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ABSTRACT 

 Sustained efforts have been extensively devoted to prepare new polymers based on renewable resources 
and with higher degradability. Of the different natural sources, carbohydrates stand out as highly con-
venient raw materials because they are inexpensive, readily available, and provide great stereochemical 
diversity. This chapter describes the potential of sugar-based monomers as precursors to a wide variety 
of macromolecular materials, with particular emphasis on both the mechanisms of polymerization and 
the properties of the ensuing products. 
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  5.1     INTRODUCTION 

 Biodegradable polymers obtained from renewable natural sources are currently receiving increasing attention because 
they are an alternative to the traditional petroleum-based plastics. Solid-waste management of plastics of agricultural 
or alimentary origin is demanding a rapid development of new biodegradable plastics. Another important application 
is in biomedicine, and in this fi eld, biocompatibility is a required feature for resorbable biomedical devices. 

 Carbohydrates are an important natural source of building blocks for the synthesis of biodegradable polymers, 
especially for biomedical applications, because of their inherent properties of biocompatibility and biodegradability,
and for the design of optically active polymers containing stereocentres in the repeating unit. There are various 
reasons for the interest in carbohydrates as polymer building blocks namely, (a) they are easily available, some 
even coming from agricultural wastes; (b) they are found in a very rich variety of chemical structures with great 
stereochemical diversity; and, above all, (c) they constitute a renewable source thanks to solar energy. Unfortunately, 
polycondensation of monomers derived from sugars is not straightforward. In the fi rst place, their multifunctionality
must usually be reduced, making use of appropriate protecting groups to prevent side reactions leading to 
undesirable products. Secondly, in order to obtain regio and stereoregular polymers, strict control of the stereo-
chemical course of the polymerization is required. Otherwise, random orientation of the chiral unit will lead to 
atactic polymers. 

 Some reviews have recently been published on the synthetic carbohydrate-based polymers and glycopolymers 
 [1–6] . However, they refer mainly to poly(vinylsaccharide)s and other conventional functionalized polymers having
sugars as groups pendant from the main chain of the polymer. In this chapter, we shall describe those sugar-
based monomers which lead to polymers having the sugar units incorporated into the main chain. The topic has 
also been excellently reviewed  [7–10] , but as the interest in this kind of carbohydrate-based polymer has been 
steadily increasing, a considerable number of papers have been published on the subject during the last few years. 
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The following sections report on the synthesis and polymerization of this type of sugar-derived monomers that 
have been published mainly during the past decade.  

  5.2     ALDITOLS 

 Acyclic alditols are sometimes referred to as glycitols or polyols. Polyols occur extensively in nature, but aldoses 
and ketoses can be reduced to alditols with the generation of new hydroxyl groups from the carbonyl functions; thus, 
D-glucose gives D-glucitol, trivially referred to as  ‘ sorbitol ’ . The reduction of ketoses generates a new stereogenic
centre, and gives two epimeric alditols; for example, D-fructose produces D-mannitol and D-glucitol.

  5.2.1     Anhydroalditols 

 The thermally stable 1,4:3,6-dianhydrohexitols are the carbohydrate-based monomers most widely employed in 
the synthesis of chiral polymers because they are easily available. The three stereoisomeric dianhydroalditol mono-
mers, having 1,4:3,6-dianhydro-D-gluco , -D-manno , and -L-ido  confi gurations, have attracted increasing interest as 
building blocks for the synthesis of polycondensates, as reported by Kricheldorf  [8] . These dianhydroalditols are 
referred to as isosorbide (DAS or DAG), isomannide (DAM), and isoidide (DAI). DAS is commercially produced 
in large quantities from starch by hydrolysis, subsequent reduction, and acid-catalyzed intramolecular dehydration. 
DAM is also readily available from D-mannose, by reduction and dehydration. Since L-idose is a rare sugar, and 
its synthesis from D-glucose requires several steps, DAI is obtained from DAS by a three-step procedure. DAS and 
DAM are currently commercially available. The DAS-based polymers are non-stereoregular, in contrast to those 
based on DAM and DAI, which are stereoregular.
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 The thermostability of these dianhydroalditol monomers may be higher than that of other aliphatic diols, which 
raises the Tg  of the corresponding polymers. The most representative dianhydroalditol-based polymers that have 
been synthesized are polyesters, polycarbonates, polyethers, poly(ester carbonate)s, poly(ester anhydride)s, poly-
urethanes, polyureas, and poly(ester amide)s. 

 Thiem  et al.  prepared low-molecular weight polyterephthalates  [11, 12]  by melting condensation of terephthalic 
acid dichloride and 1,4:3,6-dianhydrohexitols. DAM turned out to be too labile under these conditions, giving cross-
linked products. Storbeck  et al . reinvestigated  [13]  the synthesis and characterization of these polyterephthalates; the 
reaction conditions were optimized, and pyridine was found to be the most useful acceptor of hydrogen chloride.
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 Poly(oxytetramethylene) is extensively used as a softening segment for polyurethane production. Thiem  et al.
studied, as an alternative, the ring-opening polymerization of 1,4-anhydro-2,3-di- O -alkyl-D-erythritols [14–16]
using super-acids HFSO 3  and HCF 3 SO 3 , which led to novel functionalized poly(2,3-dialkoxytetramethylene)s. 
As previously demonstrated for ring-opening polymerization of carbohydrate acetals, as well as ethers, enhanced 
amounts of catalyst were required, in contrast to the case of non-carbohydrate starting materials.
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 Base-catalyzed intramolecular-nucleophilic substitution of various DAS derivatives led to the formation of 
1,4:2,5:3,6-trianhydro-D-mannitol, a tricyclic system of three interlinked oxolane rings, which afforded oligomeric 
soluble materials by ring-opening polymerization after treatment with CF 3 SO 3 H  [17] . Ring-opening copolymeri-
zation of 1,4-anhydro-2,3-di- O -ethyl-D-erythritol or 1,4:2,5:3,6-trianhydro-D-mannitol with tetrahydrofuran (THF), 
using CF 3 SO 3 H as catalyst, afforded a series of copolyether polyols  [18] . The polymers had medium molecular 
weights, with approximately 10 per cent of carbohydrate constituent.
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 Braun and Bergmann  [19, 20]  used DAS and DAM for the syntheses of polyesters, polyethers, polyurethanes, 
and polycarbonates. They reported that the thermal and mechanical properties of the obtained polymers were simi-
lar to those of the respective counterparts obtained from usual petrochemical raw materials. 

 Okada  et al.  have worked extensively on biodegradable polymers based on dianhydroalditols as carbohydrate 
renewable resources. A series of polyesters were synthesized by the bulk polycondensation of the respective three 
stereoisomeric dianhydroalditols (DAS, DAM, and DAI) with aliphatic dicarboxylic acid dichlorides of 2–10 meth-
ylene groups  [21, 22] . It was found that the biodegradability of the polyesters varied signifi cantly depending on their 
molecular structures.
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 DAS or DAM was also used as comonomer with dimethyl dialkanoates and monomers containing furan rings, 
for the synthesis of copolyesters by bulk polycondensations, in the presence of titanium isopropoxide or tetra-
butyl-1,3-dichloro-distannoxane  [23, 24] . In general, the biodegradability of the copolyesters of DAS decreased 
with increasing difuran dicarboxylate content, and copolymers containing sebacic acid units showed higher biode-
gradability. The enzymatic degradability of the polyesters based on isomeric 1,4:3,6-dianhydrohexitols and sebacic 
acid was found to decrease in the order DAS  �  DAM  �  DAI  [25] . 

 The synthesis and biodegradation behaviour of poly(ester amide)s composed of DAS,  � -amino acid, and aliphatic 
dicarboxylic acid units were also described by Okada  [26] . These products were synthesized by solution polycondensa-
tion of various combinations of  p -toluenesulphonic acid salts of  O,O� -bis-( � -aminoacyl)-1,4:3,6-dianhydro-D-glucitol 
and bis( p -nitrophenyl) esters of aliphatic dicarboxylic acids with methylene chain lengths of 4–10. The  p -toluenesul-
phonic acid salts were obtained by the reactions of DAS with alanine, glycine, and glycylglycine, respectively, in the 
presence of p -toluenesulphonic acid. The poly(ester amide)s were, in general, degraded more slowly than the corres-
ponding polyesters having the same aliphatic dicarboxylic acid units, both in composted soil and in an activated sludge.
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 Poly(ester carbonate)s with different compositions were synthesized by bulk polycondensation of DAS with 
diphenyl sebacate and diphenyl carbonate in the presence of zinc acetate as a catalyst  [27] . Biodegradability was 
found to be highest for the poly(ester carbonate)s with carbonate contents of 10–20       mol per cent, and to decrease 
markedly for those with the carbonate content above 50       mol per cent.
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 Okada published in 2002 a couple of reviews on biodegradable polymers from DAS and DAM and their related 
compounds  [28]  and chemical synthesis  [29] . 

 Novel random and alternating copolycarbonates from 1,4:3,6-dianhydrohexitols and aliphatic diols were syn-
thesized in bulk or solution polycondensations  [30] . Bulk polycondensations of 1,4:3,6-dianhydro-2,5-bis- O -(phe-
noxycarbonyl)-D-glucitol and -D-mannitol with � , � -alkanediols of different number of methylene groups, afforded 
random copolycarbonates. However, solution polycondensations of the corresponding  p -(nitrophenoxycarbonyl) 
monomers in solution gave well-defi ned copolycarbonates having regular structures consisting of alternating sugar 
carbonate and aliphatic carbonate moieties.
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 The environmental and enzymatic degradability of copolycarbonates consisting of DAS and DAM and alkylene 
diols or oligo(ethylene glycols) was investigated  [31] . 

 Tartaric acid has also attracted a great deal of interest as a substrate for the synthesis of functional polymers 
based on carbohydrates; for example, L-tartaric acid is a natural product mainly obtained from a large variety of 
fruits. Okada has recently accomplished the study of novel polycarbonates with pendant functional groups, based on 
1,4:3,6-dianhydrohexitols and L-tartaric acid derivatives  [32] . Solution polycondensations of 1,4:3,6-dianhydro-bis-
O -( p -nitrophenoxycarbonyl)hexitols and 2,3-di- O -methyl-L-erythritol or 2,3- O -isopropylidene-L-erythritol afforded 
polycarbonates having pendant methoxy or isopropylidene groups, respectively. Subsequent acid-catalyzed depro-
tection of the isopropylidene groups gave well-defi ned polycarbonates having pendant hydroxyl groups regularly 
distributed along the polymer chain. The degradation of these polymers was remarkably fast.

.

HO
OH

OR

OR

R � Me
R � Isopropylidene

O

OO

O

H

H

ArO

O

OAr

O

Ar � p -nitrophenyl

EDPA, DMAP

Sulpholane, 60°C, 24 h O

OO

O

H

H

O O

O
O

OR

OR

2-exo, D-gluco
2-endo D-manno

n

�

 The 1,4:3,6-dianhydroalditols (mainly) and other saccharide derivatives were found to be useful chiral components 
of cholesteric materials with interesting optical properties, capable of forming Grandjean textures  [8] . Chirality plays 
an important role in combination with the liquid crystalline (LC) character of both low- or high-molecular weight 
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materials. A systematic study reported by Vill  et al .  [33]  on the twisting power of DAS, DAM, and DAI derivatives 
contributed to increasing the interest in these monomers as building blocks of cholesteric polymers. 

 Appropriate combinations of monomers should be sought that allow the incorporation of the sugar component 
without loss of the LC character, because the stereochemistry of the sugar diols is highly unfavourable for an LC 
character of their polymers – in fact, all homopolymers derived from sugar diols are isotropic. Kricheldorf studied 
LC cholesteric copoly(ester-imide)s based on DAS or DAM  [8] . The comonomers to obtain these chiral thermo-
tropic polymers were N -(4-carboxyphenyl)trimellitimide, 4-aminobenzoic trimellitimide, 4-aminocinnamic acid 
trimellitimide, adipic acid, 1,6-hexanediol, and 1,6-bis(4-carboxyphenoxyl)hexane. Apparently, the poly(ester-
imide) chains are so stiff that the twisting power of the sugar diol has little effect. 

 Cholesteric polyesters were prepared from silylated derivatives of 2,3-di- O -isopropylidene-D-threitol, DAS, or 
DAM with dicarboxylic acid dichlorides by polycondensation in solution  [34] . Trifl uoroacetic acid–water allowed 
an easy cleavage of the isopropylidene group without hydrolysis of the polyester. All these polyesters formed a broad 
cholesteric phase, and the polymers containing 5 or 10       mol per cent sugar diol displayed a blue Grandjean texture.
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 Photosetting cholesteric polyesters derived from DAS and 4-hydroxycinnamic acid  [35] , and from 2,5-bis(dode
cyloxy)terephthalic acid and 4,4 � -dihydroxybiphenyl, were also described  [36] . 

 Cyclic aliphatic polyesters of DAS were prepared by polycondensation with aliphatic dicarboxylic acid dichlo-
rides with pyridine as catalyst and HCl acceptor  [37] . Cyclic polyesters were isolated by a selective extraction of 
the linear polymers.
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 Recently, Kricheldorf has published the synthesis of copolyesters by ring-opening copolymerization of DAS, 
� -caprolactone, and suberic acid in the presence of catalysts  [38] . 

 DAS- and DAM-homopolycarbonates have been prepared by different authors  [20, 39] . The interfacial poly-
condensation, typical for the synthesis of aromatic polycarbonates, is not useful with alditols, including DAS, 
because they are water-soluble and less acidic than diphenols. The DAS-homopolycarbonate was prepared by 
phosgenation of the sugar diol, with phosgene or diphosgene in pyridine-containing solvent mixtures at low tem-
peratures. The polycondensation of the DAS-bischloroformate in pyridine is an alternative approach.
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 Cholesteric polycarbonates derived from DAS bis(phenyl carbonate), methyl hydroquinone, and 4,4 � -dihydro-
biphenyl were better obtained by polycondensation in pyridine-containing organic solvents, as reported by 
Kricheldorf et al .  [39] . Trichloromethylchloroformate (TCF) was successfully used for all these polycondensa-
tions. The use of solid TCF is advantageous over phosgene because it is easy to apply in stoichiometric amounts, 
easy to store, and commercially available.
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 The same group also synthesized a series of ternary polycarbonates derived from DAS-chloroformate, hydro-
quinone 4-hydroxybenzoate (HQHB) as mesogenic diphenol, and 4,4 � -dihydroxychalcone in pyridine  [40] . 
Particularly noteworthy is the fi nding that the alternating copolycarbonate of HQHB formed a broad cholesteric 
phase, despite the unfavourable stereochemistry of DAS. The ternary copolycarbonates formed a cholesteric 
melt and a Grandjean texture upon shearing. It seems that the combination of DAS and carbonate groups is more 
favourable for the stabilization of a cholesteric molecular order than is the combination of DAS and ester groups.
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 Cholesteric polycarbonates derived from DAS and 2,5-bis(4 � -hydroxybenzylidene)cyclopentanone have also 
been described [41] .
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 Recently, DAS and equimolar amounts of various diols were polycondensed with diphosgene in pyridine. 
Different bisphenols, 1,3-bis(4-hydroxybenzyloxy) propane, and 1,4-cyclohexanediol were used as comonomers 
 [42] . In some cases, large amounts of cyclic oligo- and polycarbonates were formed. 

 Polyurethanes containing DAS have been prepared by several research groups, and complex polyurethanes with 
an elastomeric character and good mechanical properties were described in a few patents  [8] . These polymers 
were obtained from DAS and diisocyanates in the presence of suitable catalysts ( e.g . Braun and Bergmann used 
triethylamine in dimethylsulphoxide [20]).
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 Polyethers derived from DAS were mentioned in a patent describing the synthesis and properties of epoxy 
resins, and linear polyethers were prepared from free DAS, which was reacted with  � , � -bischloroalkanes or 1,6-
dibromohexane  [8].
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 A series of polyphosphites, polyphosphates, polythiophosphates, and other polymers containing sulphone func-
tions, based on DAS, have also been described  [8, 43] . 

 Recently, an effi cient synthesis of polyethers from DAS and 1,8-dibromo or dimesyl octane by microwave-
assisted phase transfer catalysis has been reported [44] .

  5.2.2      O -protected alditols 

 The most common  O -protecting groups of the secondary hydroxyl groups of the alditol monomers are acetal, 
ester, and ether groups. The ether group is of course the most resistant  O -protecting group of alditol monomers 
under the polycondensation reaction conditions, but also the most diffi cult to remove from the resulting polymers. 

 Within the framework of systematic research to explore the potential of sugar-based polymers, Muñoz-Guerra 
along with Galbis et al.  have employed various  O -methyl alditol derivatives to prepare novel polymers, as well as 
chemical modifi cation of other well-known materials. Poly(ethylene terephthalate) (PET), poly(ethylene isophtha-
late) (PEI), and poly(butylene terephthalate) (PBT) have been chemically modifi ed by insertion of a series of
O -methyl alditols. Among them, 2,3-di- O -methyl-L-threitol was inserted into PET  [45]  and the preparation of PET 
and PEI analogues by total replacement of the ethylene glycol (EG) units with 2,3,4,5-tetra- O -methyl-hexitols 
having D-manno  and  galacto  confi gurations  [46] . They also obtained analogues to PET, PEI, and PBT by using 
2,3,4-tri-O -methyl-L-arabinitol or 2,3,4-tri- O -methyl-xylitol  [47, 48] . The O -methyl-alditol monomers used are 
easily obtained from the respective commercially available diethyl L-tartrate, pentoses, and hexitols  [46, 49, 50].
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 Galbis  et al . have also described the use of 2,3,4-tri- O -methyl-L-arabinitol and 2,3,4-tri- O -methyl-xylitol 
in the synthesis of polycarbonates and polyesters. These pentitols were polycondensed using a commercial solu-
tion of phosgene in toluene; whereby, homopolycarbonates (PsuC) and copolycarbonates with BPA, P(Su- co -
BPAC), were obtained in high yields  [51] . Both showed high resistance to chemical hydrolysis; however, they 
were enzymatically degraded in different degrees. The fastest degradation promoted by lipase B from  Candida
antarctica  was observed for the fully xylitol-based polycarbonate, followed by copolycarbonates also based on 
xylitol, which revealed a marked stereospecifi city of the enzyme towards this sugar.
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 A variety of carbohydrate-based linear polyesters  [52]  of the poly(alkylene dicarboxylate) type were obtained by 
polycondensation reactions of the alditols 2,3,4-tri- O -methyl-L-arabinitol and 2,3,4-tri- O -methyl-xylitol, and aldaric 
acids 2,3,4-tri- O -methyl-L-arabinaric acid and 2,3,4-tri- O -methyl-xylaric acid. Butanediol and adipic acid were 
also used as comonomers. Copolyesters of the poly(alkylene- co -arylene dicarboxylate) type were obtained using 
bisphenols as comonomers. Chemical polycondensation reactions were conducted in bulk or in solution. Enzymatic 
polycondensation reactions of adipic acid with the above-mentioned alditols were carried out successfully using 
Lipozyme®  and Novozyme ®  435. The hydrolytic degradations of some of these polyesters were also described.
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 Bioerodible polymers having pendant functional groups are of particular interest, since they are capable of 
covalent pro-drug formation. Acemoglu  et al .  [53]  prepared biodegradable poly(hydroxyalkylene carbonate)s 
from the optically active and racemic 2,3- O -isopropylidene-threitol and 2,4:3,5-di- O -isopropylidene-L-mannitol
with diethyl carbonate in the presence of dibutyl tin oxide. The isopropylidene groups of the polycarbonates were 
hydrolyzed, and derivations were made on the hydroxy groups to obtain esters, orthoesters, and carbamates. The 
deprotected polycarbonates were water-soluble, and degraded in a few weeks by a mechanism in which hydroxy 
groups were shown to participate.
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 The fi rst apparently cholesteric polyester derived from an alditol such as 1,2:5,6-di- O -isopropylidene-D-mannitol was 
reported by Chiellini et al .  [54] . Surprisingly, an acidolytic deprotection yielded a seemingly thermotropic polyester.
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  5.2.3     Unprotected alditols 

 For the last few years, Kobayashi ’ s and Gross ’ s groups have been independently working on the synthesis of alditol-
based polyesters by lipases as catalysts for selective polyol polymerizations. Lipases and proteases are well known 
as providing regioselectivity during esterifi cation reactions at mild temperatures. In addition to this, the use of 



98 Sugars as Monomers, J.A. Galbis & M.G. García-Martín

enzymes in polyester synthesis is noteworthy from the standpoint of  ‘ green chemistry ’ . The fi rst example of a 
sugar alcohol used as monomer in an enzyme-catalyzed polymerization was reported by Kobayashi  et al.   [55] . In 
this case, the activation of carboxylic acids with electron-withdrawing groups was thought to be necessary. They 
proved the regioselective polymerization at positions 1 and 6 of D-glucitol (sorbitol) and divinyl sebacate, using 
lipase derived from  Candida antarctica  in acetonitrile. 

 Alditols are insoluble in non-polar organic media; instead, they are soluble in polar solvents such as pyridine,
dimethyl sulphoxide, 2-pyrrolidone, and acetone. However, these solvents cause large reductions in enzyme 
activity. A simple and versatile strategy for performing selective lipase-catalyzed condensation polymerizations 
between dicarboxylic acids and polyols was explored by Gross ’ s group. Instead of using organic solvents, the 
monomers adipic acid, glycerol, and sorbitol were solubilized within binary or ternary mixtures [56] . Thus, the 
polymerization reactions were performed without activation of adipic acid. Immobilized Lipase B from  Candida
antarctica  (Novozyme 435) catalyzed bulk polycondensations of three monomers, forming a monophasic ternary 
mixture that resulted in hyperbranched polyesters with octanediol–adipate and glycerol–adipate repeating units 
 [57] . The key to the success of the method is the use of a highly active and selective lipase as the catalyst, as well 
as adjusting the reaction mixture so that it is monophasic. Thus, polyesters containing many hydroxyl functional-
ities, such as poly(sorbityl adipate), were prepared without the need to use protection–deprotection chemistry. 

 Kobayashi  et al . have worked extensively on enzymic polymerization for the synthesis of both novel and nat-
ural oligo- and polysaccharides  [58–61] . They induced the regioselective polymerization of divinyl ester with triols 
by lipase catalysis, to give soluble polymers of relatively high-molecular weight. The 1,3-disubstituted glyceride 
unit was mainly formed from glycerol and immobilized lipase derived from  Candida antarctica , and the micro-
structure depended on the lipase origin [62] . They also accomplished the enzymatic syntheses of a new class of
crosslinkable polyesters by the polymerization of divinyl sebacate and glycerol, using  Candida antarctica  lipase 
in the presence of unsaturated higher fatty acids; thus, the polyesters had an unsaturated group in the side chain 
 [63, 64] . Biodegradable epoxide-containing polyesters derived from glycerol and unsaturated fatty acids were also 
enzymatically synthesized  [65] . Kobayashi has recently published a review on the enzymatic synthesis of polyes-
ters via polycondensation [66] . 

 Very recently, Gross  et al . reported the use of various unprotected alditols, such as erythritol, xylitol, ribitol, 
D-mannitol, D-glucitol, and D-galactitol, in the preparation of ‘ sweet polyesters ’  obtained by lipase-catalyzed poly-
condensation with 1,8-octanediol and adipic acid [67] . Polymerizations were performed under conditions that 
allowed vacuum regulation and pressure for water removal, and the selected lipase was N435 ( Candida antarctica
Lipase B, physically immobilized on Lewatit beads). It was found that the polyol reactivity is determined by the 
stereochemical confi guration of carbons closest to terminal hydroxyl groups. The ( R,R ) confi guration at C2/C5 of 
D-mannitol is a key factor that led to rapid formation of the corresponding polyesters with high-molecular weights. 

  5.3     ALDONIC ACIDS AND LACTONES 

 Aliphatic polyesters may be classifi ed into two groups, depending on the bond constitution of the monomers: 
poly(hydroxy acid)s ( i.e . polyhydroxyalkanoates (PHAs)) and poly(alkylene dicarboxylate)s  [68] . The former are 
polymers of hydroxy acids ( � ,  � , …� -hydroxy acids), obtained by ring-opening polymerization or polyconden-
sation reactions. The latter are synthesized by the polycondensation reaction of diols with dicarboxylic acids. 
Aldonic and aldaric acids can be used to prepare both groups of polyesters. 

 The polycondensation reaction of aldonic acids to render polyesters has not been much explored. However, 
pioneering papers describing this kind of polycondensation are known. Drew and Haworth  [69]  described the 
polycondensation of 2,3,4-tri- O -methyl-L-arabinonic acid through its 1,5-lactone, to give an oligomeric material 
not completely characterized. Later, Mehltretter and Mellies  [70]  studied the polyesterifi cation of the difunctional
O- protected sugar 2,4;3,5-di- O- methylene-D-gluconic acid, obtaining low-molecular weight polyesters.
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 We have described an easy preparation of 2,3,4-tri- O -methyl-D-xylose and 2,3,4-tri- O -methyl-L-arabinose
 [50] , which can be oxidized to give the corresponding lactones  [71] , susceptible to ring-opening polymerization. 
However, in our hands, all the attempts to polymerize these lactones were unsuccessful.

(a) MeI, KOH, Me2SO; (b) H2, Pd-C, MeOH; (c) PCC.
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 2,3,4,5-Tetra- O -methyl-D-glucono-1,6-lactone has been prepared from D-glucose as a crystalline compound in 
acceptable yields by two different routes  [72] . 
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 Although the assays of homopolymerization of this lactone were also unsuccessful, we carried out a copoly-
merization experiment by the bulk ring-opening polymerization of a mixture of L-lactide and 2,3,4,5-tetra- O -
methyl-D-glucono-1,6-lactone, in a ratio of 5:1, using tin (II) 2-ethylhexanoate (SnOct 2 ) as initiator. From the 
copolymerization reaction mixture, we obtained two copolymers, containing 1.3 and 2.2 per cent of the carbohy-
drate monomer, respectively, as determined by NMR studies.
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 Recently, Varela  et al.   [73]  obtained similar results from 2,3,4,5-tetra- O -methyl-D-galactono-1,6-lactone.
The homopolymerization of this lactone, promoted by aluminium isopropoxide [Al(O i Pr) 3 ] or scandium trifl ate 
[Sc(OTf) 3 ], was attempted, but failed in both cases. The copolymerization with  ε -caprolactone, using scandium 
trifl ate as initiator, gave a low-molecular weight copolymer ( � 3       000) with an incorporation of the sugar to the 
polymeric chain of about 10 per cent, as estimated by NMR.
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  5.4     ALDARIC ACIDS 

 Unprotected and  O- protected aldaric acids have been extensively used in polycondensation reactions, mainly in 
the preparation of polyamides and polyesters. A review has been published on potentially important aldaric acids 
as monomers for the preparation of polyamides [74] . 

 Muñoz-Guerra  et al . carried out a detailed study on polytartaramides ( i.e . polyamides derived from tartaric 
acid). Various types of polytartaramide, differing either in the diamine used as comonomer, or in the nature of the 
O- protecting groups used to block the two secondary hydroxyl groups of the tartaric acid, have been synthesized, 
and their properties evaluated in connection with their structure.
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 Thus, stereoregular polyamides were prepared from bis(pentachlorophenyl) 2,3- O -methylene-L-tartrate [75]
and bis(pentachlorophenyl) 2,3-di- O -methyl-L-tartrate [76] , and their crystal structure  [77]  and hydrolytic degra-
dation [78]  carefully investigated. Stereocopolyamides derived from 2,3-di- O -methyl-D- and -L-tartaric acids and 
hexamethylenediamine, with enantiomeric D/L ratios ranging from 1:9 to 1:1, were also obtained by the active 
ester polycondensation method  [79] . The crystal structure of the ensuing racemic copolyamides obtained from 
the racemic mixture of 2,3-di- O -methyl-D- and -L-tartaric acids and hexamethylenediamine, or by equimolecu-
lar mixture of the two enantiomerically pure D- and L-polyamides, was investigated  [80] . The same group also 
described the preparation of poly(ester amide)s derived from 2,3-di- O -methyl-L-tartaric acid, more sensitive to 
hydrolysis than the polyamides, and their mechanism of hydrolytic degradation has been investigated in relation 
with their microstructure [81] . Aregic  [82]  and regioregular  [83]  polytartaramides made from di- O -methyl-L-tar-
taric acid and ethyl L-lysine have been reported. Recently  [84] , the same authors prepared a series of polyamides 
from hexamethylenediamine and the pentachlorophenyl esters of 2,3-di- O -acyl-L-tartaric acid by polycondensa-
tion in solution. Both O -alkanoyl and  O -benzoyl esters were used as hydroxyl-protecting groups. The control-
led hydrolysis of the protecting groups yielded poly(hexamethylene-L-tartaramide)s with different content of free 
hydroxyl groups. 

 Kiely  et al.  initiated the preparation of a novel type of stereoregular and non-stereoregular hydroxylated nylons 
(polyhydroxypolyamides) by the direct polycondensation of alkyl esters of unprotected aldaric acids (D-glucaric,
galactaric, xylaric, D-mannaric) and their lactones, with linear aliphatic and arylalkylenediamines  [85–88] , and 
with aza- and oxa-alkylenediamines  [89, 90] . They obtained high yields of solid polymers with low-molecular 
weight, some of them being soluble in water. The mechanism of formation  [91] , conformational analysis  [92] , and 
adhesive properties  [93]  of these polyhydroxypolyamides were also studied.
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 Varela  et al . described some stereoregular hydroxylated polymannaramides  [94]  by the reaction of D-mannaro-
1,4:6,3-dilactone with even-numbered alkylenediamines ( n �  2, 6, 8, 10, 12). Hydroxylated stereoregular and 
non-stereoregular polyamides were also prepared by the same authors  [95]  from hexamethylene diamine and pen-
tachlorophenyl (2 S )-5-oxo-2-tetrahydrofurancarboxylate, synthesized  [96]  from the chiral (2 S )-2-hydroxypentane-
dioic acid 5,2-lactone. The latter was obtained  [97]  by deamination of the easily available L-glutamic acid. 
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 Galbis  et al.   [50]  described the preparation of the pentachlorophenyl esters of 2,3,4-tri- O -methyl-L-arabinaric
(and xylaric) acids as suitable bifunctional monomers for linear polycondensations.

L-arabino R1� OMe, R2 � H
D-xylo R1 � H, R2 � OMe

PcpO OPcp

OMe

OMe

R1 R2

O O

OR2

MeO
MeO OH

R1

 García-Martín  et al . reported  [98]  on the AABB polyamides based on these pentaric acids. Two different types 
of polycondensate were prepared: fully sugar-based polyamides ( PA–ArAr  and  PA–XyXy ), and polyamides 
derived from aldaric acids and aliphatic diamines ( PA–nAr  and  PA–nXy ,  n �  6, 8, 12). In all these cases,  aregic
polymers were formed, since both sugar confi gurations lack the  C2  axis.
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 Recently  [52] , a variety of carbohydrate-based linear homo- and co-polyesters were obtained from these pen-
taric acids by polycondensation reactions (see Section 5.2.2). 

 2,3,4,5-Tetra- O -methyl-D-mannaric and galactaric acids and their bis(pentachlorophenyl) esters have been pre-
pared [99]  as crystalline compounds, in good yields, from D-mannitol and galactitol, respectively. A new stereo-
regular fully sugar-based polyamide, analogous to Nylon 66, has also been prepared  [99]  by polycondensation of 
bis(pentachlorophenyl) 2,3,4,5-tetra- O -methyl-D-mannarate with 1,6-diamino-1,6-dideoxy-2,3,4,5-tetra- O -methyl-
D-mannitol dihydrochloride [100] .
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 Some other fully sugar-based polyamides have been obtained from these activated hexaric acids and the 1,5-
diamino-2,3,4-tri-O -methyl-pentitols having the L-arabino  and  xylo  confi guration  [101] .
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 We also prepared  [101]  a series of polyamides ( PA–nSu ) derived from these hexaric acids and non-carbohydrate
alkylenediamines with even number of methylenes ( n � 4, 6, 8, 10, 12).  

  5.5     AMINOSUGARS 

 Polyamides and polyurethanes are the most widely studied carbohydrate-based polymers. The preparation of 
hydrophilic nylon-type polyamides containing sugars was a great challenge, as reported in two reviews by Thiem  [7]  
and Varela  [10] . In general, carbohydrate-based monomers present low-thermal stability; thus, initial approaches to 
the synthesis of polyamides by melt polycondensation led only to brittle fi bers of low-molecular weights. The inter-
facial polycondensation technique made possible the synthesis of the fi rst chiral nylon-type polyamide based on carbo-
hydrates. The polymerizable sugar monomers required for the synthesis of polyamides should be diamino-sugars, aldaric 
acids, or aminoaldonic acids. As mentioned above, the multifunctionality of the sugars requires several protection and 
deprotection steps. The introduction of amino groups is generally accomplished by the preparation of a sulphonyl ester, 
nucleophilic displacement by azide, and subsequent hydrogenation. Alternative methods have also been described  [7] . 

  5.5.1     Diaminoanhydroalditols 

 Carbohydrates such as saccharose, D-glucitol, and diaminosaccharides such as trehalose, have been widely used 
for the syntheses of highly functionalized polyol-based polyurethanes. The preparation of polyurethanes by the 
reaction of dianhydrohexitols with aliphatic diisocyanates was explored in 1983, and technical applications of 
dianhydrohexitols were found as chain extenders in polyurethane syntheses, as patented. 

 The stable 2,5-diamino-2,5-dideoxy-1,4:3,6-dianhydrohexitol dihydrochlorides with D-gluco , L-ido , and D-manno
confi gurations were prepared by Thiem  et al . according to known procedures.
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They developed an initial approach to novel polyurethanes with these diamino monomers, aliphatic diamines, and 
the bischloroformate of DAS, by phase transfer polycondensation  [102] . 
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 The catalyzed polyaddition of the monomer 2-deoxy-1,4:3,6-dianhydro-2-isocyanato-L-iditol gave the cor-
responding polyurethane [103] . However, the intermediate aminochloroformyl derivative underwent spontaneous 
polycondensation by catalytic hydrogenation.
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 The stable diamino dihydrochlorides of the dianhydrohexitols were transformed into the corresponding diisocyanates 
by reaction with phosgene [104] . 
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The addition of phosgene proceeded better when the amino groups were orientated out of the molecular plane 
(exo  confi guration); thus, the yields of the three isomer derivatives decreased in the order L-ido , D-gluco , and 
D-manno . The use of diphosgene gave unsuccessful results. The dithiodiisocyanato derivatives were pre-
pared from the corresponding diamino-dianhydrohexitol and thiophosgene, and the same stereochemical rea-
sons gave best yields for the L-ido  compound. Polyurethanes and polyureas were synthesized from the D-gluco , 
D-manno , and L-ido  monomers, and poly(thio)urethanes and poly(thio)ureas from the corresponding L-ido  monomer.
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 The interfacial polycondensation of 2,3-diamino-1,4-anhydro-anhydroalditols with D,L-threo  and  erythro  confi g-
urations, and the three 2,5-diamino-1,4:3,6-dianhydrohexitol derivatives with purchasable aromatic and aliphatic 
dicarboxylic acid chlorides, gave polyamides that were fully characterized  [105] .
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 Hydrophilic polyamides were prepared by the polycondensation reaction of 2,3,4,5-tetra- O -acetyl-galactaroyl 
dichloride with diaminoanhydroalditols  [106] .
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 Polyamides derived from D-glucose and D-glucosamine by interfacial and solution polycondensations of the 
sugar diamino derivatives with aromatic and aliphatic acyl chlorides have also been described  [107] . The presence 
of an anomeric benzyl group did not decrease the reactivity of the 2-amino function. Similar chiral polyamides 
were synthesized from the 1,7-diamino derivative, which was prepared from D-glucal.
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  5.5.2     Amino- and diaminoalditols 

 Muñoz-Guerra  et al.  and Galbis  et al.  initiated in the past decade a systematic study of a series of sugar-based 
AABB linear polyamides. These polyamides are derived from appropriately  O -protected aldaric acids and 1, � -
diamino-dideoxyalditols. The diaminoalditol monomers of L-threo , L-arabino ,  xylo , D-manno , and L-ido  confi gu-
rations were obtained from the corresponding alditols, having the secondary hydroxyl groups protected as methyl 
ether. 
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The transformation of the primary hydroxyl groups into the amino function was carried out by the usual procedure 
(sulphonation-nucleophilic displacement by azide-reduction). Thus, Muñoz-Guerra et al.  synthesized (2 S ,3 S )-
2,3-di-methoxy-1,4-butanediamine  [49]  from natural L-tartaric acid as a raw material, to prepare stereoregular
polytartaramides (Nylon 4, n  analogues). Since L-tartaric acid contains a C2  symmetry axis, the resulting polyamides
are regiochemically ordered. The polycondensation in a chloroform solution of this diamine, activated as the
N,N� -bis(trimethylsilyl) derivative, with activated pentachlorophenyl esters of aliphatic dicarboxylic acids, afforded 
stereoregular polyamides. This method allows polycondensations under mild conditions, and the corresponding
polyamides are obtained in good yields and with acceptable molecular weights. Because of their stereoregularity, 
these substituted polyamides present an interesting combination of properties since they are highly crystalline, have 
mechanical properties comparable to those of Nylons, and may undergo hydrolytic degradation under physiological
conditions.

N
H

H
N

OMe O O
m

n

OMe

n � 4, 6, 8, 10, 12

HO
OH

OMe

OMe

EtO
OEt

OMe

OMeO

O

NH-TMS

OMe

OMe PcpO

O

OPcp

O
n

TMS-HN

 Muñoz-Guerra  et al.  also studied stereoregular polyamides fully based on D- and L-tartaric acid [108] . The 
bispentachlorophenyl esters of both 2,3-di- O -methyl-tartaric acids were condensed with (2 S ,3 S )-2,3-dimethoxy-
1,4-butanediamine to obtain optically active (PTA–LL) and racemic (PTA–LD) polytartaramides. Fibre-oriented 
and powder X-ray studies of these polyamides demonstrated that PTA–LL crystallized in an orthorhombic lattice, 
whereas PTA–LD seemed to adopt a triclinic structure. In both cases, the polymeric chain appears to be in a folded 
conformation, more contracted than in the common � -form of conventional Nylons.
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 The 1,5-diamino-1,5-dideoxy-2,3,4-tri- O -methylpentitols of L-arabino  and  xylo  confi gurations  [50]  gave aregic 
polyamides when polycondensated with activated aliphatic dicarboxylic acids or aldaric acids  [98] . Those poly-
amides, entirely based on xylose were, as expected, not optically active.

N
H

O OOMe

H
N

OMe

OMe OMe

N
H

O

n

H
N

OMe

n

O

x
OMe

x � 8, 10

R1 R2R1 R1R2 R2

L-arabino, R1 � OMe, R2 � H
xylo, R1 � H, R2 � OMe

 The synthesis of 1,6-diamino-1,6-dideoxy-2,3,4,5-tetra- O -methyl-D-mannitol and its L-iditol analogue from 
D-mannitol has been described [100] . These diamines, containing a two-fold axis, gave stereoregular AABB 
polyamides on polycondensation with terephthaloyl dichloride and dipentachlorophenyl esters, or dichlorides of 
aliphatic dicarboxylic acids, in solution or under interfacial polycondensation conditions  [99, 109] . In spite of the 
regioregularity present in the polymeric chains, these optically active polyamides could not be crystallized.
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 1,6-Diamino-1,6-dideoxy-2,5-di- O -methyl-3,4- O -isopropylidene-D-mannitol was also prepared and polymerized
with active esters of dicarboxylic acids to give the corresponding polyamides. Aregic polyamides of the AABB 
type were also obtained by the polycondensation of 1,5-diamino-1,5-dideoxypentitols of L-arabino  and  xylo
confi gurations with activated and  O -methyl D-mannaric and galactaric acids [101] . 

 We have also prepared 1-amino-1-deoxy-2,3,4-tri- O -methyl-L-arabinitol and -D-xylitol, which were transformed into 
a series of poly(ester amide)s  [110, 111]  and copoly(ester amide)s  [112] , whose structure and properties were carefully 
studied. Their hydrolytic degradation was also investigated, and a mechanism proposed for this process  [113–115] .
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  5.5.3     Aminoaldonic acids 

 Galbis  et al.  synthesized two stereoregular polygluconamides starting from D-glucosamine and D-glucose [116] . The 
synthesis of the polyamide of the polypeptide type  [116, 117]  was accomplished by the ring-opening polymerization 
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of the N -carboxyanhydride obtained by treatment of 2-amino-2-deoxy-3,4,5,6-tetra- O -methyl-D-gluconic acid 
hydrochloride, in turn obtained from D-glucosamine, with TCF in THF.
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 A methoxylated polyamide analogous to Nylon 6 was obtained in several steps from D-glucose  [116, 118] 
through the preparation of a dimeric active ester of 6-amino-6-deoxy-2,3,4,5-tetra- O -methyl-D-gluconic acid. This 
polyamide was highly crystalline, and gave resistant fi lms with a spherulitic texture. 
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 The same group described the syntheses of some derivatives of 5-amino-5-deoxy-L-arabinonic acid, 5-amino-
5-deoxy-D-xylonic acid, and ( S )-5-amino-4-hydroxypentanoic acid, which were performed in several steps from 
L-arabinose, D-xylose, and ( S )-(�)-glutamic acid, respectively  [119] . These monomers were polymerized to give 
methoxylated homo and copolyamides analogous to Nylon 5  [120, 121] .
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 Romero Zaliz and Varela  [122]  recently prepared, from the D- and L-galactono-1,4-lactones, the corresponding 
6-amino-6-deoxy-2,3,4,5-tetra-O -methyl-D-(and L-)galactonic acids, which were polymerized by the procedure 
described by Galbis et al.   [116]  to give stereoregular sugar-based polyamides analogous to Nylon 6  [123] .
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 Fleet  et al.  described some oligomers of  O -protected-6-amino-6-deoxy-D-allonate [124]  and D-galactonate
 [125] , as intermediates for the preparation of polyhydroxylated Nylon 6 analogues. 
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 A chiral  � -polyamide of the Nylon 3 type was also synthesized  [126, 127]  by Galbis  et al.  by the ring-opening 
polymerization of the � -lactam derived from 3-amino-3-deoxy-2,4,5,6-tetra- O -methyl-D-altronic acid.
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(a) MeI, HOH, THF; (b) 4M HCl; (c) 1. DIPEA, MeCN; 2. MsCl, NaHCO3, MeCN; (d) KtOBu, CH2Cl2.

 Some other chiral Nylon 3 analogues have also been prepared by the same authors by the ring-opening poly-
merization of chiral � -lactams derived from D-glyceraldehyde  [128, 129] . Both the enantiomerically pure (2 R ,3 R ) 
and the racemic (2 R ,3 R  and 2 S ,3 S )  � -polyamides were obtained, and their properties compared. 
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  5.6     MISCELLANEOUS 

 Several modifi ed D-glycosylamine and D-glucosamine monomers were synthesized by Thiem et al.  to carry out 
catalytic polymerizations leading to polymers with urea, urethane, and amide linkages  [130] . The reactivity 
of these monomers was studied, and it was found that the anomeric hydroxyl groups were more reactive than 
the amino groups. With selectively blocked D-glucosamine monomers, the reaction yielded preferentially poly-
urethanes incorporating the anomeric hydroxy function. 

 Very recently, Thiem  et al.  explored the synthesis and degradability of novel carbohydrate-segmented sili-
cones polyamides, obtained from activated glucaric and galactaric acid derivatives and different  � , � -diaminoalkyl 
polydimethylsiloxanes  [131] . Galactaric acid-segmented silicones display a higher Tg than their glucaric acid 
analogues. These materials can be partially degraded by enzymes, with the amide bond functioning as a predeter-
mined breaking point.
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Y � (CH2)2NH(CH2)3 or (CH2)3

PDMS � SiMe2(SiMe2O)70 or SiMe2(SiMe2O)15

 The same authors prepared a series of allyl-group-containing bifunctional carbohydrate derivatives that were 
reacted with hydrodimethylsilyl-terminated polysiloxane using Speier ’ s catalyst  [132] . 

 Chen and Gross  [133]  synthesized high-molecular weight copolycarbonates derived from L-lactide and the 3,5-
cyclic carbonate of 1,2- O -isopropylidene-D-xylofuranose. The best results were obtained using Sn(Oct) 2  as cata-
lyst, with 83:17       mol/mol ratio of the comonomers. Even though the monomer reactivity ratio of L-lactide is much 
greater than that of the xylose monomer, very short sugar segment lengths were formed. This fact was explained 
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by intramolecular exchange reactions or a xylose monomer insertion reaction during propagation, or by other, 
more-complex phenomena. Subsequent deprotection of the ketal structure of the copolymer was successfully car-
ried out using CF 3 COOH.
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 The same xylose monomer was homopolymerized by ring-opening polymerization  [134]  with different organometal-
lic catalysts such as methylaluminoxane (MAO), AlEt 3 . 0.5 H 2 O,  t BuO � K + , ZnEt 2 . 0.5 H 2 O, and Y(O i Pr) 3 . In another 
study, the same authors also polymerized the xylose monomer with trimethylene carbonate in the presence of catalysts; 
the best results were obtained using MAO and ZnEt 2 . 0.5 H 2 O  [135] . Copolymers containing 8–83 per cent of xylose 
presented an alternating structure and were amorphous. The ketal deprotection was also carried out; and the resulting 
polymers were soluble in dimethylformamide (DMF), which suggested low chain crosslinking. The original polymers 
presented increased Tg  as the xylose content increased, whereas the  Tg  of the unprotected copolymers decreased.
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 The new 4,4 � -cyclic carbonate monomer of 1,2-isopropylidene-3-benzyloxy-D-pentofuranose was copolymer-
ized with L-lactide in the presence of Sn(Oct) 2  at 130°C  [136] . The benzyl ether and ketal groups were selectively 
removed, so that the units within the copolymers could have one, two, or three hydroxyl groups.  
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 The ring-opening polymerization of the cyclic carbonate methyl 4,6- O -benzylidene-2,3- O -carbonyl- � -D-
glucopyranoside has recently been described. This polymerizes at relatively low temperatures (60°C), without any 
elimination of carbon dioxide, to give polycarbonates in good yields and medium molecular weights  [137] .
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                                            Furan Derivatives and Furan Chemistry at the

Service of Macromolecular Materials 

   Alessandro Gandini   and     Mohamed Naceur   Belgacem      

ABSTRACT 

 This chapter reports the most relevant aspects related to the preparation and the characterization of 
macromolecular structures incorporating furan heterocycles or moieties arising from them. It begins 
with a short discussion on the major chemical features of furans and on the synthesis of furfural and 
hydroxymethylfurfural, which constitute the basic precursors to monomers suitable for both chain- and step-
growth polymerizations. It then deals with the free radical, cationic, anionic and stereospecifi c polymeriza-
tion and copolymerizations and with step-growth systems of suitable furan monomers. Particular emphasis 
is placed on furan polyesters, polyamides, polyurethanes and conjugated oligomers as the most promising 
macromol ecular architectures. The next section is devoted to the application of the Diels–Alder reaction to 
the synthesis and properties of linear, crosslinked and dendritic macromolecules, with a strong accent on 
the reversible nature of these constructions. Finally, the aging of furan polymers is briefl y discussed. 

 Keywords 

 Furan, Furfural, Hydroxymethylfurfural, Furan polymers, Chain polymerizations, Step-growth polymeri-
zations, Furan polyesters, Furan polyamides, Furan polyurethanes, Furan-containing conjugated oligo-
mers, Diels–Alder reaction, Dendrimers, Reversible crosslinking 

  6.1     INTRODUCTION 

 Furan derivatives are ubiquitous in nature in a wide variety of structures, but all of them appear in very modest
amounts within specifi c vegetable and animal (including human) species. The interest of these compounds is 
mostly relevant to phytochemists and other natural product practitioners  [1] . The chemistry associated with the 
furan heterocycle has been the subject of extensive studies over the last century and is sill a very active fi eld of 
research because of its important repercussions in areas such as synthons, pharmaceuticals and other fi ne chem-
icals  [2] , liquid crystals  [3] , as well as polymer science and technology  [4] . The classic treatise by Dunlop and 
Peters  [5] , which placed furan chemistry in a highly visible perspective, was followed by a number of comprehen-
sive reviews and monographs which progressively updated the state of the art  [1–4] . 

 The purpose of this chapter is to deal exclusively with the use of furan compounds and the exploitation of specifi c 
features related to furan chemistry with the aim of synthesizing polymeric materials. Implicit in this treatment is the 
fact that vegetable renewable resources, in the form of mono, oligo and polysaccharides, are excellent sources of 
two fi rst generation furans which, in turn, represent sources of a variety of monomers and other derivatives relevant 
to polymer synthesis. Although this topic has been reviewed on previous occasions  [4] , important advances have 
enriched it in recent years. An attempt will therefore be made to provide here a balanced treatment covering both the 
most salient achievements reported in the past several decades and novel promising contributions and perspectives. 
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 Two striking differences distinguish the essence of this chapter from most other chapters, namely: (i) the fact 
that the furan compounds relevant to polymer synthesis are not found as such in nature but are instead obtained 
from parent renewable resources and (ii) it is possible in principle to envisage a whole new realm of polymer mater-
ials based on furan monomers and furan chemistry, covering a very wide spectrum of macromolecular structures. 
Concerning the fi rst point, the massive availability of saccharidic precursors and their relatively simple conversion 
into furan derivatives, eliminate in fact any apparent problem of absence of such natural structures. As for the second
point, its unique relevance has to do with the potential perspective of a viable alternative to the present reality 
based on polymer chemistry derived from fossil resources. In other words, the biomass refi nery concept would be 
applied here to the synthesis of different furan monomers, simulating the equivalent petroleum counterpart. 

 The impressive achievements of the petroleum-based synthesis of monomers, and the huge success of the ensu-
ing polymeric materials, are ineluctable realities which combine pervasive technical performances with remark-
able economy (at least for the time being). It follows that the challenges faced by the possibility of a novel branch 
of polymer chemistry based on furan monomers are daunting. We hope to show in this chapter that daunting does 
not mean impossible within a realistic framework of research efforts and time span.  

  6.2     THE FURAN HETEROCYCLE AND SOME OF ITS CHEMICAL FEATURES 

 Furan ( 1 ), a volatile colourless liquid with an aromatic scent, is one of the major representatives of the fi ve-member
unsaturated heterocycle family, which also includes pyrrole ( 2 ) and thiophene ( 3 ), as well as several other less 
widespread homologues.

O
(1)

N

H
(2)

S
(3)

 Molecular orbital calculations provide the following set of resonance-contributing structures for the furan 
heterocycle:

O O O O

(1) (1a) (1b) (1c)
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 In furan chemistry, substitution reactions, such as alkylation, halogenation, sulphonation and nitration, occur 
regioselectively at C2 and/or C5 when these positions are not substituted, suggesting that  1a  is the dominant res-
onance structure. Compared with its classical homologues 2  and  3 , furan displays the lowest aromatic and the 
highest dienic character, as illustrated in  Scheme 6.1    which also gives the two limiting structures of benzene and 
cyclopentadiene, respectively. 

 This predominant dienic character represents a peculiar chemical feature that bears important mechanistic con-
sequences in both organic chemistry and more especially here, in original approaches to macromolecular synthe-
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 Scheme 6.1           
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sis. Probably the most exemplary of these consequences is the ease with which furan and some of its derivatives 
undergo the Diels–Alder (DA) reaction as dienes. Of all cycloadditions, this is perhaps the most emblematic 
because of its widespread use in organic syntheses involving a large combination of dienes and dienophiles  [6] . It 
is not excessive to assert that the DA reaction between furan and maleic anhydride represents the very symbol of 
this reversible interaction, as found in many organic chemistry textbooks. 

 The following examples of DA cyclizations ( Schemes 6.2–6.4       ) illustrate schematically the formation of the 
corresponding adducts using either a mono- or a bis-dienophile and emphasize the reversibility of these reactions 
which is promoted by an increase in temperature. 

 The extension of these mechanisms to DA reagents bearing multiple functionalities opens the way to various 
original approaches to polymer syntheses as discussed below. 

 The pronounced regioselectivity of the electrophilic substitution at the unsubstituted C2 and C5 positions (see 
 Scheme 6.5   ), can also be exploited for building interesting macromolecular architectures by cationic polymeriza-
tion as illustrated in Section 6.5.2. 
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 Another peculiar feature of the furan heterocycle has to do with its behaviour in the presence of free radicals. 
The addition of primary radicals occurs predominantly at C2 or C5, with a kinetic preference for the unsubstituted 
position. The resulting furan radicals differ in structure ( Scheme 6.6   ), but display a common sluggishness towards 
propagation with further furanic substrate molecules because of their relatively good stabilization. The two major 
reaction pathways open to these intermediates are therefore either coupling with other primary radicals (or among 
themselves) to give various mono- and di-dihydrofurans ( Scheme 6.7   ) or homolytic aromatic substitution resulting 
in the corresponding novel furan structure ( Scheme 6.8   )  [4d, 7] . 

 The fact that the typical furyl radicals in  Scheme 6.6  are unable to propagate in the classical mode of free rad-
ical polymerization because of their resonance stabilization, has profound consequences in terms of the reactivity 
of furan monomers in this type of polymerization and the role of furan derivatives as possible perturbing agents in 
free radical chain reactions in general. These specifi c aspects will be illustrated below. 

 The sensitivity of the furan ring to acid-catalyzed hydrolysis must fi nally be mentioned as one of its typical 
chemical features. Its intervention in the context of this monograph must be seen as an undesired event to be 
avoided, or at least minimized, since its mechanism leads to the destruction of the heterocycle with the formation 
of aliphatic carbonyl compounds, as illustrated in the simplifi ed  Scheme 6.9   . It is therefore clear that any poly-
merization system requiring the preservation of the furan or cognate structures in the fi nal product would be 
marred by side reactions caused by the presence of moisture in an acidic medium. Curiously, the acid-catalyzed 
hydrolysis of 2,5-dimethyfuran in a water–ethanol medium shows self-oscillating features  [8] .

  6.3     FURFURAL AND HYDROXYMETHYLFURFURAL 

 Furfural or 2-furancarboxyaldehyde ( F ) was fi rst obtained in the early nineteenth century and became an indus-
trial commodity about a century later, to reach an industrial production today of some 280 000 tons per year 
 [9] . It can be readily and economically prepared from a vast array of agricultural and forestry wastes containing 
pentoses (see Chapter 13) in suffi cient amounts to justify a commercial exploitation. Examples of these renew-
able resources are corn cobs, oat and rice hulls, sugarcane bagasse, cotton seeds, olive husks and stones, as well 
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as wood chips. This lack of specifi city explains why  F  is produced industrially all over the globe, irrespect ive 
of the geo-economic context, simply because virtually every country cultivates a species containing pentoses.
Yields up to about 15 per cent of  F  with respect to dry matter are obtained from processes which always involve 
an aqueous acidic medium and fairly high temperature  [10] . The reaction sequence leading to  F  fi rst goes through 
the hydrolysis of the polymeric pentoses down to the corresponding monosaccharide (aldopentose), which is 
then dehydrated progressively and fi nally cyclized to give  F  (from xylose), and in much smaller proportions, 
5-methylfurfural ( MF ) (from rhamnose) as shown in  Scheme 6.10   .  F  and  MF  are then separated by distillation. 
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 At the current market price of about $1 per kg  [9] ,  F  is a viable chemical commodity, both as such and as a pre-
cursor to other furan and non-furan derivatives. 

 Hydroxymethylfurfural or 2-hydoxymethyl-5-furancarboxyaldehyde ( HMF ) represents the other major fi rst 
generation furan derivative whose synthesis is carried out from hexoses in the form of the corresponding mono, 
oligo and polysaccharides through a sequential mechanism entirely equivalent to that shown in  Scheme 6.10 , but 
ending with HMF . This process has been the object of much laboratory and technological research without reach-
ing yet beyond the stage of pilot plants  [4e, 11] . Recent promising novel approaches  [12]  suggest that the indus-
trial production of HMF  could soon become a reality. Given the high sensitivity of this compound to resinifi cation 
induced by acidic impurities and other agents, it seems likely that its commercialization might involve its prelim-
inary transformation into the corresponding dialdehyde (2,5-furancarboxydialdehyde,  FCDA ) or diacid (2,5-
furandicarboxylic acid, FDCA ).
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 These two basic furan derivatives obtained directly from cheap vegetable resources fi nd important uses as 
chemical precursors in a variety of industrial and fi ne chemical processes which are well documented  [4e, 11, 13] .
Only those leading to furan monomers and to other compounds which can be exploited in polymer synthesis will 
be examined further hereafter.  

  6.4     FURAN MONOMERS 

F  and  MF  are typical precursors to furan monomers bearing a moiety which can be polymerized by chain-
reaction mechanisms.  Scheme 6.11    provides a non-exhaustive array of entries into such structures, which have all 
been synthesized, characterized and polymerized  [4] . A major exception to this general postulate is constituted by 
furfuryl alcohol (2-hydroxymethylfuran,  FA ), which is in fact still today the most important commercially availa-
ble furan compound, obtained by the catalytic reduction of F  involving more than 80 per cent of its world produc-
tion. FA  is widely used as a polycondensation monomer and does not therefore belong to the class of compounds 
shown in  Scheme 6.11 . 

HMF  on the other hand, is ideally suited as a precursor to bifunctional furan monomers to be used in step 
growth reactions as shown in  Scheme 6.12    which includes  FDCA  and  FCDA . Again, all these compounds were 
synthesized and used to prepare the corresponding polycondensates, like polyesters, polyamides, polyurethanes, 
etc [4] . 

 Another approach to the synthesis of bifunctional monomers which has also been widely explored, calls upon 
the acid-catalyzed condensation of the corresponding monofunctional furan derivatives with an aldehyde or a 
ketone, as shown in  Scheme 6.13     [4] . 

 These difuranic monomers were also the object of detailed polycondensation studies, as discussed below. 
 All the monomer structures shown in  Schemes 6.11–6.13  are in fact the furan counterparts of the typical 

aliphatic and aromatic monomers that have been synthesized from petrochemical precursors and widely studied 
since the beginning of last century. In other words, the only original characters of these novel families is, on the 
one hand the fact that they all bear one or several furan heterocycles and, on the other hand, the fact that they all 
derive from precursors which are based on vegetable renewable resources. 
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 Whereas the monomers shown in  Scheme 6.11  are specifi cally suited for chain polymerization reactions through 
the moieties external to the ring and thus give rise to polymers or copolymers with the heterocycle pendant to their 
backbone, the monomers shown in  Schemes 6.12 and 6.13  give rise to polycondensate architectures in which the 
heterocycle is an integral part of the backbone.  

  6.5     POLYMERS FROM CHAIN REACTIONS 

 The monomers appearing in  Scheme 6.11  are all susceptible to polymerize via chain reactions but, according to 
their specifi c structure, their actual response to different types of initiation varies considerably. The organization of 
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this section follows therefore the nature of the polymerization mechanism, viz. via free radical, cationic, anionic 
and stereospecifi c initiation. 

  6.5.1     Free radical polymerization 

 Given the mechanistic considerations related to the reaction of furans with free radicals (see  Schemes 6.6–6.8 ), it 
follows that among the monomer structures shown in  Scheme 6.11 , two limiting behaviours were to be expected, as 
indeed confi rmed experimentally. On the one hand, furan monomers bearing an alkenyl moiety deprived of any sta-
bilizing environment after its transformation into a free radical are not expected to polymerize to any sensible extent 
because the preferred free radical structure would be that involving the much more stable furyl moiety. This was 
indeed the behaviour observed with 2-vinyl furoate  [4d, 7] . On the other hand, a pronounced stabilization of the alke-
nyl moiety by an adequate structure, in fact higher than that of the alternative furyl radical, would favour the normal 
chain growth, which was exactly what happened with furfuryl acrylates and methacrylates  [4d] , although, even with 
these monomers, chain branching and crosslinking were found to occur in modest amounts at high conversions  [14] , 
indicating that some furyl radicals were indeed formed by the attack of primary or macromolecular radicals onto the 
rings pendant to the formed polymer chains. Intermediate situations were also studied, notably with 2-vinyl furan  [4d] . 

 Copolymerization systems involving the combination of a furan monomer and a conventional counterpart, con-
fi rmed this general state of affairs in that only the use of polymerizable furan monomers yielded the expected 
copolymers. Conversely, comonomers like 2-vinyl furoate either retarded the homopolymerization of well-stabilized
standard monomers like methacrylates, or actually inhibited the polymerization of poorly stabilized conventional 
monomers like vinyl acetate  [4d, 7] . 

 In conclusion, although only a modest number of furan monomers responded adequately to free radical initi-
ation, interesting fallout related to the peculiar behaviour of the furan heterocycle in this chemical environment was
its exploitation in the synthesis of novel inhibitors based on the generic formula  4 . The trapping of a free radical 
X
  by such molecules produces the corresponding highly stabilized Structure  5 , in which the unpaired electron is 
delocalized over the entire conjugated moiety. This family of compounds displayed a very high effi ciency in stop-
ping free radical based reactions like polymerizations, photochemical processes and oxidations, indeed higher than 
that of most conventional inhibitors  [4d, 7] . 
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 A recent extension of this inhibiting strategy  [15]  was applied in the context of the free radical functionalization 
of polypropylene during its processing in the melt. Furanacrylic derivatives bearing the basic Fu��CH��CH�C��O
moiety, as in Structure  4 , were found to reduce considerably the extent of polymer degradation produced by the 
free radical chain reactions arising when the typical maleic anhydride/peroxide pair is used without an inhibitor. 

 Although furan and its methylated homologues do not polymerize by free radical initiation for the reasons dis-
cussed above, their DA adducts as well as their 1:1 charge transfer complexes with maleic anhydride are sensitive 
to this type of activation and give polymers with different structural units and molecular weights in the region of a 
few thousand  [4d] . The properties of these materials have not been the subject of any published study, and hence 
their possible applications cannot be assessed. Recently, difurylmethane was also copolymerized with maleic 
anhydride to give a branched alternating copolymer  [16] .

  6.5.2     Cationic polymerization 

 Furan and its methylated homologues undergo cationic polymerization initiated by both Lewis and Brønsted acids, 
but the fact that the ensuing branched products (DP � 50–300) bear complex and irreproducible structures, made 
up of both dihydro- and tetrahydro-furan rings  [4a, 4d] , casts serious doubts about their interest as materials. 
Claims related to the synthesis of regular macromolecular structures with these monomers were not substantiated 
by convincing spectroscopic evidence. 
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 2-Alkenylfurans are readily activated by even the mildest cationic initiators because of their pronounced 
 nucleophilic character. A comprehensive study of these systems involved the four homologues 2-vinylfuran ( VF ), 
2-vinyl-5-methylfuran ( MVF ), 2-isopropenylfuran ( IPF ) and 2-isopropenyl-5-methylfuran ( MIPF ) and various 
Lewis and Brønsted acids (mostly trifl uoroacetic acid)  [4d] . 

O O

VF MVF

O O

IPF MIPF

 The choice of these monomers was dictated by preliminary results which showed that  VF  gave polymers bear-
ing different units, which suggested the occurrence of two types of side reactions accompanying the expected 
propagation through the vinyl unsaturation. On the one hand, an active species could add onto a monomer mol-
ecule through an alkylation reaction at C5 (occurring through both normal and anti-Markovnikoff substitutions), 
instead of incorporating it through the normal vinyl growth. This was to generate Structure  6 . To verify this pos-
sibility,  MVF  was tested and indeed the monomer sequence of the ensuing polymer followed the expected regular 
enchainment through the vinyl moiety. 
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 On the other hand, both poly( VF ) and poly( MVF ) were found to contain conjugated unsaturated sequences, 
formed during the polymerization, but also after complete conversion (giving rise to electronic spectra with 
bathochromically shifting maxima, all the way into the visible), thus suggesting that the monomer was not 
involved in the mechanism of their generation. The possibility of hydride/proton losses through reactions between 
terminally unsaturated polymer molecule and an active species ( Scheme 6.14   ) was confi rmed by the fact that  IPF
produced macromolecules deprived of polyunsaturations, although of course these polymers bore the units testify-
ing to the occurrence of C5 alkylation. 
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 Both side reactions could therefore be eliminated by calling upon  MIPF , which gave the regular Structure  7 , 
with DPs close to 100, when polymerized at low temperature to reduce the impact of chain-transfer reactions.   

O

n
n � 100

(7)

 An interesting exploitation of the complicated behaviour of  VF  in cationic polymerization consisted in pushing the 
anomalous reactions to the extreme by using very strong initiators like trifl ic acid in relatively high concentrations within 
the bulk monomer and leaving the mixture to stand at room temperature well beyond the complete monomer consump-
tion. These conditions led to black insoluble products because the extent of conjugated sequences had been maximized 
and the branching associated with alkylation reactions had been allowed to form a polymer network. These materials 
displayed a very high proton affi nity (up to 60       meq       g � 1 ) in organic media, promoted by the strong nucleophilic character 
of the long conjugated sequences and could be used as proton exchange resins, since they could be easily regenerated by 
an alkali treatment  [4d, 17] . This process has also been applied to prepare silica particles covered with the  VF  resin  [18] . 

 Other furan monomers which polymerize cationically include 2-furfuryl vinyl ether, 2-vinyl furoate (albeit 
through a polyalkylation mechanism giving a polyester incorporating the ring into the polymer backbone),  F  and 
MF  as co-monomers in conjunction with substituted styrenes and vinyl ethers, as well as 2-furfurylidene methyl 
ketone (obtained by the base-catalyzed condensation of  F  with acetone) and its homologues  [4d] . 

 In a different vein, the high reactivity of the furan heterocycle towards electrophilic substitution at its C2 and 
C5 positions has been exploited in cationic polymerization to prepare functional oligomers and block copolymers. 
Thus, in the polymerization of isobutene, 2-methylfuran plays the role of dominant transfer agent with respect to the 
monomer transfer reaction and gives oligomers bearing a furan end group, which can be appropriately modifi ed, for 
example by the DA reaction  [4a] . An extension of this concept uses bifuran derivatives to play the role of joining
moiety by allowing two successive alkylation reactions arising from the sequential cationic polymerization of two 
different monomers, thus producing the corresponding block copolymers  [4a] . This original strategy, developed
and patented some 20 years ago  [4a, 19] , was recently revived in a couple of laboratories, without any appreciable 
qualitative novelty  [20, 21] . Of course, this strategy can also be applied to insert grafts onto a trunk polymer bearing
pendant furan moieties with free C5 positions. In this case, the cationic polymerization of the future graft is conducted
in the presence of the trunk so that grafting-onto takes place.  

  6.5.3     Anionic polymerization 

 The preparation of 2-furyl lithium as an intermediate in organic synthesis is a routine operation. However, sodium 
naphthalene does not give 2-furyl sodium with furan, but only a resinous product, and sodium was reported to react 
with furan at 4       K to give the radical anion  8 , which again generates a mixture of unidentifi ed oligomeric products  [4d] .

OH

H H

H

(8)

 2-Alkenylfurans do not polymerize under the effect of conventional anionic initiators and the only system which 
produced a modest yield of polymer (regular structure, DP  �  100) involved  VF  with sodium biphenyl in HMTP at 
room temperature  [4d] . Monomer conversions higher than about 10 per cent could not be attained, despite a thor-
ough study of the relevant reaction conditions. 

 2-Furyloxirane ( FO ) is very prone to anionic initiation through the opening of the epoxide ring, even with such 
mild nucleophiles as alcohols, and gives the corresponding polyether  [4d, 4e] . Whereas conventional initiators like 
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tBuOK induced both the �  and the  �  opening of the ring and gave therefore irregular polymer structures in terms 
of both monomer enchainment and stereospecifi city, Al(iPrO) 3  acted regiospecifi cally at the  �  position and pro-
duced regular macromolecules with appreciable tacticity ( 9 ), as revealed by  13 C NMR spectroscopy  [4d] .   

n

O

O

(9)

 The fact that alcohols are suffi ciently nucleophilic to initiate the anionic polymerization of  FO  (a unique feature, 
not shared by other epoxides, including styrene oxide), provides a useful way of preparing block, star and graft 
copolymers from, respectively, diols, polyols and OH-bearing polymers such as cellulose and poly(vinyl alcohol). 
The FO  blocks and grafts however, are oligomeric in size, because transfer reactions limit their growth  [4d] . 

 Another interesting and unique peculiarity related to the behaviour of this monomer is its reactivity towards 
traces of moisture, without any catalyst. This spontaneous ring opening generates the corresponding diol, which in 
turn initiates the polymerization of the excess  FO , as shown in  Scheme 6.15   . In other words,  FO  polymerizes in 
the presence of traces of water!  [4d] . 

 Furan isocyanates  FI, MFI, FMI  and  MFMI  were found to give mixtures of polymers ( Scheme 6.16   ) and 
cyclic trimers ( Scheme 6.17   ) when activated with classical anionic initiators like  n BuLi and sodium naphthalene, 
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whereas NaCN, the classical promoter of aliphatic isocyanate polymerization, failed to polymerize them, probably 
because the cyanide anion interacted preferentially with the furan heterocycle. Solvent of low polarity favoured the 
formation of polymers, as opposed to polar media, which induced predominantly the formation of the correspond-
ing cyclic trimers  [4a] . 

 Other monomers which were found to respond positively to anionic polymerization were the 2-furfurylidene 
ketones, which gave phantom polymers following a propagation mechanism involving the isomerization of the 
active species before each addition step  [4d, 4e] .

  6.5.4     Stereospecifi c polymerization 

 Apart from the partial tacticity of the poly FO  prepared with Al(iPrO) 3  mentioned in the preceding section, no 
other report of the synthesis of a stereoregular furan polymer has appeared to the best of our knowledge. Numerous 
attempts to prepare such structures from 2-alkenylfurans using a variety of catalytic combinations failed  [4d] . This 
aspect deserves more attention, because there are no obvious reasons that would exclude  a priori  the possibility of 
synthesizing stereoregular (and crystallizable) poly(alkenylfuran)s.   

  6.6     POLYMERS FROM STEP-GROWTH REACTIONS 

 Before examining the behaviour of the monomers in  Schemes 6.12 and 6.13 , it is important to summarize the 
major aspects related to the polycondensation of F  and  FA , since these processes provide interesting materials, 
despite their complexity and the irregular nature of the ensuing resins. 

  6.6.1     The resinifi cation of furfural 

F  is seldom employed on its own as a monomer, mostly because the resinous products it produces under the 
effect of heat and/or acid catalysis are blackish crosslinked materials of little practical interest  [4a, 4d] . Some of 
the mechanistic features of these systems have however been elucidated  [4d, 22] . Interestingly, the liquid-phase 
 photoirradiation of  F   [4d]  produced linear oligomers whose basic structure suggested condensation reactions, but 
no intervention of free radicals, viz.  Scheme 6.18   . 

 The condensation products of  F  with acetone constitute interesting precursors to resins which have found appli-
cations as adhesives, corrosion-resistant coatings and fl oors for the chemical industry  [4a, 4c, 4d] . Numerous other 
monomer combinations involving  F  have been exploited to prepare materials for different uses  [4a, 4c, 4d]  and 
recent additions to these studies include chelate polymers for the adsorption of metal ions [23] , nanocomposites 
incorporating Fe 2 O 3   [24] , an investigation of the reductive electrochemical polymerization of  F  in acetonitrile  [25]
and the anticorrosion protection offered by the ensuing polymer  [26] . 
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 Finally, a considerable amount of work has been devoted to the development of wood adhesives consisting of 
resins in which furfural is used in conjunction with phenol and formaldehyde or in which furfural-based diamines 
and diisocyanates were the basic components  [27, 28] . 

 Notwithstanding these and other contributions, the role of  F  as a monomer or comonomer is unlikely to acquire 
a major impact in polymer technology, as compared to  FA , which has a decisive part to play, as discussed in the 
next section.  

  6.6.2     The self-condensation of furfuryl alcohol 

FA  is the dominant furan commodity on the market precisely because it has provided for decades, and is still pro-
viding today, a number of processes and resins, which fulfi l precise and outstanding performances in various tech-
nological areas. These systems and materials represent as yet by far the most important industrial issues related to 
furan-based polymers. 

 First the chemistry will be discussed. The intricate set of reactions that compose the acid-catalyzed and the 
polycondensation of FA  constitute the most attentively searched puzzle in the realm of furan polymers because of 
striking contradictions between an expectedly straightforward macromolecular growth and a surprisingly complex 
behaviour. Given the by-now well-argumented reactivity of the furan ring in terms of its regiospecifi c electrophilic 
substitution at C5, the predominant reaction characterizing the self-condensation of FA  should lead to a linear 
poly(2,5-furylmethylene), that is a linear colourless thermoplastic material, following the overall  Scheme 6.19   , 
even allowing for some head-to-head condensations giving occasional �CH2�O�CH2� bridges. 
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 The reality with all such systems, independent of the specifi c experimental conditions (strength and concentra-
tion of the acid, temperature, type of solvent used, if any), is qualitatively different to such a degree that it has 
 puzzled chemists for decades. In fact, although the expected self-condensation reaction shown in  Scheme 6.19 
does indeed represent the basic growth mechanism, other important events intervene to modify drastically the 
polymer structure, to the point that the actual product is crosslinked and deeply coloured  [4c, 4d] . 

 It was only 20 years ago that the details of the two reactions responsible for these structural anomalies, which 
alter in a fundamental way the properties of polyFA, were unravelled, thanks to a systematic investigation involv-
ing the use of several model compounds  . Whereas the details of this study can be found in the original publication, 
suffi ce it to give here a brief account of the essential issues. The colour build-up is mechanistically similar to that 
observed in the cationic polymerization of 2-vinylfuran and stems from the ease of hydride loss associated with a 
C�H bond in which the carbon atom is directly linked to the furan heterocycle (here to two of them, which makes 
much more likely). The driving force is of course the stabilization of the ensuing carbenium ion, which can sub-
sequently readily induce a proton loss giving a neutral unsaturated moiety. The repetition of this cycle generates 
conjugated sequences, as shown in  Scheme 6.20   . 
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 It is only after the formation of some of these unsaturated moieties and of the accompanying ��CH� sites 
linking a furan ring to an exounsaturated 2,5-dihydrofuran counterpart, that the polymer chains begin to couple 
through a DA mechanism ( Scheme 6.21   ) and this leads to their eventual crosslinking. 

 Given the ineluctable fact that both  ‘ side ’  reactions are intrinsic to the very nature of the -2,5-Fu�CH2� unit 
formed in the initial FA  self-condensation oligomers, no obvious way to avoid, or indeed minimize them, has yet 
been found. 

 Despite these inevitable drawbacks,  FA -based resins have found numerous useful applications, which have not 
ceased to multiply. The classical uses of these resins  [4c, 4d, 27] , for some of which they are practically irreplace-
able, include metal casting cores and moulds, corrosion-resistant coatings, polymer concretes, wood adhesives 
and binders, sand consolidation and well plugging, low fl ammability and low smoke release materials and carbon-
aceous products including graphitic electrodes and carbon micro-particles. Recent additions to this wide catalogue 
of applications relate to novel polymer concretes  [29] , wood preservation  [30]  and stabilization  [31] , lignocellu-
losic fi bre surface treatment  [32]  and also high-tech materials like micro- and meso-porous carbon, carbon- silica
 [33]  and PFA-silica materials  [34] , nanostructured and nanocomposite carbons  [35]  and Nafi on-PFA  [36]  and 
sol–gel-based nanocomposites [37] . 

 The future of  FA  as a cheap precursor to a variety of useful materials appears therefore to refl ect a growing 
exploitation in traditional as well as state-of-the-art technologies. Additionally, as pointed out in various subse-
quent sections, FA  is fi nding other novel utilizations as precursor to multifunctional furan monomers.  

  6.6.3     Polyesters 

 The pioneering work carried out in Moore ’ s laboratory in the 1970s and 1980s represents the fi rst systematic approach 
to furan polyesters (after numerous isolated and rather qualitative publications on the topic), which were prepared from 
2,5-furandicarboxylic derivatives in conjunction with aliphatic, furanic and tetrahydrofuranic diols as well as with bisphe-
nol A  [4d, 4e] . In the same period, the furan hydroxyacid  10  was polymerized to give both linear and cyclic oligomers
at relatively low temperatures, but its condensation with ethylene glycol produced black intractable resins  [4d, 38] .
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 The synthesis of polyesters based on various furan diacids derivatives and dianhydrosugar diols  [4d, 39]  were 
reported in the context of biomass-derived polymers with biodegradable properties, but regrettably these studies 
were not pursued. 

 A series of studies based on the combination of the difuran–dicarboxylic derivatives  11  and a wide choice of 
diols 12  were undertaken recently using all the classical procedures for the synthesis of polyesters  13 , namely 
transesterifi cation, condensation between the acid chloride moiety and the OH function and direct condensation. 
This comprehensive investigation included the structural characterization of all the polymers obtained, the deter-
mination of their molecular weight and molecular weight distribution, as well as of the thermal transitions and 
stability. From this broad set of results, interesting structure properties relationships could be drawn  [4e] .
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 Thus, for example, the glass transition temperature varied considerably as a function of both the nature of the 
groups appended on the carbon atom joining the two furan rings in  11  and the structure of the diol  12,  in particular 
when going from aliphatic to aromatic homologues. 

 In another vein, the polytransesterifi cation of monomer 14 , readily obtained from  HMF , yielded the interesting 
material 15  because of the photosensitivity of the -2,5-Fu�CO�CH��CH� moiety (see Section 6.7.2) which 
reacted by coupling with another such moiety (statistically belonging to another polyester chain), thus ultimately 
providing a rigid crosslinked product. Copolymers based on  14  and aliphatic hydroxyesters were also prepared 
and the ensuing crosslinked materials displayed glass transition temperatures well below room temperature and 
were therefore elastomers [40] . 
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 It is well known that fully aromatic polyesters are intractable materials in terms of processing because they are 
sparingly soluble even in very polar solvents and they start degrading before reaching their melting temperature. 
The replacement of up to 50 per cent of the aromatic dicarboxylic moieties by 2,5-furan counterparts was shown 
to reduce Tm correspondingly and make these copolyesters more apt to be processed, while keeping the required 
mechanical properties [4d] . 

 Two recent additions to the topic of furan-based polyesters include macromolecular structures synthesized from 
2,5-bis(hydroxymethyl)furan and various natural dicarboxylic acids such as succinic, fumaric and maleic acid  [41]
and the ring-closing depolymerization of polyesters 13   [42] . 

 Curiously, to the best of our knowledge, no detailed study is available on the synthesis of the polyester arising from 
2,5-furan dicarboxylic acid in combination with ethylene glycol, viz. the exact counterpart of PET which is by 
far the most widespread commercial polyester. The obvious interest of comparing the performances of the two 
polymers stems from the possibility of proposing a novel material, alternative to PET, based on a diacid readily 
available from the oxidation of  HMF  (a classical example of a compound derived from renewable resources as 
discussed above in Section 6.3). This void is presently being fulfi lled in ongoing research carried out at Aveiro 
University.  
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  6.6.4     Polyamides 

 As with furan polyesters, following a number of isolated and rather qualitative studies, a real scientifi c inter-
est in furan-based polyamides began in the 1980s with a thorough study carried out in Moore ’ s laboratory  [43]
which called upon the use of 2,5-furan dicarboxylic monomers in conjunction with aliphatic diamines. These new 
 ‘ nylons ’  were however not inspected in terms of molecular weight, crystallinity or physical properties. 

 A series of furan-aromatic polyamides were prepared at a later date using the then novel technique called  ‘ direct 
condensation ’ , which was applied to the polycondensation of both 2,5- and 3,4-dicarboxylic acids with a number 
of aromatic diamines  [4d, 4e] . All these polymers were thoroughly characterized and showed regular structures, 
high molecular weights and interesting crystallization and thermal properties, thus indicating that a novel class 
of material similar to aramides could be prepared using the furan diacid instead of the corresponding aromatic 
monomer. In particular, the polyamide  16 , arising from the simple combination of the 2,5-furan diacid (readily 
prepared by the oxidation of HMF ) with 1,4-phenylene diamine, displayed properties entirely comparable to those 
of the homologous Kevlar. These included a remarkable thermal stability, up to 400°C, very pronounced mechani-
cal properties and lyotropic liquid crystal behaviour. 
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 The corresponding all-furan polyamides  17–19 , obtained with 2,5- and 3,4-bis(furfuryl) amines, were also pre-
pared and characterized but gave disappointing properties particularly in terms of thermal stability because of the 
lability of the hydrogen atoms in the methylene groups attached to the amine-derived furan rings.  
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 Recently, a systematic study has been undertaken dealing with the synthesis and characterization of a 
wide spectrum of furan polyamides 20  which simulate the structures of polyesters  13  since they were prepared 
using monomers 11  and a large choice of both aliphatic and aromatic diamines including furan homologues 
 [4e, 44] .

 Again, different synthetic procedures were applied in order to optimize both polymer yields and molecu-
lar weights and very instructive relationships could be drawn from the multiplicity of the ensuing macromol-
ecular structures.  Figure 6.1    shows the  1 H-NMR spectrum of polyamide  20a  and  Fig. 6.2    the DSC tracing of 
 polyamide  20b .
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 Figure 6.2        DSC tracing of polyamide  20b , reported in Reference  [44a] . (Reproduced by permission of Elsevier. 
Copyright 2004. Reprinted from Reference  [44a] ).    
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 Figure 6.1     1 H-NMR spectrum of polyamide  20a , reported in Reference  [44a] . (Reproduced by permission of the 
Elsevier. Copyright 2004. Reprinted from Reference  [44a] ).    
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 A peculiar route to a unique furan polyamide was applied to  N -hydroxymethylfuramide prepared  in situ  from 
2-furamide and an excess of formaldehyde, which gave rise to polymer  21  by an acid-catalyzed polycondensation 
mechanism involving the C5 electrophilic substitution of the heterocycle  [4e] .
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  6.6.5     Polyurethanes 

 Once more, the interest in furan-based polyurethanes was scanty before a very thorough approach to the issue was 
carried out by us in the 1990s  [4d, 4e] . This investigation involved the synthesis of both model compounds and new 
monomers bearing isocyanate functions, the study of the kinetics of their condensation reactions with alcohols and 
diols, the preparation and characterization of model mono- and di-urethanes and fi nally the actual systematic synthesis 
of a whole spectrum of polyurethanes. These polymers bore the furan ring in the main chain ( e.g. 22 ) and/or as pen-
dant moieties ( e.g. 23 ). The heterocycles arose from either the diisocyanate monomer, or the diol, or from both. Other 
moieties incorporated in these linear polyurethanes included aliphatic ( e.g. 24 ,  25 ) and aromatic ( e.g. 23 ) structures.
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 This comprehensive study showed fi rst of all that the use of both types of furan monomers did not entail 
the occurrence of any unwanted side reaction, since all the polymers displayed a perfectly regular structure, as 
assessed by FTIR and NMR spectroscopy. 
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 The second observation has to do with the very pronounced reactivity of furan isocyanates towards alcohols, 
higher than that of aromatic counterparts, even when the NCO group is separated from the heterocycle by a meth-
ylene spacer. This was so dramatic that in fact 2,5-furandiisocyanate could not be of any practical use because of 
its excessive nervousness. 

 The most relevant outcome here has to do of course with the structure–property relationships gathered from 
this investigation which gave clear-cut information about Tg, Tm and the corresponding extent of crystallization, 
thermal stability, mechanical properties and phase separation phenomena associated with a series of thermoplastic 
elastomers, like  26 , prepared together with all the other linear materials. 
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  6.6.6     Other polymers 

 Among the numerous furan polymers derived from polycondensation involving systems other than polyesters, 
polyamides or polyurethanes, the most relevant materials include: 
●      polyschiff bases prepared from 2,5-furandicarboxaldehyde (readily obtained from the controlled oxidation 

of HMF ) and aromatic diamines ( e.g. 27 ) and similar systems, including co-polyschiff bases incorporating 
fl exible oligoether segments  [4d, 4e] ;
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●    polyethers following a single study of the phase-transfer condensation of 2,5-bis(hydroxymethyl) furan with 
various dibenzylic halides  [4d] ;

●      polyhydrazides formed from furan 2,5-dihrazides and diacid chlorides ( e.g. 28 ) and the corresponding poly-
1,3,4-polyoxadiazoles arising from their dehydration ( e.g. 29 )  [4e, 45] ;      
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●      polyamide-imides synthesized in solution from aromatic dianhydrides and 2-furoic acid dihydrazides 
(e.g. 30 )  [46] ; 
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●      polyureas ( e.g. 31 ) and poly(parabanic acid)s ( e.g. 32 ) obtained, respectively, from difuran diamines and 

aliphatic diisocyanates and the subsequent heterocyclization with oxalyl chloride  [47] ; 
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●      quasi-spiro polyacetals ( e.g. 33 ) arising from the polycondensation of 2,5-furandicarboxaldehyde with pen-
taerithritol  [4d, 4e] ;
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●      polybenzoxazines prepared from furan-containing benzoxazines by temperature-driven ring opening leading 
to crosslinked structures, as shown in  Scheme 6.22     [48] .

  6.7     CONJUGATED OLIGOMERS AND POLYMERS 

 The growing interest in conjugated macromolecular structures, associated with their possible high-tech appli-
cations, as in opto-electronic devices, has spurred a large variety of materials based on aliphatic, aromatic and 
heterocyclic  [49]  moieties linked in various modes. The possibility of introducing the furan heterocycle in these 
polymers has obviously retained the attention of specialists, particularly in view of the success of related structures 
based on thiophene and pyrrole. These studies can be divided into two types of approaches, namely polymers and 
copolymers synthesized using furan itself (or 2-alkylfurans) and polymers bearing 2,5-furylvinylene moieties. 

  6.7.1     Polyfuran 

 Despite numerous attempts at synthesizing the ideal polymer  34   [4d, 49, 50]  the preparation of polyfuran has not 
been a clear-cut issue in terms of structural assessment and material performance. 
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 Whether by chemical or electro-chemical means, the expected structure has eluded chemists for some 25 years 
because what is in fact obtained is a material which suggests the existence of extensive conjugation by its blackish 
colour, but whose macromolecular architecture is much more irregular and complicated than the linear chain  34 , 
notwithstanding some claims related to a thorough structural elucidation. It follows that what all these authors hap-
pily call ‘ polyfuran ’  is true to its name only because it is obtained by polymerizing furan, albeit through insofar
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 Figure 6.3        Solvatochromic studies of poly(1,4-(2,3-di-( S )-2-methylbutoxyphenylene)- alt -2,5-furan) in different sol-
vents: (a) UV–vis measurements; (b) CD measurements, reported in Reference  [53b] . (Reproduced by permission of the 
American Chemical Society. Copyright 2002. Reprinted from Reference  [53b] ).    

obscure mechanisms. This state of affairs is refl ected by the fact that these materials have not achieved any of the 
success that the homologous polypyrrole and polythiophene have enjoyed. 

 The insertion of furan moieties within the macromolecular structure composed mostly of other conjugated 
units, like homologous heterocycles  [51] , substituted anilines  [52]  or aromatic rings  [53] , has been much more 
successful in terms of structure regularity. Among these, mixed furan–thiophene oligomers have been prepared 
and thoroughly characterized [54] .  Figure 6.3    shows the UV-vis and the circular dichroism features of one of these 
conjugated structures in solvent mixtures. 

 A recent addition to this rather modest fi eld, consists in preparing polyfuran composites with both inorganic and 
carbon nanoparticles [55] .

  6.7.2     Poly(2,5-furylene vinylene) 

 The success of poly(1,4-phenylene vinylene) ( PPV ) and its derivatives was accompanied by studies aimed at pre-
paring similar structures in which the aromatic ring was substituted by a heteroaromatic counterpart  [56] . The 
furan homologue was fi rst prepared using a synthetic process which simulated that of  PPV , but in those studies 
more emphasis was placed on the characterization of the reactive intermediates rather than on the fi nal polymer 
 [4d, 56] .
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 A radically different approach was developed in later years which gave the possibility of building stepwise the 
units of poly(2,5-furylene vinylene) ( PFV ) from the dimer  35  to polymers  36  with DPs reaching about 100 and 
to isolate well-defi ned pure oligomers  [4e, 57] . This synthesis is based on the base-catalyzed self-condensation 
of MF  through a mechanism which only allows the reaction between the terminal aldehyde group of the growing 
macromolecule with the methyl group of the  monomer , as shown in  Scheme 6.23   .
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 The electrical conductivity of  36  was close to 1       S       cm � 1  at room temperature. Its brittle consistency made it 
diffi cult to process fi lms from it but, thanks to the terminal aldehyde group, block copolymers could readily be 
prepared by reacting these monofunctional conjugated polymers with mono- or di-functional polyethers bearing 
terminal primary amino groups and possessing very low glass transition temperatures. The ensuing internally plas-
tifi ed materials were readily soluble in common solvents, and thus easily processable  [4d] . 

 In a more specifi c study, pure individual oligomers with DPs ranging from 2 to 5 and oligomeric mixtures with 
DPs of 6 to 10 were synthesized and thoroughly characterized in terms of their structure and electronic spectra 
before and after protonation  [4d, 57] . This investigation also involved the preparation of the thiophene analogues 
as well as furan–thiophene mixed oligomers. All these compounds were found to display a pronounced photolumi-
nescent behaviour  [57]  and the wavelength of the emitted radiation increased with their DP, enabling to cover the 
entire visible spectrum. This feature is illustrated in  Fig. 6.4    for the specifi c case of the oligo(furylene vinylene) 
series.
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 Figure 6.4        Photoluminescence of oligo(furylene vinylene)s of different lengths  [57b]  (see colour plate section). 
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 Dimer  35  was found to possess a straightforward single photo-chemical pathway which led to its dimeriza-
tion when it was irradiated with near UV light, as shown in  Scheme 6.24     [4d, 58] . Later studies showed that this 
behaviour was indeed common to molecules bearing the general Fu�CH��CH��C��O chromophore [58] . 

 This photo-chemical feature was exploited in a number of investigations dealing with the possibility of prepar-
ing photocrosslinkable polymers. Thus poly(vinyl alcohol) was modifi ed by condensing dimer  35  with two of its 
OH groups, which appended the furan chromophores by forming acetal moieties. The ensuing polymer 37 , with 
as little as 5 per cent photosensitive units, readily crosslinked in a few minutes under the irradiation of a stand-
ard medium-pressure mercury lamp [59] . In another application, Schiff bases were prepared between dimer  35
and mono-, di- and tri-functional Jeffamines. Following irradiation of these photosensitive oligomers, macrodim-
ers, linear polymers and crosslinked structures were obtained, respectively, through the coupling of the terminal 
chromophores. These materials displayed interesting properties as polymer electrolytes [60] . A recent addition to 
this strategy called upon the introduction of the same furan chromophores as infrequent side groups to the chitosan 
backbone, together with grafted oligo(ethylene oxide) branches. The ensuing material had excellent fi lm-forming 
aptitudes and was of course also a very good iron conductor because of the abundant polyether grafts and when 
irradiated, it crosslinked to give dimensionally stable thin fi lms  [61] . 
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 Whereas all the above materials bore the photosensitive moiety as side or end groups, the unsaturated polyester 
15  and its copolymers were characterized by the presence of a similar chromophore as part of the main polymer 
chain. This internal placement did not hinder its photo reactivity  [62] , since these materials readily crosslinked 
upon irradiation [40] . 
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 It is worth noting that all these latter examples of materials whose key feature calls upon a specifi c behaviour 
of furan moieties, require modest contributions from these heterocycles in terms of its quantitative presence in the 
macromolecules. This situation is similar to that described in Section 6.5.2, in which furan derivatives were used 
to modify the end groups of some polymers or to synthesize block copolymers by cationic polymerization. In both 
instances, therefore, it is not the dominant presence of the heterocycle that determines the specifi c properties of the 
fi nal materials (as in the case of polymers and copolymers bearing furan monomer units), but instead the fact that 
a small or even minute percentage of these structures introduces an original mechanistic feature, associated with 
the peculiar chemistry of the heterocycle, which transforms the behaviour and properties of the fi nal material. This 
crucial point will be met again in the context of the application of the DA reaction in Section 6.8. 

 Cyclic oligomers bearing some resemblance to the open-ended  PVF s, were recently reported, albeit in very small 
yields, from the reaction of furan with perfl uorobenzaldehyde  [63] . Their absorption spectra, centred between 500 
and 600       nm, refl ected a substantial degree of conjugation. 

  6.8     THE APPLICATION OF THE DA REACTION TO FURAN POLYMERS 

 The strategies which make use of the DA reaction to prepare original polymers are discussed here with specifi c 
reference to the diene–dienophile combination consisting of a furan and a maleimide ring, respectively. We fi rst 
reviewed this topic a decade ago  [4d]  and returned to it very recently  [64] . However, the growing interest in 
 developing novel functional materials using this approach justifi es a brief treatment here with up-to-date contri-
butions. The other interesting application of DA adducts in macromolecular synthesis calls upon their ring open-
ing metathesis polymerization (ROMP), which has been reviewed previously by us  [4d]  and, because it has not 
received further attention since that critical coverage, will not be dealt with here. 

 Before tackling the aspects related to reversible macromolecular structures, a recent study on surfactants 
deserves a brief mention here because of its originality, albeit outside the realm of polymer materials. The idea 
consists in preparing amphiphilic structures in which the hydrophilic moiety is separated from the hydrophobic 
one by a DC adduct [65] . The surfactant displays its expected activity in aqueous media until the temperature is 
raised close to their boiling point, where it decomposes by the retro-DA reaction, thus generating two surface-
inactive fragments. Because of the very low concentration of these fragments, associated with the classical values 
of surfactant utilization, the kinetics of recombination of the two fragments to regenerate the original structure 
is far too low to envisage such an event. The application of this principle falls into the broader area, very topical 
today, of degradable surfactants. Thus, surfactant  38  was synthesized and its thermo-reversible character tested, as 
shown in  Fig. 6.5   , which represents the  1 H-NMR spectra of  38  after solid state heating at different temperatures. 
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 Figure 6.5     1 H-NMR spectra of  38  after solid state heating for 30       min for (a) 25°C, (b) 105°C, (c) 120°C and (d) 125°C, 
reported in Reference  [65]  (Reproduced by permission of American Chemical Society. Copyright 2005. Reprinted from 
Reference  [65] ). 
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 Figure 6.6    represents the changes in dynamic surface tension (operated in an equilibrium mode) for 20       mM aque-
ous solutions of anionic surfactants  39  and  40 , as a function of time at 95°C and measured at 26°C. The dashed 
line represents the surface tension value of water at 25°C (72.1       mN       m –1 ). 
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 Figure 6.6        Changes in the dynamic surface tension of aqueous solutions of  39  and  40 , as a function of time at 95°C, 
reported in Reference  [65]  (Reproduced by permission of the American Chemical Society. Copyright 2005. Reprinted 
from Reference  [65] ).    
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  6.8.1     Linear step-growth polymerization 

 The vast majority of systems falling within this category are based on the use of a bismaleimide and a difuran 
derivative, viz. a classical linear polycondensation of the A-A � B-B type. Since this synthetic challenge was fi rst 
tackled some 20 years ago  [4d, 64] , numerous investigations have been published with different monomer combin-
ations and with different approaches both in terms of the experimental conditions used for the polymer synthesis 
and the characterization and purpose of the ensuing materials  [4d, 64] . 

 Among the most thorough studies of these systems, Kuramoto  et al.   [66]  were the fi rst to carry out 
both the polymerization and the thermal depolymerization of the ensuing DA polyadduct as shown in  Scheme 6.25   . 

 A few years later, Brand and Klapper  [67]  paid closer attention to the reversibility of this linear polycondensa-
tion using NMR spectroscopy and viscosity measurements, also applied to model compounds. This fi ne piece of 
research represents, in our view, the best example of how to approach these complex systems, an example which 
has not been followed systematically in subsequent studies. 

 As a rule, the molecular weights obtained in these syntheses are not particularly high because, on the one hand, 
the use of relatively elevated temperatures shifts the equilibrium in favour of a growing contribution of the retro-
DA reaction (viz. depolymerization) and on the other, polymers tend to lose their solubility as their DP increases, 
thus precipitating out of the reaction medium. 

 The interest in synthesizing thermoplastic polymers made up of DA adduct units, bridged by moieties bearing 
different fl exible or rigid structures, can vary from one investigation to another. The reversible character associated 
with the DA reaction is of course one of the primary motives for these studies because it opens the way to prepar-
ing materials which can be thermally depolymerized (in the case of furan–maleimide adducts just above 100°C) in 
view of their ablation and/or recycling. Conversely, in other applications, the polymer structure obtained in these 
syntheses should be preserved even at high temperatures and, in that case, the chemical modifi cation of the adduct 
to render it thermally stable, becomes indispensable. The aromatization of the DA adduct through a catalyzed 
dehydration reaction ( Scheme 6.26   ) is a typical solution to this requirement. 

 The use of a single A-B monomer bearing both the furan and the maleimide ring represents an interesting alter-
native to this type of polymer synthesis because, as in all polycondensation reactions, this approach ensures the 
ideal initial stoichiometry. One such monomer ( 41 ) was prepared, characterized and polymerized, [68] but the sin-
gle methylene bridge joining the two complementary DA rings made the structure susceptible to degradation, that 

O
O

O
O

O
O

� n N

O

O

O
O

O

O

O

O

n

n

N

O

O

O

N

O

N

O

O

 Scheme 6.25            



Monomers, Polymers and Composites from Renewable Resources, M.N. Belgacem & A. Gandini 145

is 41  turned out to be diffi cult to handle. Work is in progress in the Aveiro laboratory to prepare more manageable 
structures of this type. 

N

O

O

O

(41)

 The only other study of this nature known to us describes the synthesis of two other A-B monomers  [64]  as well 
as their solution and bulk polymerization, but the proposed mechanism for their chain growth is unclear. The aim 
of this investigation was to prepare thermally stable materials and therefore the DA adducts in the polymers were 
aromatized by dehydration with acetic anhydride. 

  6.8.2     Networks and dendrimers 

 The extension of these DA-based polymerizations to multi-functional furan and/or maleimide monomers naturally 
leads to crosslinked materials, whose original feature is related to the fact that they can be readily decrosslinked 
by a simple thermal treatment. Since the fi rst report of a mendable material based on this principle, but applied 
in cycles  [69] , several similar studies have appeared in the literature  [64]  including interesting applications in the 
realm of thermally removable foams  [64]  and adhesives  [64] . It seems likely that such a simple and useful strategy 
will continue to draw attention for the preparation of novel intelligent materials. 

 Another approach leading to non-linear macromolecular structures incorporating DA adducts has been put for-
ward recently in the form of thermally reversible dendrimers  [64, 70] . This interesting piece of research describes 
aromatic ether architectures joined by DA adducts and reaching up to the third generation. The backward mechan-
ism, based on the retro-DA reaction progressively reduced this structure to lower generations.  

  6.8.3     Reversible crosslinking of linear polymers 

 Perhaps the most active area within the broader scope discussed here, refers to the preparation of linear polymers 
bearing pendant furan or maleimide moieties and their DA-based crosslinking with the complementary bi-functional 
reagent, viz. a bismaleimide or difuran compound, respectively  [64] . The obvious reason for the growing interest in 
these materials relates to the possibility of recycling them after a simple thermal treatment capable of reverting their 
structure to the original linear thermoplastic architecture. The fi rst example of this strategy which immediately comes 
to mind, is the possibility of recycling tyres, a major industrial and ecological issue yet to be solved. 

 After the pioneering study that Stevens and Jenkins published in 1979  [71] , a real interest in this topic started 
only more than 10 years later with a series of studies aimed at testing the feasibility of the reversible pathway  [64] . 

 The best approach to this type of system included an original concept based on the necessity of trapping the 
difunctional molecule liberated during the retro-DA undoing of the crosslinked polymer in order to avoid a sub-
sequent reconstruction of the network upon cooling  [64] . This was successfully achieved by introducing in the 
decrosslinking medium an excess of mono-functional DA reagent ( e.g.  2-methylfuran in the case of the liberation 
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of a bismaleimide and N -methylmaleimide when a difuran compound is liberated). In this way, styrene-type  [72]
and acrylic [73]  copolymers with pendant furan moieties, as well as silicone structures bearing pendant maleim-
ide groups [73] , were fi rst crosslinked with a bismaleimide and a difuran derivative, respectively. Subsequently, 
these networks were suspended in appropriate media containing the monofunctional trapping molecule and heated 
at refl ux just above 100°C, whereby the original linear copolymers were progressively regenerated as shown by 
the corresponding solubilization of the material. Thus, the DA/retro-DA mechanism reached a full cycle with the 
complete recovery of the starting thermoplastic copolymers even after their solution was cooled down to room 
temperature. An example of this cycle is shown in  Scheme 6.27     [73] . 
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 Several experimental observations  [64]  have shown that the retro-DA reaction becomes kinetically relevant in 
this context at about 100°C and virtually negligible below about 70°C. 

 In the past few years, the application of these principles has acquired an enhanced relevance, as refl ected by the 
numerous publications, which have appeared since our latest review  [64] , both with linear  [74]  and crosslinked 
 [75]  structures.   

  6.9     MISCELLANEOUS DENDRIMERS 

 Two recent papers on furan-containing dendrimers have been added to the original work based on the DA reaction 
discussed in Section 6.8.2. The fi rst describes the formation of star polymers induced by the cyclotrimerization 
of furan derivatives bearing aliphatic aldehyde functions attached at the 2 and 5 ring positions  [76] . This hyper-
branched structure was therefore generated by the formation of trifunctional acetal moieties, as shown in  42 , and 
should therefore be readily hydrolyzed making the whole process reversible, although this latter aspect was not 
pointed out by the authors.  
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 The other approach was based on the acid-catalyzed coupling between a phenolic group and the C5 position of the 
furan ring  [77]  which gave rise to the second generation dendrimer,  43 . This approach gave rise to the preparation
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of novel molecular resists based on fi rst generation dendrimers incorporating furan moieties. Figure 6.7    shows the 
SEM micrograph of the resist fi lm formulated with  44 . 

 A novel hybrid dendritic copolymer bearing conjugated photosensitive furan rings was also prepared with the 
aim of developing crosslinkable polymer electrolytes  [78] .
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 Figure 6.7        SEM image of negative-tone line and space patterns for the resist fi lm formulated with  44 , reported in 
Reference  [77]  (Reproduced by permission of Wiley-VCH Verlag GmbH  &  Co. KGaA. Copyright 2006. Reprinted from 
Reference  [77] ).    
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  6.10    THE AGING OF FURAN POLYMERS 

 By far the most fragile structures in furan polymers are a tertiary C�H bond attached to one or more heterocycles 
and a secondary C�H bond attached to two rings. This high lability arises from the fact that, independent of the 
specifi c nature of the living H species, namely a proton, a hydride ion or a hydrogen atom, the intermediate struc-
ture that will be left is strongly stabilized by the adjacent heterocycle thanks to its dienic character. In other words, 
whether this intermediate is a carbanion, a carbenium ion or a free radical, the charge or the unpaired electron will 
be delocalized over the neighbouring furan ring(s). 

 The ease with which this mechanism occurs has already been emphasized when discussing the side reactions 
associated with the cationic polymerization of 2-vinylfurans (Section 6.5.2) and with the self-condensation of fur-
furyl alcohol (Section 6.6.2). However, its negative impact is also found, albeit with slower rates, in isolated furan 
polymers which possess the culprit C�H moiety as in the case of poly(2-vinylfuran) which slowly develops an 
insoluble fraction caused by the free radical mechanism shown in  Scheme 6.28   . These reactions are also respon-
sible for the colour that is often associated with furan polymers. 
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 Secondary C�H bonds attached to a single furan ring do not display such a pronounced lability, as shown by 
polymers like furfuryl acrylates which do not suffer substantial aging. 

 It must be emphasized that the presence of carbonyl groups attached to furan rings represents on the contrary an 
element of stabilization in furan polymers. Thus, for example, furan polyesters and polyamides are white and do 
not suffer any structural modifi cation over very long periods of time.  

  6.11     CONCLUSIONS 

 This condensed survey of how furan monomers and furan chemistry can benefi t polymer science hopefully pro-
vides two major refl ections. The fi rst has to do with the fact that it is possible in principle to build a comprehensive 
new family of macromolecular materials in which some, if not all, of the precursors are derived from renewable 
resources. In other words, there is no intrinsic limit to the variety of furan monomers that can be synthesized from 
F ,  HMF  and their homologues and hence no limit to the polymers and copolymers that they can generate. This 
constitutes an encouraging potential in terms of the possibility of gradually replacing fossil-derived monomers and 
polymers by this alternative family. 

 The second refl ection concerns a more qualitative aspect, namely the fact that some peculiarities associated with 
the chemistry of the furan heterocycle can be put to the advantage of preparing materials with specifi c functional 
properties, otherwise diffi cult to realize. Ample evidence of these unique features is provided in this chapter. 

 As with other domains dealt with in this book, the road ahead is much longer than what has been achieved up 
to now in the general endeavour to make polymers from renewable resources. Whether the competition with the 
existing materials derived from dwindling resources will be successful or not depends almost entirely on the very 
concrete issue of the extent of fi nancial sponsoring these novel research initiatives will receive.  
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                                          Surfactants from Renewable Sources:

Synthesis and Applications 

   Thierry   Benvegnu  ,     Daniel   Plusquellec   and     Lo ï c   Lemi è gre      

  ABSTRACT 

 The development of surfactants based on natural renewable resources is a concept that is gaining recog-
nition from the detergent and cosmetic industries. This new class of biocompatible and biodegradable 
surfactants should be a response to the increasing consumer demand for products that are both greener 
and more powerful. The present chapter reviews the major contributions to the synthesis and character-
ization of amphiphilic molecules derived from natural oils and fats (lipophilic moiety) and incorporating 
sugar-, polyol- or ionic-type residues as the polar headgroups. It covers various aspects of their synthesis, 
industrial production, applications and regulations. 

  Keywords  

 Surfactants, Renewable resources, Carbohydrates, Polyols, Oils, Fats, Cationic emulsifi ers, Gemini, 
Bolaamphiphiles synthesis, Surface properties, Applications 

  7.1    INTRODUCTION 

 Surfactants are one of the most representative chemical commodities, not only in terms of quantity, but also in 
view of the great variety of applications in household, industry and agriculture areas  [1] . These   ‘  surface-active 
agents ’  have in common the same basic molecular structure – a hydrophilic moiety (polar head group) attached to 
a hydrophobic backbone (alkyl chain) ( Fig. 7.1   ) – and these two parts provide a compound with interfacial activity 
and give rise to a wide range of surface chemistry functions: wetting, emulsifying, softening, solubilizing, foam-
ing/defoaming, rheology-modifying, detergency and surface conditioning. 

 The current world wide production of surfactants amounts to around 12.5 million tons with a growth rate of 
500 000       t per year. About 60 per cent of the surfactant production is used in household detergents, 30 per cent in 
industrial and technical applications (as antistatic agents, lubricants and levelling agents, example for textile produc-
tion, as fl otation agents, for example in mining, oil production and wastewater treatment and as emulsifi ers in the 
food industry, in road constructions and for the production of dies, coatings and plastics), 7 per cent in industrial and 
institutional cleaning and 6 per cent in personal care. The surfactant consumption is expected to grow at an average
annual rate of 2 per cent in North America, to 3.7 million tons in 2010, and by 1.5 per cent in Western Europe, 
to about 2.5 million tons over the same period. Growth rates are expected to be higher in developing markets, 
with 3.3 per cent per year predicted for Latin America and 4.2 per cent per year for Asia over the 2000–2010 
period  [2] . 
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 Surfactant molecules can be broadly divided into four groups, according to their electrical charge in water solu-
tion. These groups are anionic (negative charge), cationic (positive charge), non-ionic (no charge), or amphoteric 
(the molecules contain both positive and negative charges). The anionic surfactants are the   ‘  traditional  ’   ones to 
which belong, among others, common soaps and they are still the commercially most important. Non-ionic coun-
terparts constitute a smaller group, but are the fastest growing, whereas the other two groups are comparatively 
small on the market. Properties of surfactants are additionally governed by the alkyl chain length of their hydro-
phobic part: wetting agents (C 8 –C 10 ), detergents (C 12 –C 16 ), emulsifi ers and softeners (C 18 –C 22 ). 

 Surfactants can be derived from both petrochemical feedstock and renewable resources (plant and animal oils, 
microorganisms). They were originally made from renewable resources like fats and oils, whereas today, the major-
ity is of petrochemical origin. But things may slowly be beginning to turn back. The current pressure to move away 
from non-renewable petroleum feedstocks and towards plants as raw materials has led to considerable effort to 
develop surfactants from oleochemical feedstocks or other vegetable sources. Many recently developed surfactants 
are an attempt to satisfy the modern consumers ’  desire for products to be  ‘   more natural  ’  . Like most plant-based 
products, surfactants derived from renewable raw materials (RRMs) are characterized by their positive impact on 
the environment, biodegradability, low or non-toxicity and innocuousness for human health. In addition, the use of 
renewables in surfactant production can contribute to save fossil resources, such as crude oil and natural gas, and to 
the reduction of fossil carbon dioxide emissions (CO 2 ) and hence could be part of a strategy to mitigate the green-
house effect. There is a good chance that the use of biomass could contribute to these goals, because the quantity 
of carbon dioxide originated from biomass is equivalent to the amount which was previously withdrawn from the 
atmosphere during its growth. Finally, the natural origin of these surfactant molecules is a signifi cant communica-
tion and marketing asset. 

 These features, in conjunction with the rising consumer interest for agricultural products, have driven a strong 
progression in plant-based surfactants. The European market in surfactants represented in 2002 a volume of approxi-
mately 2.5 million tons, of which around 25 per cent came from plants. The stakes are thus high for a truly renew-
able alternative in this sector, and could represent several thousand hectares of crops, knowing that it takes around 
60 000 hectares of cropland to produce 100 000 tons of vegetable-based surfactants. 

 Among surfactants based on renewable chemicals, some are made entirely with RRM (e.g. they are 100 per 
cent natural), whereas others possess only a hydrophobic portion based on RRM (hemipetrochemicals). Vegetable 
oils furnish fatty chains (acids, alcohols, amines, esters) with a carbon chain length comprised between either 
8 and 18 (saturated caprylic, capric, lauric, myristic, palmitic and stearic chains from tropical coconut, palm or 
palm kernel oils) or 18 and 22 (unsaturated oleic, linoleic, and linolenic chains from European rapeseed and sun-
fl ower oils). In this chapter, we will focus on the synthesis and applications of surfactants from entirely natural 
and renewable resources. We will fi rst study carbohydrate-based surfactants that are gaining more and more rec-
ognition from a number of industries ranging from agrochemicals to personal care products and food. We will 
also discuss (poly)glycerol ester-type surfactants derived entirely from oleochemicals that contribute to increase 
the value of the major secondary product of oleochemistry (i.e. glycerol). Following that, we will present recent 
research on biodegradable cationic emulsifi ers for road industry or cosmetics. In all of these surfactants, the 
basic structure is that of a single (or multiple) lipophilic tail carrying a single hydrophilic head group as most 
surfactant development has been confi ned to this arrangement. However, a more radical approach is to use one 
or two lipophiles and two hydrophiles in the same molecule. These structures, known as bolaamphiphile (or 
bolas) and Gemini (or dimeric) surfactants ( Fig. 7.1 ), will be described in the last part of the chapter. As a con-
clusion, we will fi nally analyse the perspectives for RRM surfactants in the context of new regulatory policies 
(notably REACH).  

Alkyl-chain

Monopolar
surfactant

Polar-head
group

Bolaamphiphile

Gemini surfactant

 Figure 7.1        Schematic representation of mono and bipolar surfactants.    
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  7.2    CARBOHYDRATE-BASED SURFACTANTS 

 Carbohydrate-based surfactants are the fi nal result of a product concept that is based on the greatest possible use 
of renewable resources. Whereas the derivatization of fats and oils to produce a variety of different surfactants for 
a broad range of applications has a long tradition and is well established, the production of surfactants based on 
fats, oils, and carbohydrates on a larger industrial scale is relatively new. Considering the amphiphilic structure of 
a typical surfactant with a hydrophilic head group and a hydrophobic tail, it has always been a challenge to attach 
a carbohydrate molecule as a perfect polar head, due to its numerous hydroxyl groups, to a fat and oil derivative 
such as a fatty acid or a fatty alcohol. Sugar surfactants have several rather fl exible properties. Furthermore, sugar 
esters and alkyl glycosides are generally non-toxic and non-cumulative. Their properties are temperature insen-
sitive, in contrast to the likewise non-ionic alkyl-PEG surfactants  [3] . Although scientists have reported numer-
ous ways of making ester or glycosidic linkages and also described a large number of different carbohydrates 
used in such reactions, it is clear from an industrial perspective that only a few carbohydrates fulfi l the criteria of 
price, quality, and availability to be interesting raw materials. These include sucrose from sugar beet or sugar-cane 
(0.3 €/kg; worldwide production 120 000 000       t per year), glucose derived from starches (0.6 €/kg; worldwide pro-
duction 5 000 000       t per year), sorbitol as the hydrogenated glucose derivatives (0.7 € per kg; worldwide production 
900 000       t per year), lactose from mammalian milk (0.6 € per kg; worldwide production 295 000       t per year), and 
possibly pentoses (wheat straw, wheat bran) and uronic acids (beet pulps, citrus peels or algae). The prices given 
are intended as a benchmark, rather than a basis of negotiations between producers and customers. Quotations for 
less pure products are, in part, sizably lower, and thus may readily be used for large-scale preparative purposes. 

  7.2.1     Sucrose esters 

 Of all the natural sugars used as renewable sources of raw materials, sucrose  1  is produced by almost every green 
plant and is therefore widespread in nature. With an annual production of 120 000 000 tons, it represents the world ’ s 
most abundantly produced organic compound; moreover, sucrose is available at very low cost that is,    0.3 € per kg 
and at a very high level of purity. Large volume markets of surfactants represent therefore an obvious target for 
sucrose. 

 A prerequisite for transforming sucrose into non-ionic surfactants is the introduction of a long alkyl or acyl 
chain at one of its eight hydroxyls. Sucrose acid esters, more commonly known as sucrose esters or sucroesters, 
fi t the requirements for green chemistry development because they are both biodegradable and can be produced 
from cheap, renewable and widely available resources: cane or beets sucrose and fat or oil triglycerides. Most of 
sucroesters are odourless and tasteless, or slightly bitter, allowing them to fi nd applications both in food and per-
sonal care products. 

 Sucrose is a non-reducing disaccharide composed of a  � -d-glucopyranosyl unit bonded to the anomeric carbon 
of a � - d -fructofuranoside ( Fig. 7.2   ). The acid lability of the glycosidic linkage, coupled with the insolubility of 
sucrose in most common organic solvents, limits its chemical reactions. 

 The original preparation of sucrose esters of fatty acids involves the transesterifi cation of a triglyceride molecule 
with sucrose in the presence of a basic catalyst at 90°C in N , N -dimethylformamide (DMF) as solvent ( Fig. 7.3   )  [4] . 
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 Figure 7.2        Common representation of the chemical formula of sucrose and its intramolecular hydrogen bonds in its 
crystallized form.    
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DMF was later replaced by dimethylsulphoxide (DMSO), a less expensive and less toxic solvent. The reaction prod-
uct contains more than 50 per cent of monoesters, di- and higher esters, unreacted sucrose and di- and triglycerides. 

 Fatty acid methyl esters are currently used in transesterifi cation reactions with sucrose. The formation of metha-
nol, which can be distilled off, drives the esterifi cation process in favour of the sucrose ester and improves yields. 
A solvent-less process using a slurry of sucrose and potassium carbonate in fatty acid methyl ester or triglyceride 
oil at 130°C has been developed more recently  [5] . 

 These procedures are commonly used to produce sucrose esters such as stearates, tallowates, oleates, palmi-
tates, myristates and laurates that are actually complex product mixtures containing 70 per cent of monoester and 
30 per cent of di-, tri- and poly-esters. Global production of sucroesters is estimated at 5 000      t per year . 

 The demand for such compounds and therefore their market value, could still increase substantially if the reac-
tion processes, especially for the synthesis of well-defi ned products, can be further optimized. 

 The selective monoacylation of free sucrose encounters regioisomer problems owing to (i) rather similar reactivi-
ties of the eight hydroxyl groups and (ii) easy intramolecular migrations of acyl groups in the unprotected derivatives. 
The eight hydroxyl groups, numbered as shown in  Fig. 7.2 , include (i) three primary hydroxyls at carbons 6, 6 �   and at 
neopentylic carbon 1 � ; (ii) fi ve secondary hydroxyls at carbons 2,3,4, 3 �   and 4 �  . Theoretically, the reaction of sucrose 
with one molar equivalent of acylating reagent may therefore provide eight possible regioisomeric monoesters. 
Nevertheless, regioselective chemical modifi cations of the free substrate have already been proposed  [6]. 

 In modifying sucrose for the preparation of sucrose esters, great attention must be focused on the structure, the 
conformation of sucrose in solution, the reaction conditions (solvent, electrophilic reagent, catalysis, temperature, 
etc.) and the purifi cation procedures of the reaction product. 

 Indeed, the solution conformation of sucrose is surmized to depend on the nature of the solvent and therefore 
the disruption of one or both of the intramolecular hydrogen bonds that are present in the crystal structure. For 
aprotic polar solvents such as DMSO and DMF, the occurrence of two conformations with competitive intramo-
lecular hydrogen bonds was suggested, namely 2-O •  •  • HO-1�   and 2-O •  •  • HO-3�  , the equilibrium being in favour of 
the former ( Fig. 7.4   )  [7] . 

 The conformation of sucrose in water is more controversial, but it is now generally accepted that there are no 
direct intramolecular hydrogen bonds between the glucose and the fructose moieties. However, some data reveal 
the existence of indirect ones, an interresidue waterbridge linking the glucose-2- O  with the fructosyl-1- O . The 
linkage geometry in aqueous solution closely resembles that found in the crystal and in polar aprotic solvents  [7a].  
Chemists have to keep in mind the possible connections between the structure of sucrose and the relative reactivi-
ties of its different hydroxyls. 
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 Acylation of the least hindered 6 and 6 �   hydroxyl groups can be achieved in low to moderate yields using excep-
tionally mild reaction conditions or the 6-position can be acylated with bulky acid chlorides that is,    pivaloyl chlor-
ide  [8].  In a different approach, the application of the Mitsunobu reaction allowed Bottle and Jenkins  [9]  to prepare 
bulky oxophosphonium intermediates at the primary 6 and/or 6 �   -positions. A substitution reaction by palmitate led 
to the 6- O -palmitoyl sucrose ( Fig. 7.5   ). Interestingly, the 6-position appeared to be more reactive than the 6 �  ; but, 
nevertheless, the 6-6 �  -dipalmitate could be synthesized by using a 2.6 molar equivalent of palmitic acid. However, 
the neopentylic-like 1 � -position is considerably more hindered in such a substitution process. 

 An interesting approach to the regioselective synthesis of 6- O -acyl sucrose involves the use of sucrose dibutyls-
tannyl-acetal intermediate  4  ( Fig. 7.6   ). This acetal reacted with fatty anhydrides in DMF at room temperature giv-
ing, in all cases, the single product 6- O -acyl sucrose  5   [10] . In order to avoid the production of toxic tin by-products,
our own contribution was based on a quite different one-pot strategy and made possible the acylation of free sucrose 
with N -acyl-thiazolidine-2-thiones  6  in DMF and in the presence of 1,8-diazabicyclo(5.4.0)-undec-7-ene (DBU). 
Long chain 6- O -acyl sucroses were isolated in 60 per cent yields  [11] . Compounds  5  could also be easily obtained 
by the quantitative intramolecular isomerizations of 2- O -acyl sucroses (vide supra) in the presence of DBU in DMF 
at room temperature. 

 The preferential reaction of the 6-hydroxyl group of sucrose with  N -acyl-thiazolidine-2-thiones  6  in the presence 
of DBU is noteworthy. Indeed, we have also shown that regioselectivity was enhanced towards 6 � -O -acylsucroses
8  ( i.e.  acylation of the fructosyl moiety) when a weaker base, such as 1,4-diazabicyclo(2.2.2)octane 
(DABCO), was used. Best results are obtained with 3-acyl-5-methyl-1,3,4-thiadiazol-2(3       H)-thiones  7  in DMF at low 
temperature [12] . Such conditions give predominantly 6 � -O -acylsucroses  8  along with 6- O - and 1 �   - O -acylates,  
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5  and  9  respectively ( Fig. 7.7   ). To make the purifi cation of esters  8  easier, we predicted that  Candida cylindracea
lipase (CCL) could deacylate the by-products as indeed verifi ed for the elimination of esters  5  from the crude 
mixtures.

 In order to rationalize these data, one can assume that DABCO acts as a weak base (when compared with DBU) 
as well as a nucleophilic catalyst. DABCO deprotonates therefore the more acidic hydroxyls of sucrose, the more 
nucleophilic alkoxides  (i.e.  C-2 and C-6 �   hydroxyls) that are intramolecularly hydrogen bonded ( Fig. 7.4 )  [6b].  
On the other hand, reagents 7  could easily lead with DABCO to bulky loose ion pairs which preferably acylate the 
less hindered alkoxide, that is to say the C6  �  . 

 Regioselective base activation of the more acidic hydroxyl group to the more nucleophilic alkoxide may there-
fore be considered as a powerful entry into well-defi ned derivatives of sucrose. As indicated earlier, 2-oxygen of 
sucrose is involved in an intramolecular or an indirect hydrogen bond. The direct consequence on the acidity of the
OH group, and therefore on the nucleophilicity of the resulting 2-oxyanion, may be expected. We anticipated that 
the gradual addition of a base into a solution containing unprotected sucrose and a suitable acylating reagent that 
did not react on the base, would activate the 2-OH group to a more nucleophilic alkoxide. Indeed, when NaH 
(catalytic amount) was added to a solution of sucrose and 3-lauroylthiazolidine-2-thione  6  (R � C11 H 23 ) in pyrid-
ine or DMF, the reaction mixture gave a 70 per cent yield of 2- O -lauroylsucrose  [8] . This procedure was extended 
to a variety of fatty acid derivatives and was further successfully used to prepare 6- O -acylsucroses through the 
controlled intramolecular isomerization with DBU ( Fig. 7.8   )  [11] . 

 The use of hydrolytic enzymes in organic solvents represents an alternative approach for the regioselective syn-
thesis of sucroesters. Of particular interest are vinyl esters of fatty acids which are used to drive the esterifi cation 
process to completion through tautomerization of the enol by-product to the corresponding aldehyde ( Fig. 7.9   ). 
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Thus, 6- O -lauroyl(pamitoyl)sucroses were obtained in 70–80 per cent yields by performing the transesterifi cation 
in a mixture of tert -amyl alcohol and DMSO in the presence of lipase from  Humicola lanuginose   [13] . 

 Proteases can also catalyse the esterifi cation of carbohydrates. Thus 1 �   - O -butyl sucrose was prepared from 
sucrose and trichloroethyl butyrate with subtilisin in anhydrous DMF  [14] . This strategy has been extended to 
commercially available insoluble crosslinked forms of subtilisin to prepare regiospecifi cally 1 �  - O -acylsucroses 
from fatty acids and vinyl esters in high yields  [15] . 

 A judicious choice of electrophilic reagent, catalyst and/or reaction medium is a requirement for a regioselective 
synthesis of well defi ned sucrose esters. Three main processes are observed: secondary 2-OH selective reactions 
based on electronic factors; primary OH groups, that is,   6-OH and/or 6 �   -OH selective reactions based on steric hin-
drance and 1 � -OH selective reaction based on protease catalysis. These reactions open new routes to sucrose esters 
as products of commercial signifi cance or as intermediates in sugar chemistry. As an example, the placement of a 
protective ester group at the 6-position of the glycopyranoyl moiety and the subsequent chlorination and cleavage of 
the ester group provide high intensity, non-metabolizable sweeteners  [16] . 

 Sucrose esters of fatty acids having 12 or more carbon atoms display surface active properties. Most of them 
are odourless and tasteless (or slightly bitter) allowing them to fi nd applications both in food and personal care 
products [17].   Sucroesters were approved and freely permitted in Japan for use as food additives in 1959 for both 
their emulsifying ability and their heat stability. In addition, they are well known to protect food proteins from 
thermal denaturation and inhibit the growth of  Escherichia coli  and other bacteria. 

 Covering a wide hydrophilic – lipophilic – balance (HLB) range, monoesters can be used to stabilize  ‘   oil-in-
water ’ emulsions, whereas higher esters give more lipophilic surfactants which can stabilize   ‘  water-in-oil  ’   emulsions. 

 The surface activity of some well defi ned monoesters of sucrose  [10]  and their self-organizing properties  [18]  
have been described recently revealing exceptionally low critical micellar concentration (CMC) values and ori-
ginal self-organizing arrangements, respectively. The physical, chemical and biological properties of most pure 
derivatives still need to be evaluated and their scale up to be developed for other important applications in the 
cosmetic and pharmaceutical industries that require pure compounds. 

 Additional disaccharidic esters such as lactose and lactitol esters with varying alkyl chain lengths were reported in 
the literature ( Fig. 7.10   )  [19].  These derivatives behave similarly to sucrose esters with the same hydrocarbon chain 
length, although they have a tendency towards closer packing at the air–water interface for the open chain type. 

  7.2.2     Alkyl polyglycosides and analogues 

 The sugar surfactants of choice for industries such as agrochemicals and detergents are not the sucrose esters, which 
are often considered to be rather too expensive, but another set of sugar surfactants, the so-called alkyl glucosides 
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(AGs) or alkyl polyglycosides (APG – a registered trademark of Henkel). APG consumption represents a world mar-
ket of 100 000       t per year, including 50 000 tons for Europe, and is growing fast. Marketed originally in the late 1970s, 
they are produced today mainly by Cognis (capacity of 50  000       t per year), SEPPIC, Kao, Zeneca, Union carbide 
and BASF. APGs consist of fatty alcohols mainly obtained from coconut or palm kernel oil (C 12–14  fatty alcohols) 
and palm or rapeseed oil (C 16–18  fatty alcohols) as the hydrophobic part (also from petrochemicals), and glucose 
obtained from corn starch, wheat or potatoes, as the hydrophilic part, their hydrophilicity varying through the degree 
of oligomerization ( Fig. 7.11   ). APG are complex mixtures of isomers characterized by a polysaccharide unit varying 
between 1 and 6 (commercially available APG have an average degree of polymerization between 1.3 and 1.6). 

 The industrial production of APG requires at least three manufacturing operations. The fi rst stage is the acid-
catalyzed condensation (acetalization) between glucose and an aliphatic alcohol ( Fig. 7.12   ). 

 There are currently two acetalization methods that are used industrially: (1) the direct acetalization con-
sists of condensing glucose and an alcohol directly in a solvent-free reaction (Fischer glycosidation); (2) the 
transacetalization requires the preliminary synthesis of a butylpolyglucoside (carried out without solvent and 
catalyzed by an acid) which then reacts with an aliphatic alcohol. The transacetalization has the advantage of 
using cheap sources of glucose such as glucose syrup or starch, whereas direct acetalization, although sim-
pler, requires more expensive anhydrous glucose. Whatever the method of acetalization used, the resulting APG 
is always obtained in the form of a complex mixture. The diversity of products formed can be explained partly 
because of the various possibilities of isomerization (furanoside, e.g. fi ve-membered cycle or pyranoside, e.g.
six-membered cycle, forms) and anomerization ( �  and  � ) known to occur with sugars under acidic conditions, the 
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pyranoside forms ( � 90 per cent) and alpha anomers ( � 65 per cent) being dominant. Next, the condensa-
tion between glucose and monoglucosides leads to polymerization giving alkyl polyglucosides. Monoglucosides 
have four hydroxyl groups that are liable to be acetalized, but for stereoisomeric reasons, the 1 →  4 and 1 → 6
bonds are favoured. A reduction of reaction products can be achieved by varying some parameters during the 
acetalization step, such as temperature, pressure, type of catalyst and alcohol quantity. The second manufacturing
stage consists in stopping the acetalization reaction by neutralising the acid catalyst. As the acetalization 
reaction requires an excess of alcohol, the third stage consists in the elimination of this excess by distillation. 
In some cases, additional refi ning steps are envisaged comprising APG bleaching and microbial stabilization 
( Fig. 7.13   ). 

 Polyglycosides with a short alkyl chain (C 8 –C 10 ) are readily water-soluble and applicable for a wide range of sur-
factants from mild furniture-care products to industrial cleaning agents; those with a medium chain length (C 12 –C 14 ) 
show a strong synergistic effect in combination with other surfactants, and are suitable for detergents, all-purpose
cleaners, shampoos and cleansing cosmetics. The long-chain homologues (C 16 –C 18 ), insoluble in water, fi nd 
applications in cosmetic creams because of their good oil/water emulsifying properties. The advantages of APG 
in comparison with other surfactants are numerous: (1) unlike most surfactants (such as non-ionic ethoxylates), 
they do not precipitate from solution at high temperatures ( i.e.  they do not exhibit a cloud point phenomenon) so 
they can be used without fear of phase separation. And because of their far greater tolerance to high-electrolyte 
concentration than any other non-ionic surfactants, APG can be added to highly ionic products (pesticides); (2) in 
regard to their ecological (complete and rapid biodegradation in the environment both aerobically and anaerobi-
cally, mainly resulting from the presence of an acetal linkage), toxicological, and dermatological properties, APG 
have extraordinary product safety characteristics. They have a good compatibility with eyes, skin and mucous 
membranes and even reduce irritant effects of surfactant combinations. The synergistic interactions between APG 
and most traditional primary surfactants commonly used in detergents, such as linear alkylbenzene sulphonate 
(LAS), mean that they make ideal cosurfactants; (3) in personal care products, they represent a new concept in 
compatibility, properties and care. One of Cognis ’ s APG products, called Lamesoft P065, a lamellar dispersion of 
the monoglyceride GMO in an APG, is used in body washes and soap bars, and has also shown to be effective in 
two-in-one shampoos, making clear formulations possible  [20].

 APGs are not the only examples of sugar-based surfactants resulting from a glycosidation reaction (acetaliza-
tion) of carbohydrates. Alkyl monoglucosides were prepared using standard glycosylation reactions (Koenigs–knorr
syntheses) to prepare specifi c glycosides; for instance,  � -1- n -octyl-d-glucopyranoside is widely used in biomem-
brane research for the extraction of water-insoluble membrane proteins without denaturation ( Fig. 7.14   ). It is 
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preferred over other non-ionic surfactants, such as polyethylene glycol alkyl ethers, because it has a very high 
CMC, and hence, it can easily be separated from the proteins by dialysis. The syntheses of n -alkyl- � -d-glucosides
require expensive reagents (silver catalysts) and are rather time-consuming (several steps). Additional glucose-
derivatives such as 6- O -( N -heptylcarbamoyl)-methyl- � -d-glucopyranoside (HECAMEG), a very mild surfactant
useful for membrane protein studies, were synthesized by a simple and low cost procedure from methyl-
� -d-glucopyranoside  [21]  .

 More recently, monosaccharide mixtures of pentoses, easily available from wheat straw and wheat bran, were 
used by Soliance, a subsidiary of ARD (Agro Industry R  &  D – owned by a consortium of French agricultural 
cooperatives specialized in wheat and sugar beet production) for the preparation of bran-based surfactants. Wheat 
straw provides mainly pentoses: l-arabinose and d-xylose; wheat bran gives a mixture of pentoses and glucose. 
All these monosaccharides, or mixtures thereof, can be used as starting materials in the acetalization step ( Fig.
7.15   ), following the same strategies as for APG production (direct glycosidation or synthesis of butylglycosides 
followed by a transglycosylation reaction using fatty alcohols). The pentoses derived from hemicellulose have the 
advantage of being more reactive than glucose during the glycosidation reaction, allowing gentler reaction tem-
peratures, and hence improving the energy effi ciency of the process. During the reaction, an oligomerization of the 
saccharides occurs. Using various starting mixtures, a wide range of amphiphiles can be obtained with good foam-
ing and detergency (C 8 –C 14  alkyl chain length) or emulsifying (C 14 –C 22  alkyl chain length) properties (Soliance 
already markets an emulsifi er under the name of Emuliance ® )  [22].  

 Innovative research was also developed for the production of monosaccharidic surfactants through a direct syn-
thesis of tautomerically and anomerically pure alkyl glycosides from unprotected sugars. The Fischer glycosyla-
tion of fatty alcohols is the most commonly used method for preparing alkyl glycosides (see APG and pentose 
derivatives), but the reaction invariably produces mixtures of  � , � -glycopyranosides and corresponding furanosides 
owing to: (i) tautomeric equilibria and (ii)  in situ  anomerizations. Thus, it was found that, depending on the pro-
moter and on the reaction conditions, either alkyl glycofuranosides from d-glucose (d-Glcf ), d-galactose (d-Galf ) 
or d-mannose (d-Manf ) or pyranosidic derivatives (d-Glcp ), (d-Manp ), (d-GlcNAc) and (d-Frucp ) from d-glucose,
d-mannose, N -acetyl-d-glucosamine and a ketose of commercial signifi cance, d-fructose, were obtained in 
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moderate-to-good yields ( Fig. 7.16   ). The synthesis of tautomerically and anomerically well-defi ned alkyl 
O -glycosides from unprotected carbohydrates requires: (i) a faster reaction of the alcohol with the sugar than 
the self-condensation of the monosaccharide and (ii) control of the equilibria involving substrates, intermediates 
and products, including the control of the fi nal  � , �  stereoselectivity of the products. In order to avoid the self-
condensation of monosaccharides, the reactions are performed in heterogeneous media, the unprotected carbohydrates
being slightly soluble in solvents such as tetrahydrofuran (THF), 1,4-dioxane, acetonitrile and dichloromethane. 
After experimentation, it was found that the glycosylation reaction indeed occurred at room temperature and was 
best achieved in THF by the use of iron(III) chloride or boron trifl uoride ethyl etherate Lewis acids as promot-
ers. Interestingly, a dichotomy between FeCl 3  and BF 3 .OEt 2  was noteworthy in terms of furanosides/pyranosides 
ratio since alkyl d-glycofuranosides could be obtained as the single products with the former promoter, whereas 
the thermodynamically more stable pyranosides were exclusively isolated in the presence of the latter  [23] . The 
surface tension and critical micellar concentration of the alkyl glycosides were determined by tensiometric meas-
urements. Furanosides generally possess very interesting surfactant properties. They are able to reduce the surface 
tension of pure water by more than 40        mN m � 1 . Thus, the surface tension values above the cmc varied between 
25 and 30        mN m � 1 , whereas those obtained for the tautomeric pyranosic compounds are generally greater than 
30        mN m� 1 . Furanosides are therefore more effi cient surfactants than the corresponding pyranosides. This result 
probably refl ects a greater destructuring effect of the furanosides on the 3D structure of water. Consequently, the 
shape of the glucidic moiety has a great infl uence on the micellization for amphiphiles of similar chain lengths 
and polarities, and this effect could constitute a new factor to modulate surfactant properties  [24].  In the case of 
d-fructopyranosides, atypical liquid crystalline self-organisation properties were found, probably resulting from 
the amphiphilicity of the fructopyranosides  [25].

 Uronic acids (e.g. alkyl glycosiduronic acids) were also employed as starting materials for the preparation of 
carboxylic acid-containing carbohydrate surfactants. Beet and citrus pulp supply d-galacturonic acid from pectins. 
d-Glucofuranurono-6,3-lactone (  ‘d-glucurone  ’  ) can be isolated from wheat bran. Finally, brown algae furnish 
d-mannuronic acid and l-guluronic acid that compose the heteropolysaccharide alginates. The direct synthesis 
of tautomerically and anomerically pure glycosiduronic acids from O -unprotected uronic acids remains particu-
larly diffi cult owing to (i) the requirement of a higher activation at the anomeric position for uronic acids, in 
comparison with their neutral analogues; (ii) tautomeric equilibria of some sugars in solution; (iii)  in situ  ano-
merizations; and (iv) competitive  O -glycosidation and esterifi cation processes. Alkyl d-galactofuranosiduronic
acids were synthesized by the direct glycosidation of totally O -unprotected d-galacturonic acid with fatty alco-
hols in heterogeneous media using THF as a solvent, ferric chloride as a promoter and calcium chloride as an 
additive  [26].  The furanosiduronic acids were obtained in 50–80 per cent overall yields with a high  � -stereoselectivity
(typically � � �  1:9). The � -anomers crystallized out of diethyl ether-light petroleum mixtures, thus affording 
anomerically pure compounds. Alkyl d-galactopyranosiduronic acids were prepared through a procedure involving
( Fig. 7.17   ): (i) glycosidation of d-galacturonic acid with fatty alcohols in THF in the presence of BF 3 .OEt 2  at 
30°C; (ii) concentration of the reaction mixture (total evaporation of THF) at 30°C under reduced pressure for 
in situ  isomerization (furanosides - �  pyranosides) and anomerization ( � � � ); (iii) saponifi cation (2.5        mol dm � 3

NaOH in water: acetone; 15        min at room temperature) and removal of fatty alcohol by extraction; (iv) acidifi cation 
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of the aqueous phase and isolation of the � -galactopyranosiduronic acids by extraction. In the d-glucuronic series, 
treatment of d-glucurone with fatty alcohols and BF 3 .OEt 2  in refl uxing THF provided crystalline furanoside lac-
tones in good-to-excellent yields and high stereoselectivity ( � : � � 10:1) which could be saponifi ed in high yields 
into crystalline � -d-glucofuranosidic acids. These results are of much interest since they represent one of the very 
few examples where  O -glycosiduronic acids have been synthesized without protecting groups. These compounds 
should fi nd applications as new surfactants  [27]  and liquid crystals  [28] . 

 More recently, novel biocompatible surfactants derived from alginate were developed for applications in detergents
and cosmetics [29] . These surfactants are characterized by the presence of a monosaccharidic  � -d-mannuronate
residue attached to one or two fatty alcohols through ester and/or glycosidic linkages. Alginate, a heteropolysac-
charide from brown algae, is composed of (1,4)-linked  � -d-mannuronic acid (M) and � -l-guluronic acid (G) 
units in the form of homopolymeric (MM- or GG-blocks) and heteropolymeric sequences (MG- or GM-blocks). 
Controlled acid hydrolysis of commercially available alginate from  Laminaria digitata  gives saturated oligo-
mannuronates on a multigram scale ( Fig. 7.18   ). Subsequent one-pot acid glycosidic bond hydrolysis, esterifi ca-
tion and stereocontrolled Fischer glycosidation in butanol with the related oligouronates, using methanesulphonic
acid, effi ciently provides  n -butyl-( n -butyl  � -d-mannopyranosiduronate). Double-tailed amphiphiles were next 
obtained from this key intermediate by transesterifi cation/transglycosylation processes in fatty alcohols. Aqueous 
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basic and acid treatments furnished anionic or neutral single-tailed surfactants. These original alginate-derived 
amphiphiles exhibit attractive surface-tension and foaming properties. Anionic and neutral single tailed sur-
factants with C 12 –C 14  fatty chains reduce the surface tension to values (29–30        mN  m � 1 ) comparable to those 
obtained with commercial non-ionic surfactants (Polyethylene glycol, APG). In all cases, carboxylate derivatives 
exhibited higher cmc values than their neutral counterparts (0.28–1.62        mmol  L � 1  for anionic compounds and 
0.13–0.16        mmol L � 1  for neutral counterparts). Mannuronic acid derivatives are high-foaming surfactants which 
can be compared with the ether sulphate derivative. In particular, similar values are observed for surfactant with 
a C 12  aliphatic chain and SDS, both in regard to foam performance and foam stability. Finally, the variability of 
the double-tailed amphiphiles, in terms of hydrophilic-hydrophobic balance, also permits to envisage additional 
applications such as oil-in-water and water-in-oil emulsions. Preliminary results show that very stable emulsions 
can be obtained with vegetable (sunfl ower) and mineral (paraffi n) oil and fatty esters (capric/caprylic) formula-
tions, including these new amphiphiles. Furthermore, with the aim of reducing the cost of these surfactants (price 
of alginates: 11–12 € per kg), additional procedures were recently carried out directly on brown seaweeds ( � 0.2 
€ per kg), to provide oligomannuronates in quite satisfactory yields (12.5 per cent)  [30] . These promising results 
may allow the production of these novel alkyl d-mannopyranosiduronate surfactants with an overall cost compat-
ible with their potential application markets.  

  7.2.3     Fatty acid glucamides 

 An advantageous property of glycosides and amides over esters is that they are less sensitive to hydrolysis 
under alkaline conditions. Thus, fatty acid glucamides with a linear headgroup derived from d-glucitol coupled 
via  an amide linkage to an alkyl chain were developed as additional glucose-derived surfactants. The synthesis 
to produce N -methyl- N -acyl glucamides involves the reductive amination of d-glucose with methylamine, which 
smoothly generates the corresponding aminoalditol ( Fig. 7.19   ). In a subsequent reaction step, this interme-
diate is converted with fatty acid methyl esters to the corresponding fatty acid amide carrying a methyl group 
and a pentahydroxylated six-carbon chain at the amido nitrogen. To avoid signifi cant amounts of unreacted 
N -methylglucamine, which could be considered as precursors for potentially carcinogenic nitrosamines, Procter 
 &  Gamble developed an optional reaction with acetic anhydride in the fi nished product. Free secondary amines 
are acetylated in this step, and the resulting acetates can remain in the fi nal product  [31].  Among these surfactants, 
oleoyl- N -methyl-glucamide was additionally synthesized enzymatically  [32]  .

 Like APG, glucamides show synergetic effects with other types of surfactants and due to their polyol structure, 
they have a low-irritation potential. Disadvantages of glucamides are their affi nity towards calcium ions and their 
low solubility and therefore they always have to be formulated with sequestering agents in order to avoid precipi-
tation. N -Methyllauroylglucamine enters in dish-washing compositions  [33].  Today, the main producers are Pfi zer, 
Hatco and Clariant with an estimated total production capacity of approximately 40 000        t per year. They are only 
used in detergency. Lactose-derived glycamides, namely  N -acetyl- N -alkyllactosylamines ( N -alkyl-aminolactitols) 
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were recently synthesized and exhibited attractive interfacial properties, particularly suitable for the extraction of 
proteins from membranes ( Fig. 7.20   )  [34]   .

  7.2.4     Sorbitan esters 

 Another class of carbohydrate-derived surfactants, called sorbitan esters (anhydro sorbitol) is derived from 
sorbitol, a hexitol produced by the catalytic reduction of glucose. In acidic conditions, sorbitol is dehydrated to 
sorbitan and even further to bicyclic isosorbide. Sorbitan fatty acid esters, commercially available as   ‘  Span ’    sur-
factants, can be produced by a direct or indirect industrial process ( Fig. 7.21   ). The fi rst industrial route is based on 
a two-step procedure, with acid-catalyzed sorbitol cyclization to sorbitan, followed by a high-temperature alkali-
catalyzed transesterifi cation  [35].  Acid catalysts include H 3 PO 2 , H 3 PO 3 ,  p TosOH;  [36]  and bases are simply NaOH 
or KOH. In these procedures, pressure, temperature and catalysts are adjusted to minimize colour development in 
the product. Phosphoric acid of medium strength catalyses the conversion of sorbitol to sorbitan in high yields at 
230°C, the subsequent dehydration to isosorbide proceeding at a signifi cantly lower rate, so that phosphoric acid 
represents a selective catalyst. However, the dehydration products are mainly of a dark colour. The best colour can 
be allegedly achieved by a NaH 2 PO 4  catalysis  [37] . Partial esters of sorbitol can also be prepared by enzymatic 
esterifi cation  [38].  In the second process, sorbitan esters are produced by direct base- or acid-catalyzed reactions 
of sorbitol with fatty acids at elevated temperature, or by base-catalysed transesterifi cations of sorbitol with tri-
glycerides or fatty acid methyl esters  [36d, 39] . Homogeneous catalysts, either acids (H 2 SO 4 , H 3 PO 2 ,  p TosOH) or 
alkalis (NaOH, KOH, alkaline carbonates) are generally used in the absence of a solvent. Depending on the type 
and amount of fatty materials used, various sorbitan esters (e.g., laureates, oleats or stearates) are produced with 
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hydrophilic–lipophilic balance (HLB) values in a range of 1–8. The annual world production of sorbitan esters 
exceeds 25 000 tons (main manufacturers: Akcros, Dai-ichi Kogyo, Cognis, Kao and SEPPIC). These products 
are used as emulsifi ers and solubilizers in food, cosmetic and pharmaceutical products. The Spans become more 
water-soluble when polyoxyethylene chains are grafted onto their cyclic moiety. These products are known as 
Tweens or polysorbates  [40]  and have found applications in the same fi elds.   

  7.3    SURFACTANTS BASED ON RRMs ENTIRELY FROM 

OLEOCHEMISTRY: POLYGLYCEROL ESTERS 

 The valorization of a raw material reaches an optimum when secondary products are also exploited. The main sec-
ondary product of oleochemistry is glycerol (coproduct of triglyceride hydrolysis and methanolysis processes), with 
a growing contribution from industrial vegetable oils. Within this context, the use of glycerol, as well as vegetable 
oils, as starting materials for the manufacture of surfactants represents a convenient strategy for the development 
of surface-active products entirely derived from oleochemistry. Glycerol itself is not suitable as a primary con-
stituent of the hydrophilic part of the surfactant and polyglycerols are needed to increase the hydrophilicity and to 
adjust the hydrophilic–hydrophobic balance (HLB) of the products. Fatty acid esters of these polyols, called poly-
glycerol esters (PGE), have been developed leading to applications in cosmetic or food emulsifi ers. Perhaps they 
will not substitute ethoxylates but rather play a role in several niche markets. New compounds could fi nd applica-
tions in offshore oil drilling, in the decontamination of polluted soils, or in the protection of wood  [41].  In general, 
the preparation of PGE involves two subsequent steps, viz. (1) the polymerization of glycerol in the presence of a 
small amount of alkali (base catalysis) and (2) esterifi cation of the resulting polyglycerol. Conventional methods to 
polymerize glycerol require drastic process conditions, namely temperatures above 200°C in the presence of homo-
geneous alkaline catalysts (hydroxides, carbonates and oxides of several metals). The condensation reaction usu-
ally involves the more reactive terminal hydroxyl groups of the glycerol molecules, but some branched and even 
cyclic by-products, resulting from the reaction of the secondary hydroxyl groups, are always formed ( Fig. 7.22   ).
Carbon dioxide or nitrogen is bubbled through the reaction mixture to prevent dehydration of glycerol to the un-
desired acrolein. New catalyst systems have been recently proposed for the selective oligomerization of glycerol. 
Stable active and basic mesoporous catalysts were used for the chemo- and regioselective conversion of gly-
cerol to linear oligoglycerols. For example, mesoporous solids modifi ed by ceasium impregnation led, with the best
selectivity and yield, to di- and tri-glycerol  [42].  Additionally, the alkaline (KOH) polymerization of glycidol at a 
reaction temperature of ca. 120°C was found to afford selectively the linear polyglycerols  [43].

 The production of fatty acid esters of polyglycerols has been usually achieved through (1) direct esterifi cation 
of the polyol using either alkali [44]  or acid catalysts  [45] , (2) transesterifi cation of the polyol with a triglyceride 
or a fatty acid methyl ester in the presence of a suitable alkaline catalyst  [46]  or (3) addition polymerization of 
glycidol to a fatty acid or to a fatty acid monoglyceride catalyzed by acids  [47].  These processes generally lead 
to the formation of mixtures in which the fatty acid chains are distributed among all available hydroxyl groups, 
whose proportions mainly depend on temperature and reagent molar ratio. Moreover, the molecular composition 
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of the product is very diffi cult to determine and correlations between structure and performances cannot be estab-
lished precisely. Within this context, the project   ‘    Polyglycerols chemistry ecology and applications of polygly-
cerol esters  ’   (FAIR-CT96-1829) provided a complete description of polyglycerol-based surfactants to clarify the 
relationship between structure and environmental impact, on the one hand, and the physico-chemical properties, 
on the other hand, of PGEs [48].  The synthesis of selected linear, branched and cyclic polyglycerols ( Fig. 7.23   ) 
with a defi ned degree of oligomerization (2–6) and their regiocontrolled monoesterifi cation or monoetherifi ca-
tion with C 12  or C 18:1  fatty chains furnished important information relative to (1) their detergent properties (low 
cmc values and good surface activity; all polyglycerols have low-interfacial tension against  n -decane and therefore 
good emulsifi cation capability and a very pronounced foaming behaviour); (2) skin irritation (the position of the 
acyl/alkyl chain determines the toxicity of linear surfactants; the nature, number and location of neighbouring 
hydroxyl functions, primary or secondary, on the polyglycerol backbone infl uence the irritation score); (3) biode-
gradability (linear polyglycerols are more biodegradable than branched and cyclic structures); (4) ecotoxicity and 
bioaccumulation (increasing lipophilicity and decreasing polymerization lead to higher toxicity). 

 Polyglycerols have been known since the beginning of the twentienth century. However, due to the diffi culties 
encountered for the industrial development of high-purity products, it is only in the last decade that their uses 
increased. Solvay is the world-leader in the production of high purity polyglycerols and manufactures diglycerol, 
a distilled product of 90 per cent minimum purity, and polyglycerol-3, a grade with a narrow oligomer distribu-
tion typically containing a minimum 80 per cent of di-, tri-, and tetraglycerol. As a result of their multifunctional 
properties and harmless nature, PGE are used in many applications in food  [49]  and cosmetic industries  [50] . They 
notably function as emulsifi ers, dispersants, thickeners, solubilizers minimum, spreading agents and emollients. 
More recently, new industrial applications based on PGEs have been developed. This includes their utilization as 
antifogging and antistatic additives, lubricants and plasticizers [51] . 

  7.4     NOVEL BIODEGRADABLE PLANT-DERIVED CATIONIC EMULSIFIERS FOR 

ROAD CONSTRUCTION AND COSMETICS 

 Cationic surfactants fall into several categories depending on the nature of their cationic polar heads. Some of them 
have functional groups susceptible to protonation (e.g. amines) and thus display cationic properties particularly in 
acidic media, while others, such as quaternary ammonium salts, exhibit a permanent positive charge. In household 
products, cationic surfactants are primarily applied in fabric softeners and hair preparations. Other applications of 
cationic surfactants include disinfectants and biocides, emulsifi ers, wetting agents and processing additives. By 
volume, the most important cationic surfactants in household products are the alkyl ester ammonium salts that 
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are used in fabric softeners (esterquats). These surfactants generally have an acute aquatic toxicity and a low-ulti-
mate biodegradability and their use was recently reduced or even abandoned in certain European countries like 
Germany and Netherlands. These undesirable effects on the environment, coupled with the consumer demand for 
 ‘   greener ’    products, are leading manufacturers to focus on the production of cationic surfactants from alternative, 
less harmful raw materials. Glycine betaine, a not very expensive natural substance possessing a quaternary tri-
methylalkylammonium moiety and a carboxylate function, constitutes a prime raw material for the preparation of 
biodegradable and biocompatible cationic surfactants ( Fig. 7.24   ). Accounting for 27 per cent in weight of molas-
ses of sugar beet and obtained after extraction of saccharose, it remains currently a little developed by-product
of the sugar-industry. Within this context, novel glycine betaine esters and amides were recently produced from 
tropical oils (copra, palm kernel) or European oils (sunfl ower, rapeseed), conveniently, economically and with an 
environmentally acceptable process (no solvent, no waste)  [52] . In particular, fatty chains with 18 carbon atoms 
derived from European vegetable oils have been used for their emulsifying properties compatible with numerous 
industrial and technical applications (road bitumen emulsifying applications, emulsions for uses in cosmetics). 

 The environment-friendly synthesis of glycine betaine esters was carried out through the direct esterifi cation reac-
tion between glycine betaine and fatty alcohols, preferably stearic and oleic alcohols, catalyzed by methanesulphonic 
acid without any solvent ( Fig. 7.24 ). Glycine betaine amides were prepared in two steps: fi rst, glycine betaine reacts 
with n -butanol in the presence of methanesulphonic acid as catalyst. In a second step, the short butyl chain is replaced 
by a longer chain in an aminolysis reaction with fatty amines, particularly C 18  stearic and oleic amines. Purifi cation 
procedures (precipitation in organic solvents like  n -butanol or ethanol, or use of crude mixtures obtained without any 
additional treatment) furnished a large variety of emulsifying formulations characterized by various compositions (sev-
eral controlled ratios of residual free glycine betaine, fatty alcohols, methanesulphonic acid). The scale-up of one oleic 
ester-based mixture obtained without any purifi cation was performed on a 60  kg scale for road making application. In 
road construction, bitumen products are typically applied in conjunction with a mineral aggregate. 

 The good adhesion properties of bitumen to aggregates allows it to act as a binder, while the aggregate provides 
mechanical strength. At ambient temperature, bitumen is a highly viscous to almost solid substance that is extremely 
diffi cult to work with, but can, however, be changed into a workable form by applying heat, by blending it with 
petroleum solvents or by emulsifi cation in water. Working with bitumen at high temperatures (150–180°C) is very 
dangerous, with a risk of serious burns and requires moreover costly equipment for heating, storage and application, 
which must be performed on-site. Bitumen that has been mixed with petroleum solvents is more workable, but the 
solvents, usually kerosene, are fi re hazards and produce hydrocarbon emissions contributing to air pollution. In con-
trast, bitumen emulsions can be applied without heating (although they are still prepared at moderately high tem-
peratures) and do not have the handling and environmental hazards associated with hot mixes. Bitumen emulsions
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also improve adhesion to aggregates, and can be applied in a good range of weather conditions  [53].  The bitu-
men is dispersed throughout the continuous water phase as minute particles, typically 0.1–5        � m in diameter, as an 
oil-in-water emulsion. Bitumen–water emulsions must break in a controlled manner upon being laid with the min-
eral aggregate and, as a function of the speed of this breaking process, various technologies for road making are 
used: surface dressing with rapid breaking emulsions (the emulsion is sprayed onto the road surface and chippings 
are spread on top and normally rolled to ensure proper embedment and alignment) and cold mixes (this category 
covers several different technologies, among which open-graded storable cold asphalt for patch working, combined 
cement/bitumen emulsion mixes and dense-graded cold asphalt for wearing course) that require slower breaking 
emulsions. The emulsifi er in a bitumen emulsion system has thus three functions: it reduces the interfacial tension 
between bitumen and water, stabilizes the emulsion and assists the adhesion of the bitumen. Cationic emulsifi ers
for bitumen emulsions are usually employed in Europe (2 000 000 tons of bitumen emulsion produced per year), 
particularly in France, which produces 50 per cent of the total European bitumen emulsion (0.2–2 per cent
of surfactants). Commercially available cationic emulsifi ers are mainly surfactants that are ionized in an acidic 
environment and include polyamines, amidoamines and imidazolines, which are the most widely used emulsifi ers. 
These cationic surfactants, that come entirely or partially from petrochemicals, were found to exhibit a low bio-
degradability and a high aquatic toxicity. Within this context, glycine betaine C 18  esters represent a new family of 
plant-derived emulsifi ers that limit environmental pollution. These formulations were found to have very promising 
physico-chemical properties in terms of their use in surface dressing technologies, namely, chemical stability, vis-
cosity of formulation, bitumen emulsifying properties (adhesivity, emulsion breaking) and a high biodegradability 
(ultimate biodegradability above 70 per cent, according to OECD 301)  [54].  After an experimental phase (1 000  m 
road coating using a bitumen emulsion based on the glycine betaine oleic ester surfactant), the project arrives today 
at the stage of industrial development for the production, on a large scale, of this new vegetable-derived surfactant, 
which should make it possible to exploit important quantities of raw materials of agricultural origin (in particular 
European oils) in non-food fi elds. Additional applications of these novel biodegradable cationic surfactants in cos-
metic formulations (shampoos, body washes, creams) are currently being developed  [52].

  7.5    GEMINI SURFACTANTS AND BOLAAMPHIPHILES 

 Changes in the molecular structure of surfactants characterized by a single hydrophobic tail connected to an ionic 
or non-ionic polar headgroup have attracted the attention of chemists. In particular, the covalent linking of two 
hydrophilic groups was envisaged to yield surfactant dimers such as Gemini surfactants and bolaamphiphiles. 
Even if several dimeric surfactants have been synthesized and patented for more than 50 years (especially cationic 
ones), only few examples related to renewable sources can be found. However, as these bipolar surfactants show 
interesting surface tension lowering, rheological and self-organizing properties, the number of publications and 
patents is expected to increase rapidly in the next few years. 

  7.5.1     Gemini surfactants 

 Gemini surfactants are defi ned as surfactants made up of two identical amphiphilic moieties connected at the level 
of the headgroups, or of the alkyl chains, but still very close to the head groups, by a spacer group which can be 
hydrophobic, fl exible, or rigid ( Fig. 7.25   ). 

 In the fi eld of Gemini amphiphiles from renewable sources, sugar derivatives are of special interest. Two types 
of sugar gemini surfactants can be distinguished, viz. those involving pyranoses and those containing reduced 
carbohydrates. Engberts et al.  described sugar-based Gemini surfactants  11  possessing both reduced glucoside 
and mannoside derivatives combined with oleyl, oleoyl or saturated chains through an oligoethylene glycol or 
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 Figure 7.25        Schematic representation of gemini surfactants.    
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oligomethylene spacer ( Fig. 7.26   )  [55] . Their synthesis involves the preparation of a dimeric structure followed by 
a double reductive amination of  d -glucose or d-mannose in the presence of an oligomethylene or an oligoethylene 
glycol diamine (spacer). Then, the acylation or alkylation reaction is conducted under standard conditions (respec-
tively acylation with a long chain anhydride and reductive amination of long-chain aldehydes). 

 The incorporation of cyclic carbohydrates into Gemini surfactants was developed by Castro  et al.  ( Fig. 7.27   )  [56] . 
These sugar geminis have been synthesized from AGs which can be easily prepared  via  a Fisher-type glycosylation 
reaction of free glucose by n -butanol. Convenient protection of the sugar moiety, followed by selective deprotection of 
the primary alcohol, permits the formation of gemini 12  by a double esterifi cation with propanedicarboxylic acid. 

 Formally, Gemini surfactants possess a structure resembling a pair of conventional single-chain surfactants cova-
lently connected by a spacer. It is therefore appropriate to compare Gemini and conventional surfactant properties 
and, in doing so, intriguing results appear. Indeed, Gemini show generally a low cms, good oil solubilization and 
the formation of threadlike micelles  [57].  These properties, and especially their high-surface activity, are the reason 
for the multiple applications of Gemini in detergency, cosmetics, pharmaceuticals, food, metallurgy, paints, oilfi elds 
and polymers. In particular, carbohydrate-derived Gemini have been described in a number of patents by Procter  &
Gamble in which they are claimed as components in laundry, cleaning, fabric, and personal care compositions  [58]. 

  7.5.2     Bolaamphiphiles 

 The term  ‘ bolaamphiphile  ’   or   ‘  bola  ’   is related to structures composed of a hydrophobic core bearing two polar 
headgroups at opposite ends ( Fig. 7.28   )  [59] . They are naturally found in archaebacteria microorganisms where they

Glc, R � C18:1 Δ9, 75% cis 11a

Glc, R � C(O)—C17:1 Δ9, 100% cis 11b

Man, R � C18:1 Δ9, 75% cis 11c

N
X X N

HO

R

OH

OH
HO

OH
HO

OH

HO
OH

HO

R

Glc, R � C18:1 Δ9, 75% cis 11d

Glc, R � C(O)—C13H27 11e

Man, R � C18:1 Δ9, 75% cis 11f

glucose (up)
mannose (down)

Stereochemistry at * :

*
*

X � OCH2

X � CH2

 Figure 7.26        Representative examples of sugar-based Gemini surfactants (reduced sugars).    

O
O

OH

OH
OH

CH3(CH2)3O

O
O

HO

HO
HO

O(CH2)3CH3

O O

12

 Figure 7.27        Sugar-based Gemini surfactant  12 .    

Hydrophilic headgroup
Hydrophilic headgroup

Hydrophobic core1 or 2 chains

 Figure 7.28        Schematic representation of a bolaamphiphile.    



172 Surfactants from Renewable Sources: Synthesis and Applications, T. Benvegnu, D. Plusquellec & L. Lemiègre 

improve signifi cantly the integrity of lipid membranes under extreme conditions (high or low temperatures, low 
pH, high salinity)  [60].  Due to their particular structures and properties, synthetic bolas have been prepared, thus 
enlarging the family of surfactants and the possibilities of new applications. Here we will focus on bolas issued 
from renewable sources and characterized by the presence of a single bridging chain. 

 Among the synthetic bolaamphiphiles reported in the literature, only few are issued from renewable sources, mainly 
fatty acids and sugar derivatives ( Fig. 7.29   ). Pyranose bolaamphiphiles  13a–c  were prepared by the condensation of  
� -1-aminoglucosides with the corresponding  � , � -dicarboxylic acid chlorides  [61].  Both glucose  13a,b  and galactose 
13c  derivatives were synthesized with three lengths of oligomethylene chains (n � 3, 4, 10). Furanose-type headgroups 
were introduced through an amide linkage between d-glucuronolactone and a saturated C 12   � , � -diamine, thus provid-
ing diamides 13       g   [62].  Standard glycosylation methods were used to introduce two disaccharide polar headgroups into 
the terminal sites of 1,12-dodecanediol ( 13         h )  [63].  Additionally, glutamic acid  [64] , glycine betaine  [65]  or vitamin C  
[66]  were also used as natural starting materials for the production of neutral or ionic bipolar surfactants. 

 Substituted and/or unsaturated lipophilic chains, such as carotenoids, are also available and can be combined 
with two sugars polar ends affording neutral surfactants like crocin  14,  a natural carotenoid disaccharide (ca.
25 per cent of saffron) ( Fig. 7.30   )  [67] . 

 Access to unsymmetrical derivatives was envisaged, especially to study symmetrical or dissymmetrical organ-
ization of bolas in lipid membranes. They are usually prepared by selective reactions of one functional group 
of the unprotected symmetrical hydrophobic core. Shimizu and Masuda  [68]  developed the synthesis of bolaam-
phiphiles 15a–g  containing an oligomethylene chain connected with a sugar at one end and a free carboxylic acid 
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at the other. The preparation of these unsymmetrical surfactants involves the reaction of oligomethylene (14–22 
methylenes) dicarboxylic acid chlorides with one equivalent of  � -1-amino-glucoside or -galactoside ( Fig. 7.31   ). 
Recently, Benvegnu et al.   [69]  described the synthesis of surfactants  15h–l  derived from d-glucurone or alginate 
oligosaccharides as sugar moieties and containing positively-charged glycine betaine. They are easily accessible 
through the reaction of monoester or lactone carbohydrates with an alkyl diamine chain, followed by a condensa-
tion of the second free primary amine with an activated glycine betaine derivative. 

 Bolaform surfactants are generally less effective than conventional surfactants, but they often display unusual 
self-assembling properties. Compared with monopolar surfactants, the additional polar headgroup of bolaam-
phiphiles generally induces both a higher water solubility increasing the cmc and the surface tension, and a decrease 
in the aggregation number. Bolaamphiphiles can span a membrane, having one headgroup on the outside of the 
membrane and one on the inside. Extremophile membranes are stabilized in this way  [59a].  The results obtained 
for the synthetic bipolar surfactants possessing a polymethylene linker and natural polar headgroups clearly dem-
onstrated the existence of complex relationships between chain composition, spacers and headgroups that infl u-
ence the structure of their supramolecular aggregates (monolayered or bilayered vesicles, disks, fi bers, ribbons, 
nanotubes and helices), the stretched or U-bent conformation of the lipids, as well as the kinetics of their inter-
conversion ( Fig. 7.32   )  [55, 59, 62, 63, 69] . Additionally, dissymmetrical arrangements in tubular assemblies  [68] 
and in monocrystals  [70]  have been found in the case of some unsymmetrical structures. 

 When particular functions such as thiol, alcohol, carboxylic acid, nitrile or silyl derivatives, are present at one 
end of the bolas, they can easily stack on solid surfaces like gold, silver, copper or silica and form planar molecu-
lar monolayer (coated particles) ( Fig. 7.33   ). The hydrophobic core may serve as a barrier or a solvent and the 
available headgroup allows molecular recognition in solution. 

 The potential applications of bolaamphiphiles include the formation of monolayer vesicles for drug/gene deliv-
ery, ultra thin monolayer membranes, inclusion of functionalities into membranes, and disruption of biological 
membranes [59a]    .
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  7.6    CONCLUSIONS AND PERSPECTIVES 

 It seems clear that with the examples of recent product innovations from RRMs, the successful development of envi-
ronmentally compatible and powerful surfactants in the sense of a sustained development has been demonstrated. 
RRMs are biocompatible, usually easily biodegradable and generally non-toxic, unless they have been chemically 
modifi ed by undesired functional groups. These properties are particularly important in the context of the growing
number of European laws, regulations and directives. The new European Detergent Regulation that entered 
into force in October 2005 is the most recent one. The main elements of this regulation are additional require-
ments with respect to ultimate biodegradability (60 per cent degradation within 28 days) of surfactants, special
new requirements for the additional declarations of detergent ingredients on the packaging, including possible 
sensitizing ingredients, and additional compulsory information concerning detergent formulations to be provided 
for medical professionals and consumers (Commission Regulation (EC) No 907/2006 of 20 June 2006 amend-
ing Regulation (EC) No 648/2004 of the European Parliament and of the Council on detergents, Offi cial Journal 
of the European Union). The proposed new biodegradation tests ensure a higher level of environmental protec-
tion, especially of the aquatic environment. While previous legislation was only applicable to anionic and non-
ionic surfactants, this Regulation includes all four surfactant families: anionic, non-ionic, cationic and amphoteric. 
Consequently, innovative research and development in new biodegradable products, particularly for the introduc-
tion of new cationic surfactants, should be favoured in order to propose alternatives to non-compliant surfactants 
found in formulations impacted by the European Detergent Regulation. 

 Other EU initiatives include REACH (Registration, Evaluation and Authorization of Chemicals) to help regu-
late new and existing chemical substances. The surfactant industry will be largely sensitive to the profi le and the 
requirements of the future REACH legislation. In general, surfactants are manufactured in quantities greater than 
1        t per year (industry would be obliged to register all marketed chemicals above 1 ton annually within 11 years). 
Consequently, the major surface-active components will need registration under REACH. The positive impact 
of this new regulation on the development of RRM-based surfactants is not so obvious if we consider the high 
entrance barrier expected for the introduction of new substances  [71].

(a) (b) (c)

 Figure 7.32        Organization of bolaamphiphiles in (a) a monolayer membrane, (b) a U-bent bilayer membrane and (c) a 
U-bent micelle.    
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 Figure 7.33        Schematic representation of monolayer coated particles.    
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 To make more surfactants based on RRMs commercially viable, more innovation is needed, since technical 
constraints often limit the applicability of renewables. If the barriers to vegetable-derived chemicals inherent in the 
EINECS (European Inventory of Existing Commercial Chemical Substances)/ELINCS (European List of Notifi ed 
Chemical Substances) system were removed, such innovation would be facilitated. Much applied research has 
to be encouraged and supported by national trade organizations (ACTIN in the UK, FNR in Germany, AGRICE 
in France, AIACE in Italy) and by the European Commission. Finally, the policy measures introduced to reduce 
greenhouse gas emissions might shift the balance of competition between RRM and fossil raw materials in favour 
of the former and thus act as drivers for an increased industrial use of renewable raw material [1c]. 

  REFERENCES  

       1.         (a)   Ehrenberg J., Current situation and future prospects of EU industry using renewable raw materials, coordinated by the 
European Renewable Resources  &  Materials Association, European Commission DG Enterprise Unit E.1: Environmental 
Aspects of Industry Policy , Brussels, February 2002.       (b)               Deleu     M.  ,   Paquot     M.         ,      From renewable vegetable resources to 
microorganisms: New trends in surfactants ,         C. R. Chim.      ,   7      ( 6–7 )       ,  2004      ,  641  –       646   .        (c)               Patel     M.         ,      Surfactants based on renew-
able raw materials ,         J. Ind. Ecol.      ,   7      ( 3-4 )       ,  2004      ,  47  –       62   .       

       2.         Oils and Fats International, 22(1), 36–37, 39–40, January 2006.      
       3.             Shinoda     K.  ,   Carlsson     A.  ,   Lindman     B.         ,      On the importance of hydroxyl groups in the polar head-group of non-ionic sur-

factants and membrane lipids ,         Adv. Colloid Interface Sci.      ,   64         ,  1996      ,  253  –       271   .       
       4.         Hass H.B., Snell F.D., York W.C., Osipow L.I., Process for producing sugar esters, Patent # US 2893990, 1990.
       5.         Parker W.J., Khan R.A., Mufti K.S., Process for the production of surface active agents comprising sucrose esters, Patent # 

GB 1399053, 1973.      
       6.        (a)        Polat     T.  ,   Linhardt     R.J.         ,      Synthesis and applications of sucrose-based esters ,         J. Surfact. Deterg.      ,   4      ( 4 )       ,  2001      ,  415  –       421   .        

(b)               Queneau     Y.  ,   Fitrepeann     J.  ,   Trombotto     S.         ,      The chemistry of unprotected sucrose: the selectivity issue ,         C. R. Chim.      ,
7      ( 2 )       ,  2004      ,  177  –       188   .       

       7.        (a)        Immel     S.  ,   Lichtenthaler     F.W.         ,      The conformation of sucrose in water: A molecular dynamics approach ,         Liebigs Ann.          ( 11 )       , 
 1995      ,  1925  –       1937   .        (b)               Chauvin     C.  ,   Baczko     K.  ,   Plusquellec     D.         ,      New highly regioselctive reactions of unprotected sucrose. 
Synthesis of 2-O-acylsucroses and 2-O-(N-alkylcarbamoyl)sucroses ,         J. Org. Chem.      ,   58      ( 8 )       ,  1993      ,  2291  –       2295   .       

       8.             Khan     R.         ,      Chemistry and new uses of sucrose: How important? ,         Pure Appl. Chem.      ,   56      ( 7 )       ,  1984      ,  833  –       844   .       
       9.             Bottle     S.  ,   Jenkins     I.D.         ,      Improved synthesis of cord factor analogues ,         J. Chem. Soc., Chem. Commun.          ( 6 )       ,  1984      ,  385      .       385     
      10.             Vhalov     I.R.  ,   Vhalova     P.I.  ,   Linhardt     R.J.         ,      Regioselctive synthesis of sucrose monoesters as surfactants ,         J. Carbohyd. Chem.      , 

16      ( 1 )       ,  1997      ,  1  –       10   .       
      11.             Baczko     K.  ,   Nugier-Chauvin     C.  ,   Banoud     J.  ,   Thibault     P.  ,   Plusquellec     D.         ,      A new synthesis of 6-O-acylsucroses and of mixed 

6,6� -di-O-acylsucroses ,         Carbohyd. Res.      ,   269      ( 1 )       ,  1995      ,  79  –       88   .       
      12.             Chauvin     C.  ,   Plusquellec     D.         ,      A new chemoenzymatic synthesis of 6 � -O-acylsucroses ,         Tetrahedron Lett.      ,   32      ( 29 )       ,  1991      , 

 3495  –       3498   .
      13.             Ferrer     M.  ,   Cruces     M.A.  ,   Bernabe     M.  ,   Ballesteros     A.  ,   Plou     F.J.         ,      Lipase catalyzed regioselective acylation in two solvent 

mixtures ,         Biotechnol. Bioeng.      ,   65      ( 1 )       ,  1999      ,  10  –       16   .       
      14.             Riva     S.  ,   Chopineau     J.  ,   Kielboom     A.P.G.  ,   Klibanov     A.M.         ,      Protease catalysed regioselective esterifi cation of sugars and 

related compounds in anhydrous dimethylformamide ,         J. Am. Chem. Soc.      ,   110      ( 2 )       ,  1988      ,  584  –       589   .       
      15.             Polat     T.  ,   Bazin     H.G.  ,   Linhardt     R.J.         ,      Enzyme-catalysed regioselective synthesis of sucrose fatty acid ester surfactants , 

J. Carbohyd. Chem.      ,   16      ( 9 )       ,  1997      ,  1319  –       1325   .       
      16.             Hough     L.               in      Carbohydrates as Organic Raw Materials          (Ed.  Lichtenthaler     F.W. )          ,  VCH      ,  Weinheim      ,  1991      , pp.  33  –       55   .       
      17.             Davies     E.         ,      Sugaring – The surfactant pill ,         Chem. Brit.             ,  December 2000      ,  24  –       27   .       2000     
      18.             Molinier     V.  ,   Kouwer     P.J.J.  ,   Fitremann     J.  ,   Bouchu     A.  ,   Mackenzie     G.  ,   Queneau     Y.  ,   Goodby     J.W.         ,      Self-organizing proper-

ties of monosubstituted sucrose fatty acid esters: The effect of chain length and unsaturation ,         Chem. Eur. J.      ,   12      ( 13 )       ,  2006      , 
 3547  –       3557   .

      19.        (a)        Söderman     O.  ,   Johansson     I.         ,      Polyhydroxyl-based surfactants and their physico-chemical properties and applications , 
Curr. Opin. Colloid Interface Sci.      ,   4      ( 6 )       ,  2000      ,  391  –       401   .        (b)               Drummond     C.J.  ,   Wells     D.         ,      Nonionic lactose and lactitol based 
surfactants: comparison of some physico-chemical properties ,         Coll. Surf.      ,   141      ( 1 )       ,  1998      ,  131  –       142   .       

      20.        (a)        Hill     K.  ,   von Rybinski     W.  ,   Stoll     G.  (Eds)          ,      Alkyl polyglycosides: Technology, properties and applications          ,  1996      ,  VCH      , 
 Weinheim         .        (b)               von Rybinski     W.  ,   Hill     K.  ,   Alkyl     K.         ,      Polyglycosides – Properties and applications of a new class of sur-
factants ,         Angew. Chem. Int. Ed.      ,   37      ( 10 )       ,  1998      ,  1328  –       1345   .       

      21.             Plusquellec     D.  ,   Chevalier     G.  ,   Talibart     R.  ,   Wroblewski     H.         ,      Synthesis and characterization of 6-O-(N-heptylcarbamoyl)-
methyl-alpha-d-glucopyranoside, a new surfactant for membrane studies ,         Anal. Biochem.      ,   179      ( 1 )       ,  1989      ,  145  –       153   .       



176 Surfactants from Renewable Sources: Synthesis and Applications, T. Benvegnu, D. Plusquellec & L. Lemiègre 

      22.         Bertho J.-N., Mathaly P., Dubois V., De Baynast R, Process for the preparation of surface active agents using wheat by-
products and their applications, Patent # US 5688930, 1997.      

      23.             Ferrières     V.  ,   Bertho     J.-N.  ,   Plusquellec     D.         ,      A new synthesis of O-glycosides from totally O-unprotected glycosyl donors , 
Tetrahedron Lett.      ,   36      ( 16 )       ,  1995      ,  2749  –       2752   .       

      24.             Goodby     J.W.  ,   Haley     J.A.  ,   Mackenzie     G.  ,   Watson     M.J.  ,   Plusquellec     D.  ,   Ferrières     V.         ,      Amphitropic liquid-crystalline proper-
ties of some novel alkyl furanosides ,         J. Mater. Chem.      ,   5      ( 12 )       ,  1995      ,  2209  –       2220   .       

      25.             Ferrières     V.  ,   Benvegnu     T.  ,   Lefeuvre     M.  ,   Plusquellec     D.  ,   Mackenzie     G.  ,   Watson     M.J.  ,   Haley     J.A.  ,   Goodby     J.W.  ,   Pindak     R.  , 
  Durbin     M.K.         ,      Diastereospecifi c synthesis and amphiphilic properties of new alkyl  � -d-fructopyranosides ,         J. Chem. Soc., 
Perkin Trans.           ( 2 )       ,  1999      ,  951  –       959   .       

      26.             Bertho     J.-N.  ,   Ferrières     V.  ,   Plusquellec     D.         ,      A new synthesis of d-glycosiduronates from unprotected d-uronic acids ,         J. Chem. 
Soc., Chem. Commun.          ( 13 )       ,  1995      ,  1391  –       1393   .       

      27.        (a)        sz Nijs     M.P.  ,   Maat     L.  ,   Kieboom     A.P.G.         ,      Two-step chemo-enzymic synthesis of octyl 6-O-acyl- � -d-glucopyranoside sur-
factants from glucose ,         Recl. Trav. Chim. Pays-Bas      ,   109      ( 7–8 )       ,  1990      ,  429  –       433   .        (b)           J.-N. Bertho, Ph.D. Thesis, Université de 
Rennes 1, 17 juin 1994.      

      28.             Auvray     X.  ,   Labulle     B.  ,   Petipas     C.  ,   Bertho     J. -N. ,   Benvegnu     T.  ,   Plusquellec     D.         ,      Thermotropic liquid-crystalline properties of 
some novel hexuronic acid derivatives bearing a single or two alkyl chains ,         J. Mater. Chem.      ,   7      ( 8 )       ,  1997      ,  1373  –       1376   .       

      29.             Roussel     M.  ,   Benvegnu     T.  ,   Lognoné     V.  ,   Le Deit.     H.  ,   Soutrel     I.  ,   Laurent     I.  ,   Plusquellec     D.         ,      Synthesis and physico-chemi-
cal properties of novel biocompatible alkyl d-mannopyranosiduronate surfactants derived from alginate ,  Eur. J. Org. 
Chem.          ( 14 )       ,  2005      ,  3085  –       3094   .       

      30.         Benvegnu T., Plusquellec D., Roussel M., Preparation, surface tension, micelle formation, and liquid crystal property, of 
(alkyl-d-mannopyranoside)uronic acid derivatives and their use in cosmetics, Patent # FR 2840306, WO 2003104248, 
2005.

      31.  (      a)        Laughlin     R.G.  ,   Fu     Y.-C.  ,   Wireko     F.C.  ,   Scheibel     J.J.  ,   Munyon     R.L.         ,      in      Novel surfactants, Preparations, Applications, and 
Biodegradability          (Ed.  Holmberg     K. )          ,  Marcel Dekker      ,  New York      ,  1998      , pp.  1  –       30   .        (b)           Scheibel J.J., Connor D.S., Shumate 
R.E., St. Laurent J.C.T.R.B., Patent # EP-B 0558515, US 598462, 1990.      

      32.             Maugard     T.  ,   Remaud-Simeon     M.  ,   Petre     D.         ,      Monsan P. ,         Enzymatic synthesis of glycamide surfactants by amidifi cation reac-
tion, Tetrahedron      ,   53      ( 14 )       ,  1997      ,  5185  –       5194   .       

      33.             Ruback     W.  ,   Schmidt     S.  ,   van Beklum     H.  ,   Roper     H.  ,   Voragen     F.         , Eds        Carbohydrates as Organic Raw Materials III      ,  VCH      , 
 Weinheim      ,  1996      , p.  231      .       

      34.             Lattes     A.  ,   Rico-Lattes     I.  ,   Perez     E.  ,   Blanzat     M.         ,     Reactions and synthesis in surfactant systems New glycolipids having bio-
logical activities: key role of their organization ,     in      Surfactant Science Series             ,  Volume 100      ,  Marcel Dekker Inc.      ,  2001      .       

      35.             Hoydonckx     H.E.  ,   De Vos     D.E.  ,   Chavan     S.A.  ,   Jacobs     P.A.         ,      Esterifi cation and transesterifi cation of renewable chemicals ,         Top. 
Catal.      ,   27      ( 1–4 )       ,  2004      ,  83  –       96   .       

      36.         (a)   Sawada H., Nishikawa N., Kurosaki T., Process for the preparation of a sorbitan ester, Patent # DE 3729335, 1988.       
(b)           Stockburger G.J., Process for preparing sorbitan esters, Patent # US 4297290, 1981.       c)           Ellis J.M.H., Lewis J.J., Beattie 
J., Manufacture of fatty acid esters of sorbitan as surfactants, Patent # US 6362353, 2002.       d)           Milstein N., Improved esterifi -
cation of oxyhydrocarbon polyols and ethers thereof, and products therefrom, Patent # WO 9200947, 1992.      

      37.             Smidrkal     J.  ,   Cervenkova     R.  ,   Filip     V.         ,      Two-stage synthesis of sorbitan esters, and physical properties of the products ,         Eur. J. 
Lipid Sci. Technol.      ,   106      ( 12 )       ,  2004      ,  851  –       855   .       

      38.             Otero     C.  ,   Arcos     J.A.  ,   Berrendero     M.A.  ,   Torres     C.         ,      Emulsifi ers from solid and liquid polyols: Different strategies for obtain-
ing optimum conversions and selectivities ,         J. Mol. Catal. B: Enzym.      ,   11      ( 4–6 )       ,  2001      ,  883  –       892   .       

      39.         (a)   Gruetzmacher G.O., Raggon J.W., Wlodecki B., Low calorie fat substitute, Patent # US 5612080, 1997.       (b)           Ellis J.M.H., 
Lewis J.J., Beattie J., Manufacture of fatty acid esters of sorbitan as surfactants, Patent # WO 9804540, 1998.      

      40.             Biermann     M.  ,   Lange     F.  ,   Piorr     R.  ,   Ploog     U.  ,   Rutzen     H.  ,   Schindler     J.         ,      Surfactants in Consumer Products          ,  Springer-Verlag      , 
 Berlin      ,  1987         .       pp. 23–132     

      41.             Claude     S.  ,   Heming     M.  ,   Hill     K.         ,      Development of glycerol markets. Part 2. Research, developments and conclusions ,         Lipid
Technol. Newsletter             ,  October 2000      ,  108  –       113   .       

      42.             Barrault     J.  ,   Clacens     J.-M.  ,   Pouilloux     Y.         ,      Selective oligomerization of glycerol over mesoporous catalysts ,         Top. Catal.      ,   27      ( 1–
4 )       ,  2004      ,  137  –       142   .       

      43.             Dobson     K.S.  ,   Williams     K.D.  ,   Boriack     C.J.         ,      The preparation of polyglycerol esters suitable as low-caloric fat substitutes , 
J. Am. Oil Chem. Soc.      ,   70      ( 11 )       ,  1993      ,  1089  –       1092   .       

      44.         (a)   Nakamura T., Yamashita M., Patent # US 0035238, 2002.       (b)           Lemke D., Processes for preparing linear polyglycerols 
and polyglycerol esters, Patent # WO 0236534, 2002.       c)           Ishitobi M., Patent # US 123439, 2002.      

      45.         (a)   Jakobson G., Siemanowski W., Uhlig K.H., Patent # US 5424469, 1995.       (b)           Jakobson G., Siemanowski W., Uhlig K.H., 
Polyglycerol fatty acid ester mixture, Patent # US 5466719, 1995.      

      46.             Márquez-Alvarez     C.  ,   Sastre     E.  ,   Pérez-Pariente     J.         ,      Solid catalysts for the synthesis of fatty esters of glycerol, polyglycerols 
and sorbitol from renewable resources ,         Top. Catal.      ,   27      ( 1–4 )       ,  2004      ,  105  –       117   .       



Monomers, Polymers and Composites from Renewable Resources, M.N. Belgacem & A. Gandini 177

      47.         (a)   Endo T., Maruo K., Production of polyglycerol mono-fatty acid ester, Patent # JP 2000143794, 2000.       (b)           Endo T., Ueno 
T., Production of polyglycerol monofatty acid ester, Patent # JP 2000143584, 2000.      

      48.         (a)    http://www.biomatnet.org/secure/Fair/R1829.htm .       (b)               Cassel     S.  ,   Debaig     C.  ,   Benvegnu     T.  ,   Chaimbault     P.  ,   Lafosse     M.  , 
  Plusquellec     D.  ,   Rollin     P.         ,      Original synthesis of linear, branched and cyclic oligoglycerol standards ,         Eur. J. Org. Chem.      ,   5         , 
 2001      ,  875  –       896   .        (c)               Debaig     C.  ,   Benvegnu     T.  ,   Plusquellec     D.         ,      Synthesis of linear and cyclic polyglycerols. Polyglycerylated 
surfactants: synthesis and characterization ,         OCL.      ,   9      ( 2–3 )       ,  2002      ,  155  –       161   .        (d)           Lagarden M., Schroeder K.R., Hofmann 
R., Cassel S., Lafosse M., Rollin P., Benvegnu T., Debaig C., Plusquellec D., Hill K., New primary monoalkyl ethers of 
autocondensation products of glycerol and mixtures are used in production of nutrient and surfactant formulations, such 
as cosmetics, pharmaceuticals, laundry or other detergents, Patent # DE 19959000, 2001.       (e)           Lagarden M., Schmiedel P., 
Schroeder K.R., Cassel S., Debaig C., Hill K., Rollin P., Lafosse M., Benvegnu T., Plusquellec D., Novel primary mono-
fatty acid esters of glycerol self-condensation products, useful as surfactants in cosmetics, pharmaceuticals, foods, deter-
gents or cleaning compositions, comprises specifi c structure, Patent # DE 19949518, 2001.      

      49.             Norn     V.         ,     Polyglycerol Esters ,     in      Emulsifi ers in Food Technology          (Ed.  Whitehurst     R.J. )          ,  Blackwell      ,  Oxford      ,  2004      , pp.  110  –
       130   .       Chapter 5     

      50.             Plasman     V.  ,   Caulier     T.  ,   Boulos     N.         ,      Polyglycerols: Versatile ingredients for personal care ,         Happi             ,  November 2004      ,  94  –       97   .      
 2004.

      51.             Plasman     V.  ,   Caulier     T.  ,   Boulos     N.         ,      Polyglycerol esters demonstrate superior antifogging properties for fi lms ,         Plastics
Additives and Compounding             ,  March/April 2005      ,  30  –       33   .       2005     

      52.         Antoine J.-P., Marcilloux J., Lefeuvre M., Plusquellec D., Benvegnu T., Goursaud F., Parant B., Preparation of glycine 
betaine surfactants for use in cosmetics, Patent # FR 2869913, WO 2005121291, 2005.      

      53.             Gutierrez     X.  ,   Silva     F.  ,   Chirinos     M.  ,   Leiva     J.  ,   Rivas     H.         ,      Bitumen-in-water emulsions: An overview on formation, stability 
and rheological properties ,         J. Dispersion Sci. Technol.      ,   23      ( 1–3 )       ,  2002      ,  405  –       418   .       

      54.         Antoine J.-P., Marcilloux J., Plusquellec D., Benvegnu T., Goursaud F., Bituminous aqueous emulsion with glycine betaine 
ester/amide surfactant for roads coatings, Patent # FR 2869910, WO 2005121252, 2005.      

      55.        (a)        Johnsson     M.  ,   Engberts     J.B.F.N.         ,      Novel sugar-based gemini surfactants: Aggregation properties in aqueous solution , 
J. Phys. Org. Chem.      ,   17      ( 11 )       ,  2004      ,  934  –       944   .        (b)               Johnsson     M.  ,   Wagenaar     A.  ,   Engberts     J.B.F.N.         ,      Sugar-based gemini sur-
factant with a vesicle-to-micelle transition at acidic pH and a reversible vesicle fl occulation near neutral pH ,         J. Am. Chem. 
Soc.      ,   125      ( 3 )       ,  2003      ,  757  –       760   .        (c)               Fielden     M.L.  ,   Perrin     C.  ,   Kremer     A.  ,   Bergsma     M.  ,   Stuart     M.C.  ,   Camilleri     P.  ,   Engberts     J.
B.F.N.         ,      Sugar-based tertiary amino gemini surfactants with a vesicle-to-micelle transition in the endosomal pH range medi-
ate effi cient transfection  in vitro  ,         Eur. J. Biochem.      ,   268      ( 5 )       ,  2001      ,  1269  –       1279   .        (d)               Johnsson     M.  ,   Wagenaar     A.  ,   Stuart     M.C.A.  , 
  Engberts     J.B.F.N.         ,      Sugar-based gemini surfactants with pH-dependent aggregation behavior: Vesicle-to-micelle transition , 
Critical Micelle Concentration, and Vesicle Surface Charge Reversal, Langmuir      ,   19      ( 11 )       ,  2003      ,  4609  –       4618   .        (e)               Pestman     J.
M.  ,   Terpstra     K.R.  ,   Stuart     M.C.A.  ,   van Doren     H.A.  ,   Brisson     A.  ,   Kellogg     R.M.  ,   Engberts     J.B.F.N.         ,      Nonionic bolaamphiphiles 
and gemini surfactants based on carbohydrates ,         Langmuir      ,   13      ( 25 )       ,  1997      ,  6857  –       6860   .       

      56.             Castro     M.J.L.  ,   Kovensky     J.  ,   Fernandez     C.A.         ,      Gemini surfactants from alkyl glucosides ,         Tetrahedron Lett.      ,   38      ( 23 )       ,  1997      , 
 3995  –       3998   .

      57.             Zana     R.         ,     Novel Surfactants ,     in      Preparation, Applications and biodegradability          (Ed.  Holmberg     K. )          ,  Marcel Dekker      ,  New 
York      ,  1998      , pp.  241  –       277   .       

      58.  (       a)   Scheibel J.J., Connor D.S., Fu Y.-C., Bodet J.–F., Brown L.A., Vinson P.K., Reilman R.T., Polyhydroxy diamines and 
their use in detergent compositions, PCT WO 9519951, 1995.       (b)           Scheibel J.J., Connor D.S., Fu Y.-C., Gemini polyhydroxy
fatty acid amides, PCT WO 9519953, 1995.       (c)           Scheibel J.J., Connor D.S., Fu Y.-C., Poly polyhydroxy fatty acid amides
and laundry, cleaning, fabric and personal care composition containing them, PCT WO 9519954, 1995.       (d)           Foley P.R.,
Clarke J.M., Fu Y.–C., Vinson P.K., Liquid dishwashing detergent compositions, PCT WO 9520026, 1995.       (e)           Scheibel J.J., 
Connor D.S., Fu Y.-C., Gemini polyhydroxy fatty acid amides, US 5534197, 1996.      

      59.        (a)        Fuhrhop     J.  -H.,   Wang     T.         ,      Bolaamphiphiles ,         Chem. Rev.      ,   104      ( 6 )       ,  2004      ,  2901  –       2937   .        (b)               Fuhrhop     J.  -H.,   Fritsch     D.         , 
     Bolaamphiphiles form ultrathin, porous and unsymmetric monolayer lipid membranes ,         Acc. Chem. Res.      ,   19      ( 5 )       ,  1986      , 
 130  –       137   .

      60.  (      a)        Patel     G.B.  ,   Sprott     G.D.         ,         Crit. Rev. Biotechnol.      ,   19      ( 4 )       ,  1999      ,  317  –       357   .        (b)               De Rosa     M.  ,   Gambacorta     A.  ,   Nicolaus     B.         ,         J. 
Memb. Sci.      ,   16         ,  1983      ,  287  –       294   .        (c)               Lo     S.-L.  ,   Chang     E.L.         ,         Biochem. Biophys. Res. Commun.      ,   167      ( 1 )       ,  1990      ,  238  –       243   .       

      61.             Shimizu     T.  ,   Masuda     M.         ,      Stereochemical effect of even-odd connecting links on supramolecular assemblies made of 1-glu-
cosamide bolaamphiphiles ,         J. Am. Chem. Soc.      ,   119      ( 12 )       ,  1997      ,  2812  –       2818   .       

      62.             Benvegnu     T.  ,   Lecollinet     G.  ,   Guilbot     J.  ,   Roussel     M.  ,   Brard     M.  ,   Plusquellec     D.         ,      Novel bolaamphiphiles with saccharidic 
polar headgroups: Synthesis and supramolecular self-assemblies ,         Polym. Int.      ,   52      ( 4 )       ,  2003      ,  500  –       506   .       

      63.        (a)        Garamus     V.M.  ,   Milkereit     G.  ,   Gerber     S.  ,   Vill     V.         ,      Micellar structure of a sugar based bolaamphiphile in pure solution and 
destabilizing effects in mixtures of glycolipids ,         Chem. Phys. Lett.      ,   392      ( 1–3 )       ,  2004      ,  105  –       109   .        (b)               Gerber     S.  ,   Garamus     V.
M.  ,   Milkereit     G.  ,   Vill     V.         ,      Mixed micelles formed by SDS and a bolaamphiphile with carbohydrate headgroups ,         Langmuir      , 
21      ( 15 )       ,  2005      ,  6707  –       6711   .       



178 Surfactants from Renewable Sources: Synthesis and Applications, T. Benvegnu, D. Plusquellec & L. Lemiègre 

      64.             Zhan     C.  ,   Gao     P.  ,   Liu     M.         ,      Self-assembled helical spherical-nanotubes from an l -glutamic acid based bolaamphiphilic low 
molecular mass organogelator ,         Chem. Commun.      ,   4         ,  2005      ,  462  –       464   .       

      65.         Legros N., Ph.D Thesis, Université de Rennes, 1997.      
      66.             Ambrosi     M.  ,   Fratini     E.  ,   Alfredsson     V.  ,   Ninham     B.W.  ,   Giorgi     R.  ,   Lo Nostro     P.  ,   Bagliono     P.         ,      Nanotubes from a vitamin 

C-based bolaamphiphile ,         J. Am. Chem. Soc.      ,   128      ( 22 )       ,  2006      ,  7209  –       7214   .       
      67.             Naess     S.N.  ,   Elgsaeter     A.  ,   Foss     B.J.  ,   Li     B.  ,   Sliwka     H.-R.  ,   Partali     V.  ,   Melo     T.B.  ,   Naqvi     K.R.         ,      Hydrophilic carotenoids: 

Surface properties and aggregation of crocin as a biosurfactant ,         Helv. Chim. Acta,      ,   89      ( 1 )       ,  2006      ,  45  –       53   .       
      68.             Masuda     M.  ,   Shimizu     T.         ,      Lipid nanotubes and microtubes: Experimental evidence for unsymmetrical monolayer membrane 

formation from unsymmetrical bolaamphiphiles ,         Langmuir      ,   20      ( 14 )       ,  2004      ,  5969  –       5977   .       
      69.        (a)        Roussel     M.  ,   Lognoné     V.  ,   Plusquellec     D.  ,   Benvegnu     T.         ,      Monolayer lipid membrane-forming dissymmetrical bolaam-

phiphiles derived from alginate oligosaccharides ,         Chem. Commun.      ,   34         ,  2006      ,  3622  –       3624   .        (b)               Guilbot     J.  ,   Benvegnu     T.  , 
  Legros     N.  ,   Plusquellec     D.  ,   Dedieu     J.-C.  ,   Gulik     A.         ,      Effi cient synthesis of unsymmetrical bolaamphiphiles for spontaneous 
formation of vesicles and disks with a transmembrane organization ,         Langmuir      ,   17      ( 3 )       ,  2001      ,  613  –       618   .       

      70.             Masuda     M.  ,   Shimizu     T.         ,      Multilayer structure of an unsymmetrical monolayer lipid membrane with a  ‘ head-to-tail ’  interface , 
Chem. Commun.      ,   23         ,  2001      ,  2442  –       2443   .       

      71.         (a)   Hauthal H.G., Dynamic surfactants and nanostructured surfaces for an innovative industry, CESIO 2004,  SÖFW-Journal ,
130 , October, 2004, 3–17, 2004.       (b)           Smith G., World surfactants congress,  CESIO 6th, J. Surfactants Deterg. ,  7 (4), October 
2004, 337–341, 2004.              



                     Tannins: Major Sources, Properties and Applications 

   Antonio   Pizzi       

ABSTRACT 

 After a brief historical introduction and the distinction between hydrolysable and condensed tannins, a 
description of their chemistry and a short historical review on their use in leather tanning, the more recent 
developments in tannins for adhesives with and without the use of any aldehyde-yielding compounds, 
even without the use of any hardeners, are described. Examples of the use of tannins for other industrial, 
nonleather, applications are reported. In particular, this chapter focuses briefl y on their new intended use 
in the medical and pharmaceutical fi elds. New data on their antiviral effectiveness against a great number 
of different viruses compared to their higher, lower or absent cytotoxicity are also presented. 

 Keywords 
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  8.1     HISTORY OF TANNINS EXTRACTION 

 Tannins are a renewable resource that is  ‘ coming of age ’  in several fi elds different from their usual, classical 
application, namely hide tanning to produce heavy duty leather. Leather tanning has been used for centuries, mil-
lennia in fact, by immersing hides in pits in which tree bark or wood rich in tannin, such as oak, had been left 
in. This method took up to one full year to produce good leather. However, the actual tannin extraction indus-
try is relatively more recent. It started in Lyon, France and in northern Italy in the 1850s to satisfy the need for 
black dyes for silk clothes. As the fashion of women silk blouses waned towards the 1870s, the multitude of small 
chestnut tannin extraction factories that had sprung up underwent a dramatic change of fortune, many going into 
bankruptcy and closing down, others combining to build enough critical mass to fi nd an alternative use for tannin 
extract  [1] . 

 The few surviving producers, managed to convince the leather manufacturers that, by dissolving tannin extract 
in the treatment pits, leather could be manufactured in just 1 month, instead of the 1 year it took on an aver-
age with the traditional bark bath technology. As a consequence, the tannin extraction industry started its second 
life for an application quite different from the original one. The advantages of tannin extract in leather mak-
ing, and the timesaving involved by its use, were such that the industry underwent rapid expansion and pros-
pered. The short availability of materials in Europe to satisfy the rapidly growing demand for tannin extracts for 
leather prompted the opening of factories in far-away countries and the use of new types of tannins. Thus, in the 
early 1900s, tannin factories using quebracho tannin from South America and Mimosa tannin from Southern and 
Central Africa started their extraction in industrial quantities and exported them to the main northern hemisphere 
markets. 
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 The two World Wars gave a considerable impulse to the expansion of tannin extraction, considering that all 
the armies marched on shoes with leather soles. To give a typical quantitative example, in 1946, just after the end 
of World War II, a major producer such as South Africa manufactured about 110        000 metric tons of dry tannin 
extract solids. That year however, was the zenith of the use of vegetable tannins for leather making, because from 
then on rubber and neoprene soles in everyday shoes, cheaper and readily available, progressively replaced leather 
counterparts. By the beginning of the 1970s, the total tanning production was down to 72       000 tons per year. This 
was followed by a further decrease in a period in which hides supply dwindled, due to the decrease and diffi culties 
of cattle farming in the 1960s and 1970s. Finally, the considerable shift in customers ’  tastes in shoes, which came 
about with the comfortable sport and leisure shoes ‘ boom ’ , gave a fi nal blow to the use of tannins in leather mak-
ing. It is interesting that today the same country that produced 110       000 tons of tannin extract in 1946, now only 
produces 42       000, only half of which are still used for leather manufacture. 

 As a consequence of the steady dwindling in tannin sales for leather, in the 1960s and 1970s the industry 
started to desperately look for new applications for these natural products. After all, they had survived the col-
lapse of the silk dyes market more than a century earlier, and a new lease of life could perhaps be found in other 
fi elds. Many applications were tried, from varnish primers for metals, which effectively were in use in Britain for 
some time during the 1960s and 1970s, to antipollution fl occulating agents that were successful for about 15 years 
in the 1970s and 1980s, before being superseded by better synthetic materials  [18] . About 600 tons tannin 
per year, are still in use as ore fl otation agents, especially in a couple of feldspar mines in southern Africa  [18] . 
Furthermore, fl uidifying agents for drilling mud and superplasticizing additives for cement were developed  [101] . 
To the best knowledge of the author, about 70–80 tons per year of tannin-based cement additives are still used. The 
main use found, however, was for tannin adhesives for wood panels and other wood products. Production started 
in 1973 and reached 4       500 dry tons/year of tannin by 1978, and this fi gure has now risen to around 25       000. 

 The application of tannins as wood adhesives contributed to save a few tannin extraction factories and to sta-
bilize the situation in some major producing countries, but did not translate into an immediate and defi nitive res-
cue of that industry. Worldwide, leather still consumes more tannin than adhesive formulations. This is because 
oil-derived synthetic adhesives are cheaper than the tannin-based counterparts. The fi rst oil crisis of 1974 at least 
convinced a few southern hemisphere industrialists (in Australia, South Africa and New Zealand) to use tannin 
adhesives to avoid the diffi culties of supplying synthetic adhesives. The phenomenon persisted with a couple of 
still existing exceptions, but it did not take off in Europe or North America. Synthetic adhesives became cheap 
again and in abundant supply after 1974, being strongly  ‘ pushed ’  by all the big chemical companies. Considerable 
renewed interest in tannins started again after the year 2000 as a result of two factors: (i) the recent marked 
increase in oil prices that raised disproportionately the market price of all synthetic adhesives, thus favouring nat-
ural raw materials. As a consequence, tannin has now become much cheaper than phenol and competes with the 
cheapest adhesive of them all, urea–formaldehyde resins; (ii) the recent severe tightening of formaldehyde emis-
sion regulations, mainly the introduction of the extremely severe Japanese standard, a regulation that is now start-
ing to spill over into other countries  [2, 3] . 

 Although tannin adhesives are now fast becoming an interesting industrial proposition as an alternative to 
synthetic homologues, the use of tannins is expanding rapidly to an even more interesting fi eld, namely to the 
pharmaceutical/medicine areas. Thus, a fourth market transformation has started and it appears set to overtake 
tannin transformation into wood adhesives, at least in terms of monetary added value. The therapeutic virtues of 
the addition of tannins in wine (consequence of the so-called French Paradox), the use of tannins to cure some 
gastrointestinal diseases, the increasing use of tannins as food supplements in North America, and the research 
on the benefi cial effects of tannins in a multitude of diseases, even serious ones such as cancer and virus-induced 
sicknesses, are in full swing. This is because the value added to the base cost of tannins is considerable. Indeed, 
since tannins to be used for human consumption must obviously be thoroughly purifi ed, their price is 40–50 times 
higher than that of tannins for industrial applications.  

  8.2     MAJOR SOURCES 

 The sources of tannins are very varied. There is a multitude of trees and shrubs which contain tannins. For 
both hydrolysable and condensed structures, the species rich in tannins are many. Notable for either their 
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present or past economic and/or industrial importance are black wattle or black mimosa bark ( Acacia
mearnsii ), quebracho wood ( Schinopsis balansae or lorentzii ), oak bark ( Quercus  spp.), chestnut wood 
(Castanea sativa ), mangrove wood,  Acacia catechù ,  Uncaria gambir , sumach, myrabolans ( Terminalia  and 
Phyllantus  tree species), divi-divi ( Caesalpina coraria ), algarobilla chilena, tara, and the bark of several species 
of pines and fi rs, among them  Pinus radiata  and  Pinus nigra , not counting even more plants with extractable 
tannins.

 As regards the tannin origin by location, the areas of strong industrial production today are Brazil, South Africa, 
India, Zimbabwe, Tanzania for mimosa tannin; Argentina for quebracho tannin; Indonesia for mangrove and for 
cube Gambier tannins; and Italy and Slovenia for chestnut tannin. There are many other small to very small pro-
ducers a bit everywhere, for example, small pine tannin factories in Turkey and Chile, an oak tannin factory in 
Poland and a grape pip tannin factory in France.  

  8.3     USES 

 The variety of uses of tannins has been illustrated in the introduction. Some, which were important in the past
but are no longer now, will not be described, as the literature on the subject is extant  [1, 14, 15, 18] . The major 
existing uses or past uses of tannins are listed below, and the more important will be developed later in more 
detail.

  (1)     Leather manufacture. 
  (2)     Adhesives, in particular wood adhesives.  
  (3)     Wine, beer and fruit juices additives.  
  (4)     Ore fl otation agents. 
  (5)     Cement superplasticizers. 
  (6)     Medical and pharmaceutical applications. 

 Of these, leather manufacture will only be briefl y discussed as it is beyond the scope of this review and because 
extensive technical and scientifi c literature is available on the subject  [1, 5, 7, 14, 15–19, 27] . Suffi ce it to say that 
it is the interaction between the phenolic hydroxy groups of the tannins and the polar groups of proteins that give 
rise to a very strongly associated whole.  

  8.4     TANNIN STRUCTURE 

 The term natural vegetable tannins is used loosely to defi ne two broad classes of chemical compounds of
mainly phenolic nature, namely condensed or polyfl avonoid tannins and hydrolysable tannins. The recognized oli-
gomeric nature of condensed tannins  [4–7]  contrasts with the allegedly nonpolymeric nature of hydrolysable 
tannins [5–7] . 

  8.4.1     Hydrolysable tannins 

 Hydrolysable tannins, including chestnut ( Castanea sativa ), myrabolans ( Terminalia  and  Phyllantus  tree species), 
divi-divi ( Caesalpina coraria ), tara, algarobilla, valonea, oak and several other commercial tannin extracts are 
reputed to be mixtures of simple phenols such as gallic and ellagic acids and of esters of a sugar, mainly glucose, 
with gallic and digallic acids, and with more complex structures containing ellagic acid ( Fig. 8.1   ). 

 Notwithstanding their alleged lack of a polymeric nature, they can form complex structures. It must be 
noted fi rst that carbohydrates are intimately and covalently linked to the phenolic moieties in the structure of 
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these tannins, and are therefore to be considered as part of the tannin itself. Indeed, several studies  [4, 5] 
identifi ed the major constituents of the main commercial hydrolysable tannin, chestnut tannin extract (an ellagi-
tannin), as the positional isomers castalagin and vescalagin ( I ), present respectively in 14.2 and 16.2 per cent 
by mass.
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 Figure 8.1        Chemical species characteristic of the low molecular weight fraction of hydrolysable tannins.    
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 The rest of the tannin was found to contain 6.6 per cent of the positional isomers castalin and vescalin ( II )
[4, 5] , 6 per cent of gallic acid, and 3 per cent of pentagalloyl glucose monomer.
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 It must be pointed out however that the authors of the study advancing relative composition percentages  [5]  clearly 
state that the disadvantage of the chromatographic technique they used is its strong adsorption of several types of 
tannins, particularly tannins composed of large molecules. This limitation might well slant the percentages of lower 
to higher molecular weight components in the analysis of the chestnut extract  [4] . Notwithstanding such a limita-
tion, two classes of compounds have however mass predominance in chestnut tannins, namely 28.8 per cent of small 
molecules, the formula of which is shown in  Fig. 1 , and 25.4 per cent (or higher, see reasons above) of an unknown 
and diffi cult to isolate fraction of apparently a very much higher molecular weight  [5]  and a very low TLC Rf. This 
fraction appears to be composed of a number of closely related components giving a continuous TLC smudge of Rf 
values between 0 and 0.33, which has recently been identifi ed as a mixture of oligomers of pentagalloyl glucose  [8] , 
leading to the hypothesis that castalagin, vescalagin, vescalin and castelin are nothing but the hydrolysis of the real 
structure of the tannin as present in nature  [8] . Circumstantial evidence strongly suggests that their repeat unit is:
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 Although these tannins can be reacted with formaldehyde and other aldehydes, the rates of these interactions are 
low, and they are therefore not favoured for the preparation of resins. They have, however, been used successfully 
as partial substitutes (up to 50 per cent) of phenol in the manufacture of phenol–formaldehyde resins  [9, 10] . Their 
chemical behaviour towards formaldehyde is analogous to that of simple phenols of low reactivity and their mod-
erate use as phenol substitutes in the above-mentioned resins does not present diffi culties. Their lack of macro-
molecular structure, the low level of phenol substitution they allow, their low nucleophilicity, limited worldwide 
production and relatively high price, somewhat decrease their chemical and economical interest for resin produc-
tion. Consequently, their main use is for leather tanning where their performance, especially in terms of clarity of 
colour and light resistance, is truly excellent.  
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  8.4.2     Condensed (polyfl avonoid) tannins 

 Condensed tannins constitute more than 90 per cent of the total world production of commercial tannins (200       000 
tons per year) [11] . Their high reactivity towards aldehydes and other reagents renders them both chemically and 
economically more interesting for the preparation of adhesives, resins and other applications apart from leather 
tanning. The main commercial species, such as mimosa and quebracho, also yield excellent heavy duty leather. 
Condensed tannins and their fl avonoid precursors are known for their wide distribution in nature and particularly 
for their substantial concentration in the wood and bark of various trees. These include various  Acacia  (wattle or 
mimosa bark extract),  Schinopsis  (quebracho wood extract),  Tsuga  (hemlock bark extract),  Rhus  (sumach extract) 
species, and various  Pinus  bark extract species, from which commercial tannin extracts are manufactured. 

 The structure of the fl avonoid constituting the main monomer of condensed tannins may be represented as follows:
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 This fl avonoid unit is repeated 2–11 times in mimosa and quebracho tannins  [11, 12] , with an average degree 
of polymerization of 4–5, and up to 30 times for pine tannins, with an average degree of polymerization of 6–7 
for their soluble extract fraction  [13] . The nucleophilic centres on the A-ring of a fl avonoid unit tend to be more 
reactive in aromatic substitution, than those found on the B-ring. This is due to the vicinal hydroxyl substituents, 
which cause general activation in the B-ring, without any localized effects such as those found in the A-ring  [11] . 

 The following three-unit fragment illustrates two typical tannin structures:
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R � H � Pine tannin, a Procyanidin
R � OH � Pecan tannin, a Prodelphinidin

 Formaldehyde and other aldehydes react with tannins to induce polymerization through methylene bridge link-
ages at reactive positions on the fl avonoid molecules, mainly the A-rings. The reactive positions of the A-rings are 
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the 6 or  8 locations (according to the type of tannin) of all the fl avonoid units, and both of them for the upper termi-
nal fl avonoid units. The A-rings of mimosa and quebracho tannins show reactivity towards formaldehyde compar-
able to that of resorcinol  [11, 14–17] . Assuming the reactivity of phenol to be 1 and that of resorcinol to be 10, the 
A-rings have a reactivity of 8–9. However, because of their size and shape, the tannin molecules lose their mobility 
and fl exibility at a relatively low level of condensation with formaldehyde, so that the available reactive sites are too 
far apart for further methylene bridge formation. The result may be incomplete polymerization and therefore poor 
material properties. Bridging agents with longer molecules should be capable of joining the distances that are too 
long for methylene bridges. Alternatively, other techniques can be used to solve this problem  [11, 100] .

 In condensed tannins from mimosa bark, the main polyphenolic pattern is represented by fl avonoid analogues 
based on resorcinol A-rings and pyrogallol B-rings. These constitute about 70 per cent of the tannins. The second-
ary but parallel pattern is based on resorcinol A-rings and catechol B-rings  [11, 14] . These tannins represent about 
25 per cent of the total of mimosa bark tannin fraction. The remaining parts of the condensed tannin extract are the 
 ‘ nontannins ’   [14] . They may be subdivided into carbohydrates, hydrocolloid gums and small amino and imino acid 
fractions  [11, 14] . The hydrocolloid gums vary in concentration from 3 to 6 per cent and contribute signifi cantly 
to the viscosity of the extract despite their low concentration  [11, 14] . Similar fl avonoid A- and B-ring patterns 
also exist in quebracho wood extract ( Schinopsis balansae , and  Lorentzii )  [15–17] , but no phloroglucinol A-ring 
pattern, or probably a much lower quantity of it, exists in the quebracho extract  [17–19] . Similar patterns to wattle 
(mimosa) and quebracho are encountered in hemlock and Douglas fi r bark extracts. Completely different patterns 
and relationships are found instead in pine tannins  [20–22]  which present only two main patterns: one represented 
by fl avonoid analogues based on phloroglucinol A-rings and catechol B-rings  [20, 22]  and the other, present in a 
much lower proportion, represented by phloroglucinol A-rings and phenol B-rings  [20, 22] . The A-rings of pine 
tannins then possess only the phloroglucinol type of structure, much more reactive towards formaldehyde than a 
resorcinol-type counterpart, with important consequences in the use of these tannins for adhesives.   

  8.5     ANALYSIS 

 Various methods of analysis are available for the determination of tannin content. These methods can generally be 
grouped into two broad classes: 

  (1)      Methods aimed at the determination of tannin material content in the extract : The classical method of this 
type still used is the hide-powder method. These methods were devised to determine which percentage of the 
extract would participate in leather tanning. Their main drawback for their use in adhesives is their incap-
acity of detecting and determining the approximate 3–6 per cent of monofl avonoids and bifl avonoids, or 
phenolic  ‘ nontannins ’ , present in the extract, which do not contribute to tanning capacity, but which do defi -
nitely react with formaldehyde and contribute to adhesive preparation.  

  (2)      Methods aimed at the determination of phenolic materials present in the extract that can be reacted with for-
maldehyde : These methods were devised particularly for tanning extract used in adhesives and are all based 
on the determination of some of the products of the reaction of the fl avonoids with formaldehyde.    

 The accepted methods of the fi rst type comprise the hide-powder method  [23] , the refractometric method and 
various visible ultraviolet, and infrared spectroscopic methods. The accepted methods of the second type include 
comparative methods such as the Stiasny–Orth method  [24, 25]  and its modifi cations, all these being gravimetric 
methods today largely obsolete due to the lack of reliability consequent to the coprecipitation of some carbohy-
drates together with the phenolic material of the tannin extract and to the results being expressed in an absolute 
value, which is never convertible to a percentage of useful material in the extract. The Lemme sodium bisulphite 
backtitration method [26] , the ultraviolet spectrophotometric molibdate ion method  [27] , and the infrared spectro-
photometric methods [28]  give instead correct percentage results. 

  8.6     A FEW CONSIDERATIONS ON LEATHER MANUFACTURE 

 The leather tanning industry is one of the most ancient processes still in operation. Extensive reviews and articles on 
the use of vegetable tannins in leather making exist  [1, 5, 7, 14, 15–19, 27] . A brief general and comparative outline 
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of vegetable versus other types of tanning is given here for the information of the reader who might not know this 
industry. Although the technology of leather manufacture has evolved over centuries, and even in recent years, the 
basic principles for the production of leather have remained essentially the same. Hide proteins, mainly collagen, 
are rendered insoluble and dimensionally more stable by treatment with chemical products able to join them and 
thus render them both more resistant to mechanical wear and less susceptible to biological degradation and other 
types of attack. The main products used today for leather tanning are (i) acid salts of trivalent chromium, mainly 
used for the manufacture of soft leathers for shoe uppers and for leather bags; (ii) forestry-derived, natural vegetable 
tannins, such as chestnut and fl avonoid extracts, mainly used for the manufacture of heavy, rigid and hard leathers 
for shoe soles, saddles, belts and other implements subject to intensive wear; (iii) aldehydes, in particular formal-
dehyde and glutaraldehyde; (iv) sulphonated synthetic polymers, such as acid phenol–formaldehyde novolak-type 
resins and (v) a number of other synthetic resins and compounds (acrylics, oxazolidines, aminoplastic resin, etc.). 

 Each of the products mentioned above is more apt than the others to the manufacture of certain specifi c types 
of leather. The fact remains however, that the fi rst two in the above list account for more than 90 per cent of all 
the leather manufactured today, and that the process based on trivalent chromium salts accounts by itself for about 
70 per cent of the total. Chrome tanning is particularly suited for soft leather, as it does not affect hide fl exibility 
and renders the leather very lightfast and very stable both chemically and physically. It produces leather of excel-
lent antishrinkage ability, as indicated by its high shrinkage temperature in testing. The forestry-derived vegetable 
tannins have, instead, a strong astringent effect (they fi x very effectively on the collagen structure) and give con-
siderable  ‘ body ’ , hardness and toughness to the leather produced with them. However, they have the considerable 
disadvantage of exhibiting marked darkening problems when exposed to light and, even worse, to shrink at a much 
lower temperature. It is these two main disadvantages that have somewhat limited their application in relation to 
the ubiquitousness of chromium salts. Conversely, their combination with some synthetic resins such as MUF 
 [29, 30] , give light-coloured leathers presenting high resistance to light-induced degradation, as well as other 
advantages similar to those of chrome tanning. 

 Chromium salts are becoming less acceptable in many types of industry due to potential effl uent pollution. 
Furthermore, well-defi ned quality standards as regards leather product skin-contact allergic reactions, have also been 
introduced for fi nished products, for instance in leather clothing and interior car linings. In this respect, two of the 
requirement limits to comply with are the amount of both leachable trivalent chromium, which generally does not 
constitute a problem, and of one of its tanning derivatives, namely the more dangerous, highly toxic hexavalent chro-
mium salts. Recent norms  [31, 32]  limit severely the proportion of these compounds in leathers to be used in direct 
contact with human skin, such as watch straps, shoe uppers, etc.). Furthermore, the treatment of tanning waste waters 
represents one of the major problems in the leather industry, especially today that the relevant European Commission 
norms impose ever more stringent effl uent limits. The waste waters are generally treated to abate (never eliminate) 
chromium salt residues. However it has proved diffi cult to fi nd suitable alternatives to chromium salts up to now. 

 In the case of natural tannins, their sensitivity to photo-oxydation limits their use to applications where such a charac-
teristic is of no consequence. It is the tannin phenolic structure itself which renders photo-oxydation possible [33] , with 
transformation of tannin phenolic groups to coloured quinones, but it has been shown that this effect can be drastically 
limited if the tannins are condensed with sulphonated synthetic aminoplast resins such as MUF  [29, 30] . Conversely, 
while the use of synthetic aminoplast resins is developing in the tanning industry, as they give leathers of a certain 
degree of softness and fl exibility, and particularly suitable for colouring, their weak point is the excessive and inevitable 
presence of free formaldehyde  [34]  and their poor tanning capability due to their low astringency. Polyphenolic vege-
table tannins are well known to act as powerful free formaldehyde scavengers, as they react rapidly and irreversibly with 
this compound  [11, 35] . Their combination with aminoplast MUF resins thus reduces markedly the photo-oxydation
of vegetable tannins through synergy with the synthetic resin, reduces formaldehyde emission to just about zero, yields 
relatively soft but also tough leather and eliminates the need for chromium salts. Furthermore, such a mix can achieve 
leather shrinkage temperatures that at least match the chromium salt performance on this parameter. 

  8.7     TANNIN-BASED ADHESIVES 

  8.7.1     Wood adhesives 

 In condensed polyfl avonoid tannin molecules, the A-rings of the constituent fl avonoid units retain only one highly react-
ive nucleophilic centre, the remainder accommodating the interfl avonoid bonds. Resorcinolic A-rings (wattle) show 
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reactivity towards formaldehyde comparable to, though slightly lower than, that of resorcinol  [36] . Phloroglucinolic 
A-rings (pine) behave instead as phloroglucinol  [37] . Pyrogallol or catechol B-rings are by comparison unreactive and 
may be activated by anion formation only at relatively high pH  [38] . Hence the B-rings do not participate in the reac-
tion except at high pH values (pH 10), where the reactivity towards formaldehyde of the A-rings is so high that the 
ensuing tannin–formaldehyde adhesives have unacceptably short pot lives  [36] . In the usual tannin adhesive practice, 
only the A-rings are used to generate the network. With regard to the pH dependence of the reaction with formalde-
hyde, it is generally accepted that the reaction rate of wattle tannins with formaldehyde is the slowest in the pH range 
4.0–4.5  [39] ; for pine tannins, the range is between 3.3 and 3.9. 

 Formaldehyde is generally the aldehyde used in the preparation, setting and curing of tannin-based adhesives. 
It is normally added to the tannin extract solution at the required pH, preferably in its polymeric form of para-
formaldehyde, which is capable of fairly rapid depolymerization under alkaline conditions, and as urea–formalin
concentrates. Hexamethylenetetramine (hexamine) may also be added to these resins because of its potential for-
maldehyde releasing action under heat. Hexamine is, however, unstable in acid media  [40] , but becomes more 
stable with increasing pH values. Hence, under alkaline conditions, the liberation of formaldehyde might not be as 
rapid and as effi cient as wanted. Also, it has been fairly widely reported, with a few notable exceptions  [41] , that 
bonds formed with hexamine as hardener are not as boil resistant  [42]  as those formed by paraformaldehyde. The 
reaction of formaldehyde with tannins may be controlled by the addition of alcohols to the system. Under these 
circumstances, some of the formaldehyde is stabilized by the formation of hemiacetals ( e.g . CH 2 (OH)(OCH 3 )) 
if methanol is used  [11, 37] . When the adhesive is cured at an elevated temperature, the alcohol is driven off at a 
fairly constant rate and formaldehyde is progressively released from the hermiacetal. This ensures that less formal-
dehyde is volatilized when the reactants reach curing the curing temperature and that the pot life of the adhesive is 
extended. Other aldehydes have also been substituted for formaldehyde  [11, 36, 39, 41] . 

 In the reaction of polyfl avonoid tannins with formaldehyde two competitive mechanisms take place: 

  (1)     The reaction of the aldehyde with tannin and with low molecular weight tannin–a1dehyde condensates, 
which is responsible for the aldehyde consumption.  

  (2)     The liberation of formaldehyde, which become available again for reaction. This release is probably due to the 
decomposition of the unstable �CH2�O�CH2� ether bridges initially formed into �CH2� counterparts. 

  (3)     In the case of some tannins ( e.g . quebracho tannin) a third important reaction occurs, namely the simultan-
eous hydrolysis of some interfl avonoid bonds, hence a depolymerization reaction, partly counteracting and 
thus slowing down the hardening process  [12, 42, 43] .

 Considering the fact that the two major existing industrial polyfl avonoid tannins, namely mimosa and quebra-
cho tannins, are very similar and both composed of mixed prorobinetinidins and profi setinidins, it was diffi cult to 
rationalize this anomalous behaviour of quebracho tannin. It has now been possible to determine by both NMR  [42]
and particularly by laser desorption mass spectrometry (MALDI–TOF), applied to mimosa and quebracho tannins 
and some of their modifi ed derivatives  [12]  that: (i) mimosa tannin is predominantly composed of prorobinetinidins, 
while quebracho is predominantly composed of profi setinidins; (ii) mimosa tannin is heavily branched due to the 
presence of considerable proportions of  ‘ angular ’  units in its structure, while quebracho tannin is almost completely 
linear [12] . This latter structural difference is the one which contributes to the considerable differences in viscos-
ity of water solutions of the two tannins and which induces the interfl avonoid link of quebracho to be more easily 
hydrolysable, because of the linear structure of this tannin. This feature confi rms the NMR fi ndings  [12, 42]  show-
ing that this tannin is subject to polymerization/depolymerization equilibria. The specifi city of the quebracho struc-
ture also explains the decrease in viscosity arising from acid/base treatments to yield tannin adhesive intermediates 
after a certain level of hydrolysis of the tannin itself and not only of the carbohydrates present in the extract (see 
also Section 8.4). Such a tannin hydrolysis does not appear to occur with mimosa tannin in which the interfl avonoid 
link is completely stable against this attach. 

 It is interesting to note that whereas �CH2�O�CH2� ether bridged compounds have been isolated for the 
phenol–formaldehyde  [40]  reaction, their existence for fast-reacting phenols such as resorcinol and phloroglucinol 
has been postulated, but they have never been isolated, since these two phenols have always been considered too 
reactive towards formaldehyde. They are detected indirectly by the surge in the concentration of formaldehyde 
observed in kinetic studies, as a consequence of the methylene ether bridge decomposition  [44] . 

 When heated in the presence of strong mineral acids, condensed tannins are subject to two competitive reac-
tions. One is degradative leading to lower molecular weight products, and the second is condensative, as a result of 
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the hydrolysis of heterocyclic rings ( p -hydroxybenzyl ether links)  [38] . The generated  p -hydroxybenzylcarbenium 
ions condense randomly with nucleophilic centres on other tannin units to form ‘ phlobaphenes ’  or  ‘ tanner ’ s red ’  
 [38, 45–47] . Other modes of condensation ( e.g . free radical coupling of B-ring catechol units) cannot be excluded 
in the presence of atmospheric oxygen. In predominantly aqueous conditions, the formation of phlobaphene or 
insoluble condensates predominates. These reactions, characteristic of tannins and not of synthetic phenolic resins, 
must be taken into account when formulating tannin adhesives. 

 The sulphitation of tannins is one of the oldest and most useful reactions in fl avonoid chemistry. Slightly sul-
phited water is sometimes used to increase tannin extraction from the bark containing it. In certain types of adhe-
sives, the total effect of sulphitation has both negative and positive connotations. The latter aspects are related to 
both a higher concentration of tannin phenolics in adhesive applications, due to enhanced solubility and decreased 
viscosity, and to a higher moisture retention by the tannin resins, giving a slower adhesive fi lm dry-out and hence 
a longer assembly time [48] . As for the negative aspects, the presence of sulphonate groups promotes a higher sen-
sitivity to moisture with a consequent adhesive deterioration and bad water resistance of the cured glue line even 
with adequate crosslinking [48–51] . 

 In recent years, the importance of the marked colloidal nature of tannin extract solutions has come to the fore  [42, 
43, 52–60] . It is the presence of both polymeric carbohydrates in the extract, as well as of the higher molecular frac-
tion of the polyphenolic tannins, which determines the colloidal state of tannin extract solutions in water  [42, 52] .
This feature affects many of the reactions which lead to the formation and curing of tannin adhesives, to the point 
where reactions not thought possible in solution become instead, not only possible, but, the favoured ones  [42, 52] .
Conversely, reactions mooted to be of determinant importance when found on models not in a colloidal state, have in 
reality been shown to be inconsequential to tannin adhesives and their applications  [35, 59] .

  8.8     TECHNOLOGY OF INDUSTRIAL TANNIN ADHESIVES 

  8.8.1     Wood adhesives 

 The purity of vegetable tannin extracts varies considerably. Commercial wattle bark extracts normally contain 
70–80 per cent active phenolic ingredients. The nontannin fraction, consisting mainly of simple sugars and high 
molecular weight hydrocolloid gums, does not participate in the resin formation with formaldehyde. Sugars reduce 
the strength and water resistance in direct proportion to the amount added. Their effect is a mere dilution effect of 
the adhesive resin solids, with the consequent proportional worsening of adhesive properties. The hydrocolloid 
gums, instead, have a much more marked effect on both original strength and water resistance of the adhesive  [11, 
37, 58] . If it is assumed that the nontannins in tannin extracts have a similar infl uence on adhesive properties, it 
can be expected that unfortifi ed tannin–formaldehyde networks can achieve only 70–80 per cent of the perform-
ance shown by synthetic adhesives. 

 In many glued wood products, the demands on the glue line are so high that unmodifi ed tannin adhesives 
are unsuitable. The possibility of refi ning extracts has proved fruitless largely because the intimate association 
between the various constituents makes industrial fractionation diffi cult. Fortifi cation is in many cases the most 
practical approach to reducing the effect of impurities and generally consists of copolymerization of the tannin 
with phenolic or aminoplastic resins  [36, 37, 58, 61] . It can be carried out during the manufacture of the adhesive 
resin, during gluemix assembly, just before use, or during adhesive use. If added in suffi cient quantity, various 
synthetic resins have been found effective in reducing the nontannin fraction to below 20 per cent and in overcom-
ing other structural problems  [36, 37] . The main resins used are phenol–formaldehyde and urea–formaldehyde 
resols with a medium-to-high methylol group content. These resins can fulfi l the functions of hardeners, fortifi ers, 
or both. Generally, they are used as fortifi ers in between 10 and 20 per cent of total adhesive solids, with parafor-
maldehyde used as a hardener. Such an approach is the favourite one for marine-grade plywood adhesives. These 
fortifi ers are particularly suitable for the resorcinol types of condensed tannins, such as mimosa. They can be 
copolymerized with the tannins during resin manufacture, during use, or both  [11, 35–37, 58] . Copolymerization 
and curing are based on the condensation of the tannin with the methylol groups carried by the synthetic resin. 
Since tannin molecules are generally large, the rate of molecular growth in relation to the rate of linkage is high, 
so that tannin adhesives generally tend to have fast gelling and curing times and shorter pot lives than those of 
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synthetic phenolic adhesives. From the point of view of reactivity, phloroglucinol tannins, such as pine tannins, 
are much faster than mainly resorcinol tannins such as mimosa. The usual ways of slowing them down and, for 
instance, lengthening the adhesive pot life are: 

  (1)     To add alcohols to the adhesive mix to form hemiacetals with formaldehyde which therefore act as retardants 
of the tannin–formaldehyde reaction.  

  (2)     To adjust the adhesive pH to obtain the required pot life and rate of curing.  
  (3)     To use hexamine as a hardener which, under the current conditions, gives a very long pot life at ambient 

temperature but still a fast curing time at higher temperatures. 

 The viscosity of bark extracts is strongly dependent on concentration and increased very rapidly above 50 per 
cent. Compared to synthetic resins, tannin extracts are more viscous at the concentrations normally required in 
adhesives. The high viscosity of aqueous solutions of condensed tannins is due to the following causes, in order of 
importance:

  (1)      Presence of high molecular weight hydrocolloid gums in the tannin extract   [58, 60] : The viscosity is directly 
proportional to the amount of gums present in the extract  [58, 60] .

  (2)      Tannin–tannin, tannin–gum and gum–gum hydrogen bonds : Aqueous tannin extract solutions are not true 
solutions but, rather, colloidal suspensions in which water access to all parts of the molecules present is very 
slow. As a consequence, it is diffi cult to eliminate intermolecular hydrogen bonds by dilution only  [58, 60] .

  (3)      Presence of high molecular weight tannins in the extract   [12, 58, 60] .

 The high viscosity of tannin extract solutions has also been correlated to the proportion of very high molecular 
weight tannins present in the extract. This effect is not well defi ned. In most adhesive applications, such as in ply-
wood adhesives, the viscosity is not critical and can be manipulated by dilution. 

 In the case of particleboard adhesives, the decrease in viscosity is, instead, an important prerequisite. When 
reacted with formaldehyde, unmodifi ed condensed tannins give adhesives having characteristics that do not suit 
particleboard manufacture, namely, high viscosity, low strength and poor water resistance. The most commonly 
used process to eliminate these disadvantages in the preparation of tannin-based particleboard adhesives consists of 
a series of subsequent acid and alkaline treatments of the tannin extract, causing hydrolysis of the gums to simple
sugars and some tannin structural changes, thus improving the viscosity, strength and water resistance of the unfor-
tifi ed tannin–formaldehyde adhesive  [11, 35] . Furthermore, such treatments may cause the partial rearrangement
of the fl avonoid molecules that causes liberation of some resorcinol  in situ  in the tannin, rendering it more
reactive, allowing better crosslinking with formaldehyde and, ultimately, yielding an adhesive which, without 
addition of any fortifi er resins, gives a truly excellent performance for exterior-grade particleboard  [11, 35] . This 
modifi cation cannot be carried out too extensively, in order to avoid the precipitation of the tannin from the solu-
tion by the formation of ‘ phlobaphenes ’ . 

 Typical results are shown in  Table 8.1   . 

 Table 8.1 

   Unfortifi ed tannin–formaldehyde adhesives obtained by acid–alkali treatment, for exterior-grade 
particleboard: Example of industrial board results  [11, 77, 78]   

 Swelling after a 2       h boil 

 Panel density 
(g/cm3 ) 

 Measured wet 
(%)

 Measured dry 
(irreversible 
swelling)
(%)

 Original internal 
bond (IB) tensile 
perpendicular
(kg/cm2 ) 

 IB after a 2       h 
boil
(kg/cm2 ) 

 Cyclic test after 
fi ve cycles 
measured
(%)

 0.700  11.0  0.0  13.0  9.0  3.0 
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 Particular gluing and pressing techniques have been developed for tannin particleboard adhesives  [62, 63]  to 
achieve pressing times much shorter than those traditionally obtained with synthetic phenol–formaldehyde adhe-
sives, although recent advances in the latter materials have markedly limited such an advantage  [64, 65] . Pressing 
times of 7       s       mm �1  of panel thickness have been achieved and of 9       s       mm �1  at 190–200°C pressing temperatures are in 
daily operation: these are pressing times that are becoming comparable to those obtainable with urea–formal dehyde
or melamine–formaldehyde resins at the same pressing temperatures. The success of these simple types of particleboard
adhesives relies heavily on industrial application technologies rather than just on the preparation technology of the 
adhesive itself  [58, 62, 66] . A considerable advantage is the much higher moisture content of the resinated chips 
tolerable with these adhesives than with any of the synthetic phenolic and aminoresin counterparts. In the case of 
wood particleboard and of oriented strandboard (OSB) panels, the technology so developed allows hot-pressing 
at moisture contents of around 24 per cent, against values of 12 per cent for traditional synthetic adhesives, and 
presents other advantages as well  [58, 66, 67] . 

 The best adhesive formulation for phloroglucinolic tannins, such as pine tannin extracts is, instead, a comparatively 
new and is also capable of giving excellent results when using resorcinol tannins such as a wattle tannin extract  [68–71] . 
The adhesive gluemix consists only of a mix of an unmodifi ed tannin extract 50 per cent solution to which paraformal-
dehyde and polymeric nonemulsifi able 4,4 � -diphenylmethane diisocyanate (commercial pMDI) are added  [68–71] . The 
proportion of tannin extract solids to pMDI can be as high as 70/30       w/w, but can be much lower in pMDI content. This 
adhesive is based on the peculiar mechanism by which the pMDI in water, is hardly deactivated to polyureas because it 
reacts faster with the hydroxymethyl groups of a formaldehyde-based resin, be it a tannin or another resin  [69, 71] .

 The properties of the particleboards manufactured with this system using pine tannin adhesives are listed in 
 Table 8.2   . The results obtained with this system are quite good and not too different from those produced by some 
of the other tannin adhesives already described. In the case of phloroglucinolic tannin extracts, no pH adjustment 
of the solution is needed. One point that was given close consideration is the deactivating effect of water on the 
isocyanate group of pMDI. It has been found that the amount of deactivation by water in a concentrated solution 
(50 per cent or over) of a phenol is much lower than previously thought  [68–71] . This is the reason why aqueous 
tannin extract solutions and pMDI can be mixed without any substantial pMDI deactivation by the water present. 

 The quest to decrease or completely eliminate formaldehyde emission from wood panels bonded with adhesives, 
although not really necessary in tannin adhesives due to their very low emission (as with most phenolic adhesives), 
has nonetheless promoted here too some research to further reduce formaldehyde emission. This has centred into 
two lines of investigation: (i) tannin autocondensation (see paragraph D later on), and (ii) the use of a hardener not 
emitting at all, simply because no aldehyde has been added to the tannin  [72–74] . Methylolated nitroparaffi ns and, in 
particular, the simpler and least expensive exponent of their class, namely trishydroxymethyl nitromethane  [72, 73] ,
function well as hardeners for a variety of tannin-based adhesives, while affording considerable side advantages to 
the adhesive and to the bonded wood joint. In panel products such as particleboard, medium density fi breboard and 
plywood, the joint performance which is obtained is of the exterior/marine-grade type, combined with a very advanta-
geous and very considerable lengthening in gluemix pot life is obtained. Furthermore, the use of this hardener is cou-
pled with such a marked reduction in formaldehyde emission from the bonded wood panel that it is limited exclusively 
to the formaldehyde released only by the heated wood, or even less, thus functioning as a mild depressant of emission 
from the wood itself. Moreover, trishydroxymethyl nitromethane can be mixed in any proportion with traditional for-
maldehyde-based hardeners for tannin adhesives, its proportional substitution of such hardeners inducing a correspond-
ingly marked decrease in the formaldehyde emission of the wood panel, without affecting its exterior/marine-grade 

 Table 8.2 

   Properties of a particleboard manufactured using pine tannin adhesives  

 Swelling after a 2       h boil 

 Panel 
density

 Measured wet 
(%)

 Measured dry 
(irreversible 
swelling)
(%)

 Original internal 
bond (IB), tensile 
perpendicular
(kg/cm2 ) 

 IB after a 2       h 
boil
(kg/cm2 ) 

 IB retention 
after a 2       h boil
(%)

 0.690  15.0  4.3  8.4  4.3  51 
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performance. Medium density fi breboard (MDF) industrial plant trials confi rmed all the properties reported above  [72, 
73] . A cheaper but equally effective alternative to hydroxymethylated nitroparaffi ns is the use of hexamine as tannin 
hardener. This sometimes causes problems of an early agglomeration in some tannins  [74]  and a better solution which 
overcames this drawback was to use a mixture of formaldehyde and an ammonium salt as the hardener. 

  8.8.2     Corrugated cardboard adhesives 

 The adhesives developed for the manufacture of damp-ply-resistant corrugated cardboard are based on the addition 
of spray-dried wattle extract, urea–formaldehyde resin, and formaldehyde to a typical Stein–Hall starch formula with 
18–22 per cent starch content  [75, 76] . The wattle tannin–urea–formaldehyde copolymer formed  in situ  and any free 
formaldehyde left in the glue line are absorbed by the wattle tannin extract. The wattle extract powder should be 
added at level of 4–5 per cent of the total starch content of the mix ( i.e . carrier plus slurry). Successful results can be 
achieved in the range of 2–12 per cent of the total starch content, but 4 per cent is the recommended starting level. 
The fi nal level is determined by the degree of water hardness and desired bond quality. This wattle extract UF-fortifi er
system is highly fl exible and can be adapted to damp-proof a multitude of basic starch formulations. 

  8.8.3     Cold-setting laminating and fi ngerjointing adhesives for wood 

 A series of different novolak-like materials are prepared by copolymerization of resorcinol with resorcinol A-rings 
of polyfl avonoids, such as condensed tannins  [77–79] . The copolymers formed have been used as cold-setting 
exterior-grade wood adhesives, complying with the relevant international specifi cations. Several formulations are 
used. The system most commonly employed commercially relies on the simultaneous copolymerization of resor-
cinol and of the tannin resorcinol A-ring, thanks to their comparable reactivity towards formaldehyde. The follow-
ing scheme summarizes the principle of this system:

OHO

HO

HO

CH2

OH

OH

OH

Resorcinol � HCHO � flavonoid tannin

� Uncondensed
 resorcinol and flavonoids

 The fi nal mixture is an adhesive that can be set and cured at ambient temperature by the addition of paraformal-
dehyde. Other cold-set systems exist and are described in the more specialized literature  [11, 77–79] . Some typical 
results obtained with these adhesives are given in  Table 8.3   . 

 Table 8.3 

   Typical results of tannin–resorcinol–formaldehyde cold-setting 
adhesives used on beech strips according to British Standard BS 1204  [80]   

 Dry  After 24       h 
cold-water soak 

 After 6       h boil 

 Tensile strength (N)  3       200–3       800  2       300–2       900  2       200–2       800 
 Wood failure (%)     90–100     75–100     80–100 
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 A particularly interesting system now used extensively in several southern hemisphere countries is the so-called 
honeymoon ’  fast-setting, separate-application system  [81, 82] . In this process, one of the surfaces to be mated in 
the joint is spread with a standard synthetic phenol–resorcinol–formaldehyde adhesive plus a paraformaldehyde 
hardner. The second surface is spread with a 50 per cent tannin solution at pH 12. When the two surfaces are 
jointed, fi ngerjoints develop enough strength to be installed within 30       min and laminated beams (glulam) need to 
be clamped for only 2.5–3       h instead of the traditional 16–24       h, with a consequent considerable increase in factory 
productivity. This adhesive system also provides full weather- and boil-proof capabilities.  

  8.8.4     TYRE CORD ADHESIVES 

 Another application of condensed tannin extracts that has proved technically successful is as a tyre cord adhesive. Both 
thermosetting tannin formulation [83]  and tannin–resorcinol–formaldehyde formulations have been tested successfully.   

  8.9     NEW CONCEPTS AND PRINCIPLES 

  8.9.1     Surface catalysis 

 As in the case of other formaldehyde-based resins, the interaction energies of tannins with cellulose obtained by 
molecular mechanics calculations [59]  tend to confi rm the effect of surface catalysis induced by cellulose also 
on the curing and hardening reaction of tannin adhesives. The considerable energies of interactions obtained can 
effectively explain a weakening of the heterocycle ether bond leading to the accelerated and easier opening of the 
pyran ring in a fl avonoid unit, as well as the ease with which hardening by self-condensation can occur. As in syn-
thetic formaldehyde-based resins, the same effect explains the decrease in the activation energy of the condensa-
tion of polyfl avonoids with formaldehyde leading to exterior wood adhesives curing and hardening  [84] .

  8.9.2     Hardening by tannins self-condensation 

 The self-condensation reactions characteristic of polyfl avonoid tannins have only recently been used to prepare 
adhesive polycondensates hardening in the absence of aldehydes  [85] . This self-condensation reaction is based on 
the opening under alkaline and acid conditions of the O1�C2 bond of the fl avonoid repeating unit and the subse-
quent condensation of the reactive centre formed at C2 with the free C6 or C8 sites of a fl avonoid unit on another 
tannin chain  [85–89] . Although this reaction may lead to considerable increases in viscosity, gelling does not gen-
erally occur. However, gelling does occur when the reaction takes place (i) in the presence of small amounts of 
dissolved silica (silicic acid or silicates) catalyst and some other catalysts  [85–90] , and (ii) on a lignocellulosic 
surface  [89] . In the case of the more reactive procyanidin- and prodelphinidin-type tannins, such as pine tannin, 
cellulose catalysis is more than enough to cause hardening and to produce boards of strength satisfying the rele-
vant standards for interior-grade panels  [89] . In the case of the less reactive tannins, such as mimosa and quebra-
cho, the presence of a dissolved silica or silicate catalyst is essential to achieve the panel strength required by the 
relevant standards. Self-condensation reactions have been shown to contribute considerably to the dry strength of 
wood panels bonded with tannins, but to be relatively inconsequential in contributing to the bonded-panel exterior-
grade properties, which are instead attained by polycondensation reactions with aldehydes  [89–91] . Combinations 
of tannin self-condensation and reactions with aldehydes, and combinations of radical and ionic reaction, have 
been used to decrease the proportion of aldehyde hardener needed, as well as to decrease considerably further the 
already low formaldehyde emission caused by the use of tannin adhesives  [89–91] .   

  8.10    CEMENT SUPERPLASTICIZERS 

 Plasticizers or dispersion agents are additives which are incorporated into concrete to improve its workability, 
reduce its water content needs, and enhance its strength development. Unfortunately, these properties are mutually 
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exclusive. Thus, all plasticizers also cause retardation in the setting and in the early strength development of concrete. 
Superplasticizers are, instead, substances that in small amounts are able to strongly fl uidify a cement mix  without
retarding its setting. Heavily sulphonated melamine–formaldehyde resins are the only other superplasticizers known 
in cement technology, other than tannins. This enhanced workability without any addition of extra water entails nei-
ther a loss of fi nal strength, nor any gross retardation of concrete strength. Furthermore, no decrease in initial strength 
is observed. Their remarkable plasticizing action is demonstrated by slumps of 200       mm without increases in water 
content or by water reduction of up to 30 per cent  [92] . 

 The effect of a superplasticizer is due to its sulphonic groups being oriented towards water, but also adsorbing 
on the cement grain surface in suffi cient numbers to form a monolayer around the grain. The combination of elec-
trostatic repulsion and large ionic size brings about a rapid dispersion of the individual cement grains. In doing 
so, water trapped within the original fl ocks is released and can contribute to the mobility of the cement paste and, 
hence, to the workability of the concrete. Superplasticizers do not cause much reduction in the surface tension of 
water. The adsorption of the anions on the surface of the cement grain is also less tenacious than in the case of 
retarders and the course of the hydration reaction is not hindered at normal dosage levels. It follows that, for nor-
mal superplasticizers, there is no signifi cant retardation of setting and hardening. 

 Polyfl avonoid tannins have structures capable of complexing metallic ions such as Fe 2+ /Fe 3+  and aluminium 
ions through the ortho hydroxyl groups of the B-ring of the fl avonoid units  [11] . They can also be sulphonated, 
and often are, to improve their solubility in water, with the consequent opening of their etherocyclic pyran ring 
and the introduction of sulphonic groups at the C2 sites of some of the fl avonoid units  [11] . They also contain up 
to 20 per cent monomeric and polymeric carbohydrates. Notwithstanding the well-known retarding effect of carbo-
hydrates on cement, this is not the case in the presence of the tannins in the tannin extract. These characteristics 
render polyfl avonoid tannins an interesting material for use as dispersing/plasticizing agents for cements, which 
are materials mostly composed of calcium and iron silicates and aluminates. 

 Sulphonated mimosa, quebracho and pine tannin extracts all behave well as cement superplasticizers, with 
mimosa and pine being the better ones  [93] . A dosage of 0.25–0.5 per cent in cement has a noticeable effect 
of fl uidifi cation. The tannin extract cement superplasticizing behaviour was ascribed to the balance of different 
effects, namely (1) their increase in molecular weight by self-condensation induced by the presence of silicate and 
aluminium components of cement  [72, 73, 93] ; (2) the decrease fi rst and then the stabilization of the molecular 
weight and the improved solubility induced by the introduction of sulphonic groups in the tannin structure and 
(3) the stabilization of the molecular weight induced by the addition of urea, through its hindrance to tannin self-
condensation and its decrease of the tannin extracts colloidal association in water.  

  8.11    MEDICAL/PHARMACEUTICAL APPLICATIONS 

 Tannins are well known to have an antimicrobial activity. This is logical as their capability to tan proteins means that 
they will complex irreversibly also with the proteins in bacterial membranes, thus inhibiting any activity they might 
have. It follows that, pharmaceuticals containing tannins and aimed at curing bacterial intestinal infections have 
been around already for some time. Some studies on their anticavity effectiveness have also been conducted  [94] . 
Additionally, the use of tannins in other pharmaceutical medical applications, have been reported, particularly con-
cerning their antitumour and anticancer activity  [95–98] . More recently, work on their antiviral effectiveness has been 
conducted [99] . The data in  Tables 4 to 11                  present preliminary results obtained on the antiviral activity of 12 different 
fl avonoid and hydrolysable tannins, obtained at the medical department of Leuven University  [99] . These results evalu-
ated both the effectiveness of 12 different tannins, as measured by the Minimum Inhibitory Concentration (MIC) 
required to reduce virus-induced cytopathogenicity by 50 per cent. The lower the MIC value, the better the compound 
as an antiviral substance. Equally important, the results in the tables report the Minimum Cytotoxic Concentration 
(MCC) required to cause a microscopically detectable alteration in the normal cell morphology. The higher the MCC, 
the less toxic is the compound to the patient ’ s cells and the better it is as an antiviral substance. Thus, what is sought 
is the lowest possible MIC and the highest possible MCC. These results were obtained as  in vitro  screening tests, 
which implies that in vivo  conformations are required. Nonetheless, their novelty and thoroughness justify their full 
report here. Different tannins have been shown to be very effective against different viruses, the nature of the differ-
ent polyphenolic groups being the cause of this behaviour. Most likely, they tan the proteins and associate with the 
carbohydrates of the virus membrane, through an interaction similar to that associating them with hide proteins and 
carbohydrates to give leather. 
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 Table 8.5 

   Cytotoxicity and antiviral activity of compounds in HEL cell cultures, Herpes and vesicular stomatitis viruses.
Tannins added prior to virus administration  

 Cytotoxicity and antiviral activity of compounds in E 6 SM cell cultures 

 Compound  Minimum cytotoxic 
concentration a   ( � g/ml) 

 Minimum inhibitory concentration b  ( � g/ml) 

 Herpes simplex 
virus-1 (KOS) 

 Herpes 
simplex 
virus-2 (G) 

 Vaccinia 
virus

 Vesicular 
stomatitis
virus

 Herpes simplex 
virus�1 TK �

KOS ACV r

 1  200  40  16  16   � 80  40 
 2 � 40  40  16  16   � 80  40 
 3 � 40  40  16  16   � 80  47 
 4 � 40  40  48  16   � 80  47 
 5  40  47  36  16   � 80  47 
 6  40  80  36  16   � 80  47 
 7 � 40  40  40  16   � 80  36 
 8  40  16  16  16   � 80  36 
 9  8 � 80 � 80   � 80   � 80   � 80 
 10  40  40 � 80  16   � 80  40 
 11  40 � 80 � 80  80   � 80  47 
 12  40  36  36  16   � 80  36 
 13  40 � 16 � 16   � 16   � 16   � 16 
 Brivudin   � 400  0.128  400  16   � 400   � 400 
 Ribavirin   � 400 � 400 � 400  400   � 400   � 400 
 Acyclovir   � 400  0.384  0.128   � 400   � 400  48 
 Ganciclovir   � 100  0.0064  0.0064  100   � 100  2.4 

a   Required to cause a microscopically detectable alteration of normal cell morphology.  
b   Required to reduce virus-induced cytopathogenicity by 50%.  

 Table 8.4 

   Tannin concentration required to protect CEM cells against the
 cytopathogenicity of HIV by 50% (MIC)  

 Anti-HIV-1 and -HIV-2 activity of the compounds in human T-lymphocyte (CEM) cells 

   Compound  EC 50  (μg/ml)  EC 50  (μg/ml) 

 HIV-1  HIV-2 

  1. Mimosa tannin  6.0         �  0.0 � 20 
  2. Mimosa tanin intermediate [100]  5.0  �  1.4 � 20 
  3. Chestnut tannin  1.4  �  0.5 � 20 
  4. Tara + Chestnut mix  5.0  �  1.4 � 20 
  5. Quebracho standard  6.5  �  0.7 � 20 
  6. Quebracho highly purifi ed  7.5  �  0.7 � 20 
  7. Quebracho highly sulphited  7.0  �  1.4 � 20 
  8. Pecan nut tannin  5.0  �  1.4 � 20 
  9. Cube Gambier  9.0  �  1.4 � 20 
 10. Radiata pine tannin  7.0  �  1.4 � 20 
 11. Maritime pine tannin  7.5  �  0.7 � 20 
 12. Sumach tannin  11.0  �  1.4 � 20 
 13. Spruce tannin   � 100 � 100 

 EC 50  = effective concentration or concentration required to protect CEM cells against the 
 cytopathogenicity of HIV by 50% 
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 Table 8.6 

   Cytotoxicity and antiviral activity of compounds in HEL cell cultures,
vesicular stomatitis, Coxsackie and respiratory syncytial viruses  

 Cytotoxicity and antiviral activity of compounds in HeLa cell cultures 

 Compound    Minimum cytotoxic 
concentrationa

(� g/ml)

 Minimum inhibitory concentration b  ( � /ml) 

 Vesicular 
stomatitis virus 

 Coxsackie 
virus B4 

 Respiratory 
syncytial 
virus

 1  400 � 80 � 80  12  �  5 
 2  400 � 80 � 80  12  �  5 
 3  400 � 80 � 80  43  �  4 
 4  400  43.4  �  4 � 80  35  �  7 
 5  400 � 80 � 80  40  �  0.2 
 6  400 � 80 � 80  40  �  0.2 
 7  400 � 80 � 80  43  �  5 
 8  400 � 80 � 80  9  �  1 
 9  400 � 80 � 80   � 80 
 10  400 � 80 � 80  40  �  0.2 
 11  400 � 80 � 80  40  �  0.2 
 12  80 � 16 � 16   � 16 
 13 � 80 � 80 � 80   � 80 
 Brivudin   � 400 � 400 � 400   � 400 
 (S)-DHPA   � 400  400 � 400   � 400 
 Ribavirin   � 400  48  240  9.4 

a   Required to cause a microscopically detectable alteration of normal cell morphology.  
b   Required to reduce virus-induced cytopathogenicity by 50%.  

 Table 8.7 

   Inhibitory effects of tannins on the proliferation of murine leukemia cells (L1210/0), murine 
mammary carcinoma cells (FM3A) and human T-lymphocyte cells (Molt4/C8, CEM/0)  

 Compound  IC 50  ( � g/ml) a

 L1210/0  FM3A/0  Molt4/C8  CEM/0 

 1  18  �  0  153  �  66   74  �  18   58  �  0 
 2  16  �  1  148  �  74   66  �  27   61  �  1 
 3  17  �  0  141  �  7   98  �  22   65  �  2 
 4  17  �  0  114  �  1   75  �  57   56  �  0 
 5  12  �  4  76  �  16   20  �  1   51  �  30 
 6  15  �  2  79  �  27   33  �  21   45  �  27 
 7  14  �  2  82  �  26   40  �  27   55  �  25 
 8  21  �  6 � 200   81  �  7   66  �  11 
 9  13  �  4  80  �  22   17  �  2   18  �  1 
 10  65  �  4 � 200   65  �  28   71  �  9 
 11  53  �  23   � 200   94  �  1  111  �  40 
 12  17  �  0  18  �  1   17  �  0   18  �  2 
 13  49  �  16   � 200  145  �  78   83  �  20 

a    50% inhibitory concentration.  
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 Table 8.9 

   Cytotoxicity and antiviral activity of compounds in HEL cell cultures, Corona viruses  

 Feline Corona virus (FIPV)  Human Corona (SARS) virus 

 EC50 ( � g/ml)  CC50 ( � g/ml)  EC50 ( � g/ml)  CC50 ( � g/ml) 

   1   52  �  19 � 100 � 100 � 100 
   2   67  �  47 � 100 � 100 � 100 
   3   49  �  17 � 100 � 100 � 100 
   4   43  �  2 � 100 � 100 � 100 
   5   49  �  10 � 100  44  �  10 � 100 
   6   55  �  19 � 100  49  �  21 � 100 
   7   32  �  1 � 100  40  �  1 � 100 
   8   72  �  40 � 100 � 100 � 100 
   9    � 100 � 100 � 100 � 100 
  10   20  �  21 � 100 � 100 � 100 
  11   44  �  5 � 100  56  �  13 � 100 
  12   7.8  �  8.0  81  �  13 � 100 � 100 
  13   63  �  32 � 100 � 100 � 100 

 Table 8.8 

   Cytotoxicity and antiviral activity of compounds in HEL cell cultures, infl uenza viruses.
 Compounds added prior to virus administration  

 Cytotoxicity and antiviral activity of compounds in MDCK cell cultures 

 Compound      Minimum 
cytotoxic 
concentrationa

 ( � g/ml)

 EC 50

 Infl uenza A H1N1  Infl uenza A H3N2  Infl uenza B 

   MTS    MTS    MTS 

 1  100    3.3  �  1.2    1.7  �  1.3    2.3  �  1.9 
 2  100    2.2  �  0.1    1.7  �  0.6    2.3  �  1.5 
 3  100    4.0  �  2.8    2.0  �  0    1.4  �  0.8 
 4  33.3    4.1  �  2.8    2.2  �  0.8    1.4  �  0.9 
 5  100    1.7  �  0.1    2.1  �  0.4    3.5  �  3.2 
 6  100    5.4  �  3.8    3.7  �  1.6    3.6  �  3.0 
 7  100    4.4  �  2.8    1.9  �  0.4    3.4  �  3.0 
 8  33.3    2.1  �  0.1    3.0  �  1.5    1.8  �  1.1 
 9  100    5.5  �  4.6    4.4  �  3.6    2.7  �  2.6 

 10  100    4.2  �  3.1    2.7  �  1.0    2.7  �  2.7 
 11  100    2.9  �  1.2    2.2  �  0.3    1.5  �  1.1 
 12  20    2.0  �  1.6    0.9  �  0.2    2.6  �  1.9 
 13  100    9.9  �  5.7    9.5  �  4.8    1.9  �  1.9 
 Oseltamivir 
carboxylate ( � M) 

� 100    0.05    0.65    10.65 

 Ribavirin ( � M)  60    4.55    6.32    9.07 
 Amantadin (�  M)   � 100    21.39    0.78     � 100 
 Rimantadin ( � M)   � 100    18.45    0.05     � 100 

a   Required to cause a microscopically detectable alteration of normal cell morphology.  



 Table 8.10 

     Cytotoxicity and antiviral activity of compounds in HEL cell cultures,   Herpes and Vaccinia viruses. 
Tannins added after virus administration  

 Cytotoxicity and antiviral activity of compounds in HEL cell cultures 

 Compound  Minimum cytotoxic 
concentrationa

(� g/ml)

 Minimum inhibitory concentrationb  ( � g/ml) 

 Herpes simplex 
virus-1 (KOS) 

 Herpes simplex 
virus-2 (G) 

 Vaccinia 
virus

 Vesicular 
stomatitis
virus

 Herpes simplex 
virus�1 TK �

KOS ACV r

 1  200  6  �  2  1.8 �   0.2   � 40   � 40  6  �  2 
 2  200  4  �  0  2  �  1  8  �  0   � 40  4  �  0 
 3  200  15  �  1  3  �  1  24  �  1   � 40  17  �  3 
 4  200  15  �  1  8  �  0  24  �  1   � 40  20  �  2 
 5 � 40 � 40 � 40  20  �  2   � 40   � 40 
 6 � 40 � 40  8  �  0 � 40   � 40   � 40 
 7 � 40  8  �  0 � 40  20  �  2   � 40   � 40 
 8  40  4  �  0  4  �  0  8  �  0   � 8  4  �  0 
 9 � 40 � 40 � 40 � 40   � 40   � 40 

 10  40  8  �  0  4  �  0  8  �  0   � 8   � 8 
 11  40 � 8  8  �  0 � 8   � 8   � 8 
 12  40 � 8  8  �  0 � 8   � 8   � 8 
 13  200 � 40 � 40 � 40   � 40   � 40 
 Brivudin ( � M) c    � 250  0.016  10  6 � 250  50 
 Ribavirin ( � ) c    � 250  250  50  30  50  250 
 Acyclovir ( � M) c � 250  0.08  0.08 � 250   � 250  50 
 Ganciclovir ( � M) c � 100  0.0064  0.032 � 100   � 100  12 
   Compounds added prior to virus administration   

a    Required to cause a microscopically detectable alteration of normal cell morphology.  
b    Required to reduce virus-induced cytopathogenicity by 50%.  
c    Controls.  

Table 8.11

Cytotoxicity and antiviral activity of compounds in Vero cell cultures, infl uenza viruses

Cytotoxicity and antiviral activity of compounds in Vero cell cultures

Compound Minimum 
cytotoxic 
concentrationa

(�g/ml)

Minimum inhibitory concentrationb (�g/ml)

Para-
infl uenza-3
virus

Reovirus-1 Sindbis
virus

Coxsackie
virus B4

Punta Toro
virus

1 400 �80 �80 �80 �80 �80
2 �400 �400 �400 149.5 � 24 149.5 � 24 169.5 � 13
3 400 �80 �80 �80 �80 �80
4 400 �80 �80 �80 �80 �80
5 400 �80 �80 �80 �80 �80
6 400 �80 �80 �80 �80 �80
7 80 �40 �40 �40 �40 �40
8 80 �40 �40 �40 �40 �40
9 400 �80 �80 �80 �80 �80
10 400 �80 �80 �80 �80 �80
11 400 �80 �80 �80 �80 �80
12 400 �80 �80 80 �80 �80
13 80 �16 �16 �16 �16 �16
Brivudinc �400 �400 �400 �400 �400 �400
(S)-DHPAc �400 �400 �400 �400 �400 �400
Ribavirinc �400 240 80 240 �400 240

a Required to cause a microscopically detectable alteration of normal cell morphology.
b Required to reduce virus-induced cytopathogenicity by 50%.
c Controls.
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