesters, or PHA for poly(hydro-
xyalkanoates) [119, 120], constitute a large and
versatile family of polyesters produced by vari-
ous bacteria in which they are deposited within
the bacterial cell wall as a storage polymer.
Industrial processes have been developed that
deliver poly(3-hydroxybutyrate) [poly(3HB)]
and a polymer consisting of 3-hydroxybutyric
and 3-hydroxyvalerianic acid [poly(3HB)-co-3
(HV), trade name Biopol]. Both polyesters
have outstanding properties in respect to ther-
moplastic behavior, biocompatibility, and
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49

Figure 6. Polyesters containing furan moieties

biodegradability, and hence have wide applica-
tions in cosmetics, hygiene and agricultural
materials, in drug delivery systems, and in
medical surgery.

{OM {Owom
CH O/ n CH O O
3 3 CH; "

Poly (3HB-co-3HV)
(Biopol)

Other representative PHA’s synthesized by
microorganisms contain 3-hydroxyhexanoic,
3-hydroxyoctanoic and malic acid as repeating
units. It is to be expected that improvement
of fermentation strategies, e.g. by recombinant
E. coli harboring the microbial PHA biosynthe-
sis genes, will enhance the economic viability of
PHA production, currently on an approximate
3%10° t/a level, as they have the potential to
replace numerous chemosynthetic polymers in
many applications.

Poly (3HB)

4.7.3. Polyamides

More than 90% of the polyamides produced
worldwide, amounting to approximately

5.8x16 t in 1998 [121], are based on six-
carbon monomers, i.e. caprolactam (Nylon 6),
and adipic acid/hexamethylenediamine (Nylon
66), the manufacture of which is based exclu-
sively in petroleum-based pathways [121].

o

Nylon 6

Nylon 66

When considering the large variety of ami-
nocarboxylic acids, dicarboxylic acids and dia-
mines reasonably accessible from the common
six-carbon sugars [122, 123] — expedient
examples are listed in Tables 3 and 4 — substi-
tution of the petroleum-based monomers of
these polyamides by those derived from sugars
seems particularly obvious and promising. Of
the myriad of possible combinations of these
sugar-derived monomers either with themselves
or with the common, petrochemically-derived
diamines and dicarboxylic acids, an immense
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number have been realized. Here, only a few of
these polyamides are covered as examples.
Solution or interfacial polycondensation of
galactaric acid dichloride in its acetylated form
with a variety of aliphatic and aromatic dia-
mines yield a series of polyamides [124], that
resulting from 1,6-diaminohexane, resembles a
Nylon 6,6 in which half of the methylene
hydrogen atoms of the usual adipic acid
are substituted by acetoxy groups (R = Ac).
These groups can be deacylated with aqueous

ammonia to give the tetrahydroxylated
Nylon 66.
O OAc OAc
: cl + HZNW\/\
NHZ

OAc OAc O

Use of the lactone monomethyl ester of
D-glucaric acid proves advantageous in the gen-
eration of stereoregular polyglucaramides, lead-
ing to an impressive array of aliphatic and
aromatic diamines [124].

P
—_—
MeO o (0] MeOH / Et;N
oH

R= -(CHy; with x = 2-12; —CH,CH,CH,~ .

—(CHp):NH(CH,)3—
7(CH2)3I\‘T(CH2)3* i T(CH),0(CH,),0(CHy)y >
CH
3 ~CH,CH(CHy), -
C1,
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Of similar practical utility is sucrose-6,6'-
dicarboxylic acid (42), readily obtained from
sucrose by Pt-catalyzed oxidation with oxygen
in aqueous medium (cf. Scheme 15), which on
amidation of its dimethyl ester with fat amines
provides surface-active diamines of type 55
with remarkable tensidometric properties,

whereas a reaction with hexamethylenediamine
furnishes the interesting, highly hydrophilic
polyamide 56 [125]

Sugar-based “quasi-aromatic” monomers
for polyamides, i.e. the furan-2,5-dicarboxylic
acid, seem particularly relevant because they
have the potential to replace petrochemically
derived terephthalic or isophthalic acid in cur-
rent industrial products. The furan-1,6-diamine
has similar potential as a substitute for p-phe-
nylenediamine. Indeed, a series of such furan
polyamides has been prepared [126] using the
dicarboxylic acid and aliphatic and aromatic
diamines. Of these, the polyamide resulting
from condensation with p-phenylenediamine,
which de facto is an analog of the commercially
introduced Kevlar, has particularly promising
decomposition and glass temperature proper-
ties [127] distinctly better than those of the all-
furan polyamides:



Despite the impressive array of highly useful
products — their application profiles compare
favorably with those of well-known commercial
polyamides — none of these sugar-derived
polyamides is currently produced on an indus-
trial scale; the reasons are purely economic,
because the products derived from fossil raw
material sources are still cheaper, on average by
a factor of five. Eventually, however, with the
end of cheap oil in sight [5], and the pressure on
our environment increasing, this untoward situ-
ation for products from carbohydrate feedstocks
will change.

5. Outlook

The unusually diverse stock of readily accessi-
ble products described within this account,
which covers a wide range of industrial appli-
cation profiles, lies mostly unexploited — main-
ly for economic reasons, because equivalent
products based on petrochemical raw materials
are distinctly cheaper. Notwithstanding this
fact, a basic change in the current situation is
clearly foreseeable. As the depletion of our
fossil raw materials progresses, chemical
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products derived from them will inevitably
increase in price, such that biobased products
will become competitive. Realistic estimates
[5-7] expect this to occur by 2040.

In the meantime, it is imperative that carbo-
hydrates are systematically further exploited
leading toward efficient, environmentally be-
nign, and economical process methods for their
large-scale conversion into industrially viable
products, whether bulk, intermediate, or fine
chemicals, pharmaceuticals, or polymeric. Gen-
eral conceptual formulations toward this goal
are available [2, 3, 128], yet their straightfor-
ward implementation is exceedingly slow. To
enhance this, it is essential that national and
supranational funding institutions — in Europe
the corresponding EU bodies — recognize this.
Thus, any promising, innovative research proj-
ect, irrespective of involving mission-oriented,
applied investigations or non-predefined basic
explorations, should receive generous support
either by funding institutions or by the chemical
industry and/or both. Economically sound bio-
based alternatives to petrochemicals — various
potential examples are contained in this account
— will then become available as a matter of
course.
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