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Abstract

The direct functionalization of biopolymers is an important route towards the formation of new
biosourced materials. This work describes for the first time the modification of two largely available
biopolymers, chitosan and a guar hemicellulose, using the Pd-catalyzed telomerization reaction with
butadiene. The reactions with butadiene formed new materials by grafting a long hydrocarbon chain
at the surface of the biopolymers. These new biobased compounds were structurally characterized
using *H and 3C NMR spectroscopy. The telomerization was possible in green media like water or
aqueous jso-propanol using water soluble catalytic systems. The study shows the possibility of
adjusting the substitution degree (DS) by combining the effect of some reaction parameters and
catalyst composition. For chitosan, it was possible to get DS from 0.03 to 0.60, while for guar
hemicellulose a tighter range was obtained with DS between 0.025-0.3. Wettability experiments and
contact angle measurements indicate that the transformation induced new hydrophobic-hydrophilic
balance within the materials of highest DS that can find potential applications for example in the field

of biosourced amphiphilic materials.
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1. Introduction

The telomerization reaction is an efficient method to functionalize molecules.[1-3] It involves the
dimerization of a 1,3-diene (usually butadiene or isoprene) with the concomitant addition of a
nucleophile (mainly alcohols or amines) leading to compounds having a octa-2,7-diene chain.

Telomerization is catalyzed by phosphine or N-heterocyclic carbene palladium complexes and is of
100% atom economy, considered therefore as a sustainable reaction. A massive amount of literature
exists concerning the transformation of simple nucleophiles, however there are limited examples on
the reactivity of multi-functionalized reactants. Among them, polyols available from biomass are of
potential interest for the formation of biobased amphiphilic materials which can be used as non ionic
surfactants or emulsifiers after partial alkylation displaying desirable properties of dermatological
safety, biodegradability, wettability among others.[4] It is has been proposed for example that for light
polyols (e.g. glycols, glycerol) mono telomerization is preferred for introduction of surfactant
properties through adequate critical micelle concentrations, for a use as detergents or emulsifiers.[5]
Concerning higher polyols, octadienyl pentosides showed interfacial properties for surfactant
applications.[6] Telomerization of such biosourced compounds has been scarcely investigated, mainly
with monosaccharides.[5] Considering biosourced polymers, the telomerization of lignin (polymer
presenting phenolic units) with butadiene was described only very recently,[7, 8] and our group
reported some years ago the telomerization of starch, a polysaccharide, with butadiene.[9, 10] In order
to extent this reaction to other widely available biosourced polymers, we are currently studying the

catalytic reactivity of chitosan and hemicelluloses (Figure 1).
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Fig. 1. Representation of chitosan with an acetyl glucosamine unit linked to a glucosamine unit; and of guar
hemicellulose composed of mannose units with a branched galactose unit.

For industrial applications involving chemically modified polysaccharides, starch and cellulose are
preferred reactants.[11, 12] Besides, hemicelluloses are polysaccharides (predominantly obtained as
wastes from the paper industry) with no chemical valorization. Nevertheless chemical modification of

hemicelluloses is possible and examples of esterification and cationisation have been reported forming
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new materials of specific properties.[13-19] Chitosan is a biopolymer based on glucosamine units and
is directly available by partial deacetylation of chitin, obtained from arthropods or insects skeletons,
giving the second most available biopolymer after cellulose. Due to the presence of a free amine
function, chitosan has been used extensively as such or after chemical modification as materials for
the biomedical, separation and catalysis fields.[20-25] Although catalyzed telomerization of these two
bioresources can be clearly a straightforward way of valorization, this reaction has to the best of our
knowledge never been reported. We describe here our first results on the telomerization of chitosan
and hemicellulose, which possible mechanism is presented in Scheme 1 based on the adopted general
mechanism[1]. Our objective was to study as much as possible a sustainable valorization and for that
we privileged aqueous solvents associated with water soluble Pd complexes as catalytic system. The
influence of various parameters has been studied and specific points allowing the formation of

materials with different substitution degrees are discussed in details.
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Scheme 1. Main steps of the mechanism of telomerization of butadiene.

2. Experimental

2.1. Chemicals

All reagents were used as received. Chitosan of medium molecular weight (average unit M = 168.5
g.mol?) is a slightly fibrous powder of very pale yellow color. It has an estimated deacetylation degree
of 82% (see Supplementary information for details). Guar hemicellulose (average unit M = 162 g.mol"
1) is a fine powder of same color. Both reactants along with CTAB and iso-propanol were obtained from
Sigma. Butadiene was provided by Air Liquide in a N26 cylinder directly connected to the reactor via a
dropping funnel. Pd precursors and TPPTS ligand were obtained from Strem.

2.2. Catalyzed telomerization procedure



Detailed concentrations of reagents are indicated thorough the text for each experiment (see
corresponding Figures in the Results and discussion section). Reactions were performed in a 100 mL
batch autoclave equipped with a mechanical stirring and plugged thermocouple. After introduction of
the biopolymer, the base (if any), the surfactant (if any), the palladium precursor, the ligand and the
solvent, the autoclave was purged with argon and cooled to -30 °C using liquid nitrogen. A measuring
dropping funnel equipped with a cooling mantel connected to the autoclave allowed the controlled
introduction of an accurate volume of liquid butadiene directly from the cylinder. The reaction mixture
was heated (5 °C.min™) to the desired temperature under 1000 rpm stirring and left for the desired
time. Then, the reactor was cooled to room temperature using an ice bath, and unreacted butadiene
was evacuated. The solid product was collected by centrifugation, washed with water (2 times), filtered
and dried overnight at room temperature.

Telomerized chitosan was recovered as solid of similar aspect to initial chitosan. Telomerized guar
hemicellulose was recovered as non powdered solid, with a light green coloration, that was grounded
to powder by manual milling for subsequent analysis. For both transformations, the ratio of recovered
solid was in the range of 70-90% (+5%). Detailed calculations are given in Supplementary information.
Elemental analysis (C,H,N) of samples of various substitution degrees are given for chitosan in
Supplementary information. These products contained respectively 1 and 2.5 ppm of Pd. This
corresponds to 65% and 78% of initial Pd introduced in the reaction media.

2.3. Product analysis

Substitution degree (DS) was defined as the number of substituted functions per sugar unit. For
chitosan the sugar unit corresponds to the glucosamine moiety, DS max is 0.82 if we consider only a
single telomerization at the NH, function (Fig. 1). For guar hemicellulose maximum DS is 3 if we
consider the average OH functions of the 2 mannose-1 galactose sequence (Fig. 1).

Butadiene efficiency for product formation was calculated as the ratio of reacted butadiene for
biopolymer telomerization to introduced butadiene. Reacted butadiene for biopolymer telomerization
was determined directly from the DS taking into consideration that 2 molecules of butadiene were
involved for 1 substitution. Note that in our operating conditions, it appeared difficult to determine
whether butadiene not involved in biopolymer telomerization gave side-products (e.g. dimerization,
hydrodimerization, formation of 4-vinyl-cyclohexene, iso-propanol telomerization) or was let
unreacted. Also the presence of possible side-products was not determined since the study focused
on the formation of solid products.

DS were determined by *H NMR spectroscopy (Avance DSX400 Bruker spectrometer) with a variation
of £0.01 unit. See Results and discussion section for details.

All samples were dissolved under heating in 6%vol DCl in D,O (0.85 mL, 200 °C, 10 min) for chitosan,

and 6 %vol DCl in equi. vol. DMS0O-d6/D,0 (0.85 mL, 200 °C, 10 min) for guar hemicellulose.
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Telomerized chitosan (Fig. 2): *"H NMR (400 MHz, 80 °C, D1 =4 s, 128 scans): & ppm: 1.83 (m, He, 1.74
H), 2.43 (m, Hg, 1.00 H), 2.45 (s, CHsCO, 2.68 H), 2.51 (m, Hy, 1.24 H), 3.48 (s, NH, 0.42 H), 3.60 (t, H,,
3J,49.1Hz, CH-NH, 2.11 H), 3.8-4.0 (m, Hx, 0.99 H), 4.01-4.38 (m, Hs/s and Ha.¢, 12H), 4.44 (m, Ha, 0.96
H), 5.30 (d, H1, )i 8.10 Hz, 1.75 H), 5.41 (m, Hp, 1.33 H), 5.62 (s, NH, 0.38 H), 5.96 (m, Hy, 1.01 H),
6.15-6.26 (m, Hg, 0.76 H), 6.43 (m, Hc, 0.85 H). Integral of signals at 4.01-4.38 was arbitrarily fixed at 12
protons.

Telomerized guar hemicellulose (Fig. 7): *H NMR (400 MHz, 25 °C, D1 =15, 128 scans): & ppm: 0.97 (m,
He, 0.15 H), 1.03 (m, Hs, 0.17 H), 1.87 (m, Hg, 0.27 H), 3.10-3.86 (M, Ha/e-H2/6-H27/67, 18H), 4.31 (d, Haap,
3Ju 7.8 Hz, 0.67 H), 4.49 (m, H,, 0.21 H), 4.63 (s, Hwip, 0.32 H), 4.91 (s, Hwia, 1.11 H), 4.99 (d, He1e, *Jn-
# 3.5 Hz, 0.6 H), 7.61 (m, Hy, 0.16 H), 7.69-8.01 (m, Hc+Hp+Hg, 0.23 H). Integral of signals at 3.10-3.86
ppm was arbitrarily fixed at 18 protons. The presence of impurity in starting guar hemicellulose at 1.88
ppm prevents careful integration of this signal (see Insert in Fig. 7).

CP-MAS N solid-sate NMR was performed on a AVANCE Ill 500WB Bruker spectrometer, using
acquisition conditions specified in Fig. S5 in Supplementary information.

ESI mass spectroscopy was performed on a Impact Il QTOF Bruker spectrometer at the Centre Commun
de Spectrométrie de Masse of University Lyon 1. Samples were dissolved under heating in 6%vol HCI
in H,0 (5 g.L%, 200 °C, 10 min). Analysis of telomerized chitosan samples shows the presence of [M+H]*
at m/z=288.1809 (C14H26NOs) corresponding to telomerized amino-glycosides moieties C14H2sNOs (Fig.
S6 in Supplementary information with analysis conditions).

ATR mode infrared spectroscopy was performed on a Nicolet iS5 apparatus (Fig. S7 and S14 in
Supplementary information). Spectra of telomerized biopolymers did not display much change after
telomerization. In the case of guar no apparent difference was noticed. The substitution of chitosan
can be more significantly (qualitatively) observed by the relative decrease of the vNH; band intensity
(1560 cm™) compared to the signal in the 1250-1450 cm™ area, especially for the highest DS.

Pd content on telomerized biopolymers was determined on a ICP-OES Activa apparatus after acidic
dissolution at 350 °C.

Wettability was assessed on a GBX DIGIFROP apparatus. A 1 pl water droplet was deposited on the
powdered biopolymer (supported on a glass plate) and pictures were registered using a CCD camera,

after identical adsorption time for each sample.

3. Results and discussion

3.1. Telomerization of chitosan

3.1.1. NMR analysis and substitution degree determination



Chitosan possesses two different functions that can be substituted via telomerization: -OH and -NH,
(Fig. 1 and Scheme 2). For the present work, our goal was to study the possibility to substitute only the
amine group leaving unreacted the hydroxyl functions. Previous studies on telomerization of
ethanolamine[26] and N-methylglucamine[27, 28] showed in the absence of a base the reactivity of
the amine group only. Moreover, reports on chitosan modification indicate that -NH(OAc) function was
also not reactive and modifications occur at -NH, groups.[29] These considerations allows us to
propose the structure depicted in Scheme 2 for the products that can arise from the catalytic

telomerization of chitosan, in the absence of a base.
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Scheme 2. Possible representation of chitosan before and after telomerization with butadiene.

Proton NMR spectroscopy was used to determine the degree of substitution of chitosan (DS, see
Experimental section for details). Fig. 2 display a typical spectrum of chitosan after telomerization, and

comparison can be made with spectrum of initial chitosan (Fig. S1 in Supplementary information).
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Fig. 2. 'H NMR spectrum of chitosan after reaction (see Figures S2-S4 in Supplementary information for *3C
and HSQC spectra), DS = 0.30.

Chitosan moiety can be easily identified by key signals: acetyl group Ac at 2.45 ppm, proton linked to
the carbon adjacent to primary amine/urea moiety H, at 3.59 ppm, glucosamine unit, Hz/s-Hx.¢ at 4.00-
4.39 ppm and the anomeric proton H; at 5.29 ppm. The product of telomerization is characterized by
signals belonging to introduced octadienyl chain. Particularly protons characteristic of C=C bonds are
clearly identified at 5.42 (Hx), 5.94 (Hy), 6.15-6.23 (Hg) and 6.42 (Hc) ppm. The signals corresponding to
the internal CH; units of the chain can be observed at 1.84 (H.), 2.43 (Hq4) and 2.51 (Hs¢) ppm. Protons
of the methylene group adjacent to NH give two massifs at 3.92 (Hx) and 4.43 (H,) ppm. Attribution is
confirmed by HSQC experiments (Fig. S4 in Supplementary information). By analogy with the
determination of the degree of deacetylation, DS was calculated using the following equation based
on the integral of signals of H, and He. In this example, DS corresponds to 0.30. Alternative method

based on Hp proton delivers the same DS (see Supplementary information for equation).

J He
DS = 2

sz_l_f;le



The telomerization at the amine function was confirmed by CP-MAS *°N solid-state NMR (Figure S5 in
Supplementary information). While spectrum of initial chitosan displays two signals at 98 (NH-CO-CHs)
and 0.3 ppm (NH,),[30] that of telomerized chitosan shows an additional signal at 18 ppm that was,

based on available literature data, attributed to alkylated amino groups.[31, 32]

3.1.2. Influence of reaction conditions on the substitution degree of chitosan

This section describes the most significant effects of reaction conditions on the substitution degree.
An important issue for this kind of reaction involving biopolymers is the solvent system that may allow
particularly maximum interaction between the biopolymer, the catalytic species, and butadiene. We
choose for the first set of experiments some conditions based from previously reported starch
telomerization.[9, 10] To enhance butadiene transfer we particularly used water in the presence of
cetyltrimetyl ammonium bromide (CTAB) surfactant with iso-propanol as co-solvent (not prone to
significant telomerization[33, 34]). Note that in contrast to the reaction with starch, we used initially
an excess of butadiene. As another difference, starch telomerization necessitated the use of Na,SO4
additive to maintain the granular aspect of this biopolymer. We noticed here that it was not necessary
for chitosan that kept its slightly fibrous aspect even after modification. Concerning the catalytic
system, TPPTS was used as water-soluble ligand associated to Pd(acac), as Pd precursor that showed
good results for the telomerization of ethanolamine with isoprene.[26] In contrast to starch, chitosan
is not soluble (even as a gel) in this solvent system and is partly soluble in acidic solution only (forming
a viscous gel). Initial results (Fig. 3a) indicate that acid conditions limited the telomerization due to
protonation of amine groups giving therefore a lower DS than in neutral medium. Interestingly the
presence of a base had no impact on DS and it seems that even there only -NH; functions have been
telomerized. In these conditions a DS up to 0.27 was obtained after 20 h in the presence of an excess
of butadiene. Therefore for the following, reactions have been performed in neutral medium using
chitosan suspension in the solvent, the catalytic system being initially soluble. Since the presence of
CTAB appeared necessary to get efficient transformation, the next set of experiments consisted in
reducing the quantity of iso-propanol with the aim to perform the reaction in more sustainable
conditions by limiting the use of additives in water (Fig. 3b). Here the advantage of using CTAB vs. iso-

propanol was the need of a much lower amount.
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Fig. 3. Influence of solvent system for chitosan telomerization. Chitosan 1 g (6 mmol, 4.9 mmol of NH,), butadiene
4 mL (45 mmol, 9.2 equiv./NH,), Pd(acac), 4.5 mg (Pd: 0.015 mmol, 250 umol.L%, 0.25 mol%)/chitosan), TPPTS
25.6 mg (0.045 mmol, 750 umol.L}, 3 equiv./Pd), CTAB 33.3 mg (0.091 mmol, 0.0015 mmol.L}, 0.002

equiv./butadiene), solvent 60 mL, 60 °C, 20 h.2 No CTAB.

Surprisingly, decreasing the proportion of jso-propanol led to higher DS up to 0.61 in water, not far

from the maximum theoretical DS attainable (0.82). Therefore the presence of iso-propanol was

detrimental if one would like to get high DS. This was certainly because chitosan telomerization was

more efficient taking place at the water-butadiene interface. In these conditions the role of the CTAB

surfactant was favored in the absence of iso-propanol allowing the formation of an oil-in-water

emulsion maximizing the contact with the water-soluble catalytic system (Fig. 4). This was confirmed

by the much lower DS (0.27) obtained in the absence of CTAB in water.
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Fig. 4. Schematic representation of possible interaction of chitosan with butadiene and the catalytic species in

water in the presence of CTAB.

Then, some conditions of reaction in water were varied to determine any influence on the

telomerization. Notably, as expected decreasing the reaction time and the butadiene amount (Fig. 5)



decreased the DS however not lower than 0.20 (in water). In fact if one would like to form products
with much lower DS, the best way was to perform the reaction as initially investigated in the presence
of iso-propanol which has shown to limit the catalyst efficiency. Here varying for example the
temperature (Fig. S8 in Supplementary information), the reaction time and the butadiene quantity it
was possible to get DS close or lower than 0.10 (Fig. 5). A temperature of 60 °C appeared to be sufficient
for highest substitutions. Note that in water, at constant CTAB concentration, lowering the amount of
butadiene compared to the results described above (i.e. 7 vs. 9.2 equiv./NH,) resulted in a much higher
DS. This was explained by the formation, above a certain butadiene amount, of a separated organic
liguid phase possibly limiting the efficiency of the catalyst present in the water phase. This
phenomenon appearing in water was confirmed by the fact that butadiene efficiency for product
formation (see Experimental section for definition and determination) was not constant and depended
on the introduced amount: in water, the higher butadiene content, the lower butadiene efficiency,
butadiene being probably involved in side-reactions (dimerization, water telomerization...). At lower
butadiene concentration, the reaction became less efficient indicating that a certain amount is
nevertheless necessary to enhance mass transfer. In the presence of iso-propanol, the phenomena are
different due to the ability of iso-propanol to homogenize the liquid phases giving a close butadiene

efficiency whatever the initial charge. Here the issue of mass transfer butadiene was less significant.
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Fig. 5. Influence of time and butadiene equivalents for chitosan telomerization depending of solvent system. (a)
Chitosan 1 g (6 mmol, 4.9 mmol of NH;), butadiene 4 mL (45 mmol, 9.2 equiv./NH,), Pd(acac), 4.5 mg (Pd: 0.015
mmol, 250 umol.L?, 0.25 mol%/chitosan), TPPTS 25.6 mg (0.045 mmol, 750 umol.L?, 3 equiv./Pd), CTAB 33.3 mg
(0.091 mmol, 0.0015 mmol.L?, 0.002 equiv./butadiene), solvent 60 mL H,0 or 40/20 mL H,0/i-PrOH, 60 °C, 3-20
h. (b) See (a) except butadiene (2.3-9.2 equiv./NH,), 26 h, 20 h.

Finally, the influence of catalyst composition in water was investigated. An amount of 2 to 3

equivalents of TPPTS ligands per Pd was necessary to maintain a high reactivity (Fig. S9 in
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Supplementary information). Besides, the content of Pd and the nature of Pd precursor were studied
after shorter reaction times (6 and 3 h). As expected the DS increased with the Pd content but not
linearly and DS had a tendency to reach a plateau (Fig. 6a). This feature is common in Pd-catalysis and
is due to the agglomeration of Pd species rending part of the Pd inactive on the form of black Pd
particles as visually observed here.[35] Besides, over various Pd precursors [Pd(allyl)Cl]; was the most
efficient giving higher DS (Fig. 6b) after 3 h. This was due to the ability of this precursor to coordinate
more rapidly butadiene molecules, favoring the formation of the intermediate Pd-allyl complex,[36]
but this influence was limited after much longer reaction time, giving a DS similar to that obtained with

Pd(acac), after 20 h of reaction.
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Fig. 6. Influence catalytic system for chitosan telomerization. (a) Chitosan 1 g (6 mmol, 4.9 mmol of NH,),
butadiene 4 mL (45 mmol, 9.2 equiv./NH,), Pd(acac), 4.5-15 mg (Pd: 0.015-0.06 mmol, 250-1000 umol.L?, 0.25-
1 mol%/chitosan), TPPTS 25.6-102.4 mg (0.045-0.18 mmol, 3000 umol.L%, 3 equiv./Pd), CTAB 33.3 mg (0.091
mmol, 0.0015 mmol.L}, 0.002 equiv./butadiene), water 60 mL, 60 °C, 6 h. (b) See (a) except Pd(acac), 4.5 mg,
Pd(OAC); 3.35 mg, [Pd(allyl)CI], 2.74 mg (Pd: 0.015 mmol, 250 pmol.L?, 0.25 mol%/chitosan), 3 h, 2 20 h.

As conclusion, this study on the catalyzed telomerization of chitosan with butadiene showed the
possibility of forming modified chitosan with substitution degree in a large range of 0.03-0.60 by
adjusting some reaction parameters. On the one hand, due to the relative high reactivity of amine
functions of chitosan it was possible to get DS not far from the maximum attainable. On the other

hand, low DS were also possible, close to those obtained previously for starch telomerization.[9, 10]

3.2. Telomerization of guar hemicellulose

3.2.1. NMR analysis and substitution degree determination

The hemicellulose we studied for telomerization was originated from guar gum. The repeated
sequence of this polysaccharide is composed of 2 linear mannose units with a branched galactose unit

(Fig. 1 and Scheme 3). Note that in contrast to chitosan for which the amino groups are prone to be
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preferentially substituted, here not all of these hydroxyl groups are equally reactive (e.g. primary vs.
secondary) and even with deep NMR analysis (see below), it was not possible at this stage to determine

a specific regioselectivity.
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Scheme 3. Possible representation of guar hemicellulose, before and after telomerization with butadiene.

NMR spectra of initial guar hemicellulose are provided in Supplementary information (Fig. S10-S12).
'H NMR spectrum shows two distinct areas, from 2.98 to 3.87 ppm attributed to protons from
mannose (M) and galactose (G) units except peaks attributed to anomeric protons that are found
between 4.21 and 5.03 ppm. In more details, regarding the signals characteristic of the anomeric
protons, we could observe signals for the o and B forms of mannose units at, respectively 4.90 and
4.62 ppm from which we calculated the ratio M,/Mg = 78/22; and signals corresponding to the o and
B forms of galactose units at respectively 4.98 (d, J=2.7 Hz) and 4.30 (d, J=7.7 Hz) ppm allowed to
calculate a ratio Go/Gp = 36/64.[18] From this spectrum we also calculated the ratio M/G = 1.8 (close
to the theoretical of 2).

As for chitosan, *H NMR spectroscopy was used to determine the degree of substitution of guar
hemicellulose. Fig. 7 displays a typical spectrum of guar hemicellulose after telomerization, and
comparison can be made with spectrum in Fig. S10. In addition to the different signals of the initial
guar hemicellulose, signals corresponding to the introduced octadienyl chain are well identified.
Internal CH, moieties of the carbon chain provide signals at 0.97, 1.03 and 1.87 ppm corresponding,
respectively to He, Hf and H4. Moiety OCH,-CH= gives a massif at 4.49 ppm (H.). Protons characteristic
of C=C bonds are observed at 7.58 (Hn), 7.81 (Hc), 7.84 (Hp) and 7.89 (Hg) ppm. DS was calculated using
the following equation based on integral of signals of (He + Hs) and Hmp protons. In this example, DS
corresponds to 0.20. Note that for some experiments, due to overlapping signals, an alternative

equation can be used giving the same result (see Supporting information).
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Fig. 7. 'H NMR spectrum of guar hemicellulose after reaction, DS = 0.20 (see Figure S13 in Supplementary
information for *3C spectrum).

3.2.2. Influence of reaction conditions on the substitution degree of guar hemicellulose

This section describes the most significant effects of reaction conditions on the substitution degree.
Here also, and for comparison, conditions inspired from previous starch telomerization were initially
applied.[9, 10] They included the presence of Pd(OAc), as Pd precursor, the use of basic reaction
medium, and substoichoimetry of butadiene. As for chitosan we first investigated the nature of the
reaction medium in the initial conditions described in Fig. 8. Note that in water/iso-propanol guar
hemicellulose was a gel like solid. As for chitosan, no additive was necessary to maintain the initial
aspect of this polysaccharide. Here also the presence of iso-propanol was detrimental (Fig. 8a). In
addition, basic conditions were necessary to have a significant reactivity of hemicellulose (Fig. 8b).
Similarly to the case of starch a substoichiometry of NaOH was sufficient since no DS increase was
observed by increasing the NaOH concentration. At higher NaOH amounts the hydroxide groups may
coordinate to the palladium limiting its activity, indicating at this stage a close reactivity between guar
hemicellulose and starch. Nevertheless one can note already that in the absence of base a reactivity is

nevertheless possible using Pd(OAc), as precursor (see below for discussion). The catalytic system
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giving the highest DS after these first experiments was composed of Pd(OAc), with three equivalents
of TPPTS in the conditions described in Fig. 8a. From this first series of experiments a DS in the range

0.09-0.30 can be obtained.

0.30
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Fig. 8. Influence of solvent system for guar telomerization. (a) Guar 1 g (6.2 mmol, 0.1 mol.L?, 18.6 mmol of OH),
NaOH 12.5 mg (0.31 mmol, 0.005 mol.L?, 1.7 mol%/OH, 1.25 wt%/guar), butadiene 1.25 mL (14.1 mmol, 0.8
equiv./OH), Pd(OAc), 6.75 mg (Pd: 0.031 mmol, 516 umol.L2, 0.5 mol%/guar), TPPTS 52.8 mg (0.093 mmol, 1550
umol.L%, 3 equiv./Pd), solvent 60 mL, 40 °C, 20 h. (b) See (a) except NaOH 0-20 mg (0-0.5 mmol, 0-0.008 mol.L?,
0-2.7 mol%/0H, 0-2 wt%/guar), water 60 mL, 6 h.

Compared to chitosan, the telomerization of guar hemicellulose was more dependent on the
temperature and 40 °C was sufficient to get DS in the same range as for chitosan (Fig. 9a). While for
chitosan increasing the temperature up to 90 °C had no real influence, here a dramatic DS decrease
was observed, even after 6 h of reaction. It is possible that at this temperature the basic conditions
induced uncontrolled modifications of the reactant preventing reaction with butadiene. Moreover the
concentration of the latter in the liquid phase also depends on temperature. Additional investigations
would probably have had to be performed however not essential for the present study. At 40 °C, the
DS can be increased after longer reaction time but not so significantly (Fig. 9b) and 0.30 was the

maximum DS attainable in these conditions. Next studies were performed at 40 °C for 6 h.
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Fig. 9. Influence of time and temperature for guar telomerization. (a) Guar 1 g (6.2 mmol, 0.1 mol.L%, 18.6 mmol
of OH), NaOH 12.5 mg (0.31 mmol, 0.005 mol.L?, 1.7 mol%/0OH, 1.25 wt%/guar), butadiene 1.25 mL (14.1 mmol,
0.8 equiv./OH), Pd(OAc); 6.75 mg (Pd: 0.031 mmol, 516 umol.L?, 0.5 mol%/guar), TPPTS 52.8 mg (0.093 mmol,
1550 umol.L?, 3 equiv./Pd), water 60 mL, 30-90 °C, 6 h. (b) See (a) except, 40 °C, 3-24 h.

Importantly these results were obtained in substoichiometry of butadiene and in the absence of CTAB,
close to the conditions reported for starch telomerization. Surprisingly increasing the amount of
butadiene up to being in excess (2.5 equiv./OH) did not systematically increase the DS (Fig. 10). As in
the case of chitosan a condensed butadiene liquid phase certainly formed hampering after a certain
limit guar hemicellulose telomerization to take place (and the catalyst may form preferentially side-
products) and butadiene efficiency for product formation decreased with the introduced amount. Note
that this limit was much lower than for chitosan. Some reactions were performed in the presence of
CTAB to try to enhance the reactivity (not presented here), but no definitive trend could be drawn
from these experiments. Indeed it seemed that CTAB had a significant effect only for the highest
butadiene amounts through the formation of micelles. Here it seems difficult to rationalize the
observed results. As possible explanation, the different -OH groups of guar hemicellulose do not
present similar interactions with the surrounding reaction system (primary vs. secondary alcohols, H-

bonded interactions, accessibility...), implying different intrinsic reactivity.
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Fig. 10. Influence of butadiene amount for guar telomerization. Guar 1 g (6.2 mmol, 0.1 mol.L’}, 18.6 mmol of
OH), NaOH 12.5 mg (0.31 mmol, 0.005 mol.L?, 1.7 mol%/OH, 1.25 wt%/guar), butadiene 0.78-4 mL (8.8-44 mmol,
0.5-2.5 equiv./OH), Pd(OAc), 6.75 mg (Pd: 0.031 mmol, 516 umol.L’}, 0.5 mol%/guar), TPPTS 52.8 mg (0.093
mmol, 1550 umol.L?, 3 equiv./Pd), solvent 60 mL, 40 °C, 6 hours.

The nature of Pd precursor and of the base had a significant influence (Fig. 11). In contrast to the case
of chitosan, [Pd(allyl)Cl], was less efficient and Pd(OAc), gave higher DS. Interestingly, Pd(acac), was
much less efficient in these conditions and can be used to obtain lower DS. This is in contrast to
reported observations for telomerization of simple sugars in water for which Pd(acac); (associated to
TPPTS) is one of the most efficient precursor.[37] Probably the influence of other factors such as the
base is of importance for the formation and stabilization of the active catalytic species. As seen above
in the absence of base a lower DS was obtained (0.10, see Fig. 8) using Pd(OAc),. However increasing
the amount of Pd(OAc), led to a DS of 0.3 even in the absence of base. It seems therefore that the
anion of the Pd precursor had an influence in the transformation playing the role of base. This was
confirmed using NaOAc in place of NaOH and the same level of DS was obtained. While for chitosan
the concentration of TPPTS had a relatively low effect on the reaction, in the case of hemicellulose it
significantly influences the DS and clearly 2 to 3 equivalents of ligand have to be used to observe the
highest substitution (Fig. 11b). Here also it appears difficult to explain the observed difference between
chitosan and guar hemicellulose reactivity in terms of catalyst nature. Probably the presence of NaOH

has an influence on the catalyst stability, both regarding the Pd precursor and the ligand.
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Fig. 11. Influence of catalytic system for guar telomerization. (a) Guar 1 g (6.2 mmol, 0.1 mol.L, 18.6 mmol of
OH), NaOH 12.5 mg (0.31 mmol, 0.005 mol.L%, 1.7 mol%/OH, 1.25 wt%/guar), butadiene 1.25 mL (14.3 mmol,
0.8 equiv./OH), Pd(acac); 9 mg, [Pd(allyl)Cl], 5.5 mg, Pd(OAC); 6.75 mg (Pd: 0.031 mmol, 516 pmol.L}, 0.5
mol%/guar), TPPTS 52.8 mg (0.093 mmol, 1550 pmol.L?, 3 equiv./Pd), water 60 mL, 40 °C, 6 hours. (b) See (a)
except Pd(OAc); 6.75 mg (Pd: 0.031 mmol, 516 umol.L?, 0.5 mol%/guar), TPPTS 0-88 mg (0-0.155 mmol, 0-2583
umol.L, 0-5 equiv./Pd), 20 hours.

As a conclusion on this first study on the telomerization of guar hemicellulose with butadiene, even
combining several parameters it was possible to reach a DS no more than 0.3 corresponding to the
average substitution of about 1 -OH group per sugar unit. A DS of 0.1-0.3 can globally be obtained over

different conditions.

4. Physico-chemical properties

The thermal stability of the biopolymers after modification was assessed using thermogravimetry
analysis. Fig. S16 in Supporting information indicates that there was no significant changes after
telomerization and both biopolymers kept intrinsic thermal stability up to ca. 250 °C.

More importantly, one target of the modification by telomerization was to modify the
hydrophilicity/hydrophobicity of the biopolymers by the presence of the 8 carbon chain. Initial
assessment has been carried out by qualitatively observation of the surface of the materials after
deposition of a water drop. In both cases Fig. 12 shows that the water droplet was totally adsorbed by
initial chitosan and hemicellulose. The same observation was made with biopolymers modified with
very low DS (e.g. < 0.1), indicating no significant hydrophobicity change. This comes in contrast to the
case of starch for which one modification was clearly already perceptible at this level of substitution.[9]
For higher DS, in 0.20 range, top of the droplet can be seen at the surface indicating that only partial
water adsorption occurred due to introduced hydrophobic character at the biopolymer surface. For
the highest DS (0.60 and 0.30, respectively) the difference was more perceptible and pictures show

clearly the presence of the droplet at the surface. Average contact angles of 105° and 121° indicate a
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very low wetting ability of the modified biopolymers at this extent of substitution, resulting from

hydrophobisation of the surface.

[ I I

initial chitosan DS 0.03 DS 0.25 DS 0.60

| | |

initial guar hemicellulose DS 0.07 DS0.21 DS 0.30

Fig. 12. Pictures of chitosan (top) and guar hemicellulose (bottom) surface after deposition of a water droplet.

5. Conclusion

This paper describes for the first time the catalyzed telomerization of two important biopolymers,
chitosan and a guar (galactomannan) hemicellulose. These reactions with butadiene gave new
biosourced materials following a straightforward procedure. These polymers were deeply
characterized using *H and 3C NMR spectroscopy allowing an accurate molecular description of the
products. Importantly, both reactions were possible in water as solvent in the presence of a low
amount of catalyst. The water soluble catalytic system consisted of a Pd precursor with TPPTS as ligand.
The objective was not to study the combined impact of all the factors that may govern the
transformation leading to high substitution degree (DS), but to show the possibility of adjusting the DS
by defining precisely some reaction conditions. Some differences were observed between chitosan
and guar hemicellulose and the most influent parameters were not systematically the same, as an
example, efficient chitosan telomerization necessitated the presence of CTAB surfactant. By combining
the effect of some parameters it was possible to tune the modification with DS in the 0.03-0.60 range
for chitosan and 0.025-0.3 range for guar hemicellulose. Comparison with previously reported starch
telomerization has also been described when pertinent. Due to its homogenous nature, catalyst
recovery appears difficult and was not assessed during this study and this may limit the sustainability
of the procedure. However, and very importantly, this catalytic procedure formed new biopolymers
and the most substituted presented a superior hydrophobic character that can be of interest for

specific applications as described in the Introduction.
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