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Phosphorylation of bio-based compounds: state of the art

Nicolas Illy,*>" Maxence Fache,” Raphaél Ménard,® Claire Negrell,® Sylvain Caillol,® and Ghislain David®

Over the last few years more and more papers have been devoted to phosphorus-containing polymers, mainly due to their
fire resistance, excellent chelating and metal-adhesion properties. Nevertheless, sustainability, reduction of environmental
impacts and green chemistry are increasingly guiding the development of the next generation of materials. The use of bio-
based polymer matrices might allow the reduction of environmental impacts by using renewable carbon and by achieving
more easily biodegradable or reusable materials. The aim of this review is to present both fundamental and applied research
of phosphorylation of renewable resources, through reactions on natural occurring functions, and their use in biobased
polymer chemistry and applications. In the first part, different strategies for the introduction of phosphorus-containing
functions on organic backbones are described. In the following sections, the main families of chemicals based on renewable
resources are covered: namely polysaccharides (cellulose, chitosan, starch, dextran...), biophenols (lignins, biobased phenolic
compounds, cardanol...), triglycerides (oils, glycerol) and hydroxy acid compounds.



1 Introduction

The use of phosphorus in technical applications is primarily intended for use in polymeric materials to improve the
electronic conduction, fire-retardancy, lubrication, adhesion properties and anti-corrosion. In these applications,
phosphorus advantageously replaces hazardous substances historically used in these applications, such as
chromium VI derivatives for anti-corrosion or halogen compounds for fire-retardancy. Replacing these substances
is a social and industrial challenge; indeed chromium VI derivatives or halogen compounds used in these
applications are generally carcinogenic, mutagenic and reprotoxic (CMR) substances that regulations tend to ban
(European Regulation EC/2000/60)). Recently developed halogen-free phosphorus-containing polymers can be
employed for a wide range of technological applications, such as for example scaffolds in regenerative medicine
applications or for drug delivery.l

Compared to the use of phosphorylated additives, the use of polymeric backbones reduces toxic
bioaccumulation and minimizes losses due to diffusion and washing process. In addition, reuse and recycling
become possible. Nevertheless, the replacement of petro-based chemicals and materials is currently challenging
both research and industry.2 Sustainability, reduction of environmental impacts and green chemistry are
increasingly guiding the development of the next generation of materials. The use of bio-based polymer matrices
will allow the reduction of environmental impacts by using renewable carbon and by achieving more easily
biodegradable or reusable materials. It will also permit the valorization of numerous by-products and wastes of
different activities.> In addition, the functionalization with phosphorus-containing-moieties modifies the
properties of bio-based compounds, such as water-solubility, which enables an easier processing and makes them
more competitive with petro-based derivatives.

To our knowledge, even if literature reports some reviews on phosphorus monomers and polymers there
is no review on the use of phosphorus in biobased polymers. The aim of this review is to present both
fundamental and applied research of phosphorylation of renewable resources, through reactions on natural
occurring functions, and their use in biobased polymer chemistry and applications. Numerous strategies have been
developed to introduce phosphorus-containing moieties. Nevertheless, these strategies have to be adjusted to
bio-based compounds which significantly differ from regular chemicals. Biopolymers contain a low diversity of
functional groups with often a high degree of oxidation: mainly hydroxy and phenolic hydroxy groups or
unsaturated groups; more rarely amino groups (chitosan), carboxylic acid or aldehyde groups (lignin). On the other
hand, on the same macromolecule, these moieties are often abundant and have similar reactivities which may be
problematic in terms of functionalization degree and regioselectivity. In the first part, the more frequent strategies
for the introduction of phosphorus-containing functions on bio-based backbones are described. The following
parts provide precise and complete information on the phosphorylation of a specific family of biopolymers (i.e.
polysaccharides, biophenols, triglycerides and hydroxy acid compounds). The end of each part is devoted to the
properties of the phosphorylated compounds and their potential applications.
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2 Common routes to functional phosphoric acids or esters on bio-based products.
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Scheme 1 Phosphorylation of hydroxy functions with
three ways : A-Esterification with H3PO; B-
Phosphorylation with P,0,, and C-Reaction of Williamson
reaction (R = aliphatic or aromatic groups and R’ = chloro,
alkyl, aryl or oxyalkyl groups).

Different strategies for the introduction of phosphoric function on organic bio-based backbones are described
hereafter. From a synthetic chemistry point of view, a wide range of methodologies for the incorporation of
phosphorus have been discovered and reported as early as in 1898." Since many advances have been made, this
will allow for the introduction of phosphorus directly into different organic molecules. In this review, we will focus
on the methods adapted to functions present on the renewable molecules. These available functions are hydroxy
and amine groups in polysaccharides, carboxylic, hydroxy, aldehyde groups in biophenols or double bonds in
triglycerides, principally.

2.1 Phosphorylation of R-OH

On bio-based products, two types of hydroxy groups are available: the aliphatic OH such as in the cellulose and
aromatic OH such as in the biophenols (lignin derivates). The different synthesis described after are adapted to the
two types of hydroxy functions. The easiest method to introduce phosphorus-containing function on hydroxy
groups was by esterification reactions with H;PO; or H3PO, : the phosphorus can be covalently attached to the
renewable molecule chain via a reaction of hydroxy groups to give: phosphate groups R—O—P(0O)(OH),, phosphite
groups R—O—P(OH), or phosphonic acid group R-P(O)(OH),.... H3PO3; and these derivatives containing mobile
hydrogen atoms directly attached to phosphor are in tautomeric equilibrium and allow to obtain phosphonated
compounds.

From the perspective of green chemistry, the direct catalytic condensation of equimolar amounts of
phosphoric acid (H;PO,) and alcohols is attractive for the synthesis of phosphoric acid monoesters (Scheme 1A).
The classical method is the dehydrative condensation promoted by a catalyst under reflux condition in polar
solvents.” A derivative method uses (poly)phosphoric acid salts to introduce charged phosphonic function via OH
containing organic compounds.15 The phosphorylation reactions of OH—containing organic molecules with
phosphorus pentoxide (P,04p) with its common name derived from its empirical formula P,0s is another classical
method. It is also an esterification reaction and this reagent works as an anhydride of phosphoric acid (Scheme
1B). The mechanism®® of this reaction includes the 4 steps with a large excess of alcohol (4 equivalents) to have
the better efficiency of P,0,4. The combined use of P,05 and H3;PO,, allows obtaining highly phosphorylated sugar
derivatives."

Phosphorus oxychloride, dialkyl chlorophosphonates or diphenylphosphinic chloride are the most employed
phosphorylating agents for OH-containing organic compounds, this reaction is a derivate of Williamson reaction
(Scheme 1C). The use of POCI; was first proposed in 1857. The reaction of alcohols with POCI; in the presence of



water and pyridine as a base provides phosphate monoesters along with pyridine hydrochloride as a by-product.18

Since POCI; is very reactive, phosphate diesters and triesters could be produced with an adapted stoichiometry.
The use of phosphorochloridates provides an organic soluble phosphate triesters.

Generally, these phosphorylations with trivalent or pentavalent phosphorus reagents proceed only on reactive
hydroxy group and allowed to obtain P-O bond. The use of trivalent phosphorus reagent like phosphorochloridites,
is possible despite the sensitivity of moisture. When the reaction occurs on a hydroxy in a-position of a double
bond with trivalent phosphorus reagent, it leads to a rearrangement to form a P-C bond giving a pentavalent
phosphorus function fix to the organic molecules.™

The phosphorylation of substituted phenols with dialkyl chlorophosphonate was occurred with magnesia or
alumina catalyst without solvent and give better reactive results when the aromatic part of phenol carry electron-
withdrawing groups.20 Dialkyl chlorophosphate was efficient on many alcohols in the presence of DABCO as both a
catalyst and a proton scavenger giving phosphate product with good yields.21

2.2. Phosphorylation on double bonds
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Scheme 2 Pudovik reaction.

The Pudovik reaction is the addition of organophosphorus compounds containing labile P-H bond with
unsaturated systems and it can progress via radical or ionic mechanism, depending upon the structure of the
unsaturated substrates, the phosphorus reagents and the experimental conditions.”” Addition of H-phosphonates
to carbonyl compound, such as aldehyde function, in basic media, is a powerful and widely applied strategy for the
construction of P-C bonds. Dialkyl phosphites added to carbonyl compounds upon deprotonation, is a
straightforward tool for providing efficient access to chiral a-hydroxy phosphonates and their corresponding
phosphonic acids.”® Group transfer is not necessary in this case, as neutralization of the tetrahedral intermediate
occurs via proton transfer. (Scheme 2) A catalytic, enantioselective variant of the Pudovik reaction has recently
been developed.24

The same reaction was used for the preparation of dialkyl 2-(alkoxycarbonyl)ethyl phosphonates which
involves the conjugate addition of a dialkyl phosphite to a C=C double bond of a,B-unsaturated carboxylates in the
presence of base.”

Derivative of the Pudovik reaction, the radical addition of H-phosphonate to unsaturated hydrocarbons,
especially on C=C represents another useful synthetic route for the phosphorylation of compounds, and can
produce following different methodologies. The reaction is initiated by the formation of a phosphonic radical from
dialkyl H-phosphonate during photolysis, irradiation, or most frequently in the presence of a catalyst or a radical
initiator.”® The initial step of the free radical reaction is the initiator or thermal-induced generation of phosphonyl
radical. Then rupture of the double bond from alkenes by the phosphonyl radical affords the product with a new
P-C bond and another radical enable to continue the phosphorylation.

Radical activation is mainly favorable to addition between unsaturated systems having a nucleophilic character
with phosphine or phosphite. In the presence of AIBN in homogeneous medium, the radical reaction is
stereospecific and successfully applied to a large panel of alkenes (except electron-deficient alkenes) to produce
valuable optically pure phosphinates.27 Photoactivation is the most efficient method but the reaction time is long
and entails often an isomerization of phosphorus product. When the addition occurs on C=C bond bearing
electron-withdrawing substituent, the anionic activation could be favorable.?®



Hydrophosphonylation consists to addition of H-phosphonate to alkenes using metal-based catalyst. This
atom-economic process was accessible to C=C double bond bearing on aromatic groups. The reaction runs at high
temperature, under solvent or solvent-free with a low percentage of catalyst such as Mn(OAc)2,29 palladium
complex30...

The phospha-michael reaction is also one of important reaction for P-C bond formation which consists in the
1,4-addition of nucleophiles derived from the HPO3R, general structure, to alkenes (Scheme 3).3! The reaction
proceeds smoothly under mild conditions and shows tolerance to variety of functional electrophilic groups (R’)
close to the double bond. Most often, this reaction is carried out at room temperature using a base, such as
sodium hydroxide32 or tetramethylguanidine33 but micro-wave activation can be alternative.®® The introduction of
specific catalysts can be performed a stereoselectivity: whereas the catalyst (secondary amine) reacts with the
carbonyl group to form iminium ion thereby favoring the attack at one face of the substrate, and finally a simple
hydrolysis regenerates the carbonyl group as well as the catalyst.35
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Scheme 3 Phospha-Michael addition with
hydrogenophosphonate.

2.3 Phosphorylation of amine functions

For amine function, two important ways can be proposed. The Atherton—Todd reaction is a classic reaction in
organophosphorus chemistry.36 Originally, Atherton and Todd reported the reaction as a very effective single-step
route to yield phosphoramidates from diphenyl and dialkyl phosphonates (Scheme 4).

The Atherton—Todd reaction is a one-pot reaction. The reaction of carbon tetrachloride, an amine (in excess)
and an organophosphorus compound containing a P-H bond (many P-H reactive compounds are commercially
available) results in the in situ formation of a P(O)Cl oxychloride species then the condensation of this
intermediary with N-H containing substrates.”®
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Scheme 4 The reaction reported by Atherton and Todd.

Another method to the phosphorylation of amine functions to obtain a-aminophosphonic acids, is the one
described by Kabachnik and Medved.>” The Kabachnik-Fields reaction is still very useful, especially for the
preparation of dialkyl 1-aminoalkanephosphonate. According to this method, a-aminophosphonates were
obtained reacting ammonia or amine, carbonyl compounds (aldehydes or ketones) and dialkyl H-phosphonate
(Scheme 5). Cherkasov and Galkin® suggested that the synthesis shows at least two possible reaction pathways:
for a ternary system, the mechanism involving imine intermediate formation (Scheme 5.A) took place when the N-
H acidity of amine was high such as aniline. As a contrary, for a system with a cyclohexylamine, for example, the
‘hydroxyl phosphonate’ mechanism is operative due to the low N-H acidity (Scheme 5.B) followed by substitution
of the hydroxy group by the amine.

This reaction was extended to >P(O)H species, comprising cyclic phosphites, acyclic and cyclic H-phosphinates,
as well as secondary phosphines oxides. In most cases, the synthesis took place in solvent media but new studies
proposed the synthesis under solvent-free microwave conditions without catalyst.39 The double Kabachnik-Fields
reaction (Scheme 5.C) was extended for primary amines when 2 equivalents of phosphorus-containing and 2
equivalents of aldehyde-containing reagents were used. The substitution of the second N-H hydrogen atom is
considerably lower than the first one.

Moedritzer and Irani** have suggested the same reaction with phosphorus acid to obtain
aminomethylenephosphonic acid. It was shown that very low pH is required for the formaldehyde/amine/H;PO,
reaction to be efficient.

Unlike direct functionalization, coupling reactions using simple suitably functionalized phosphorus-containing
reagents (Z-(CH,),-P) offer a diversity of chemical additions and a potential control of the distance between the
bio-based products and the phosphorus function by varying the Z function as well as the length of the (CH,),
spacer.



The different ways to introduce phosphoryl functions on bio-based products allow obtaining various bonds i.e.
C-P, C-O-P or C-N-P. Depending on the applications, the stability of the newly formed bond must be taken into
account. Furthermore, the presence of heteroatom between the C and P may bring some instability at high
temperature and in wet conditions.
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Scheme 5 (A) The “imine” mechanism or (B) the “a-
hydroxyphosphonate” mechanism proposed for a
Kabachnik—Fields reaction and (C) the “double” Kabachnik-
Fields reaction.

3. Phosphorylation of polysaccharides

Polysaccharides are natural polymers abundantly fund in Nature as structural building blocks.** They are
renewable, biodegradable, biocompatible, CO, neutral and therefore very promising in term of sustainable
chemistry. They are widely used in numerous fields such as materials science, biomedical fields, food or textile
industry. Specific groups can also be introduced to achieve original polysaccharide derivatives with different
physico-chemical properties and improved performances for selected applications.42

Carbohydrates represents about 75% of the plant biomass mainly in the form of cellulose, starch and sucrose.®
Cellulose is present in the cell walls of all plants and is therefore the most abundant biopolymer on earth with an
estimated output of 1011 tons per year.44 Cellulose can be obtained either by natural synthesis procedures
including plant photosynthesis, or by bacterial synthesis. The major commercial sources of cellulose are plant
fibers such as cotton (> 90% of cellulose) and wood pulp (about 40-50 percent cellulose). Unicellular plankton and
algae also contain cellulose and might potentially be the largest resource for cellulose production. The main plant
sources for starch are readily available and inexpensive raw materials such as maize, rice, wheat, potatoes, cassava
and bananas.*®> Commerecial chitin and chitosan are principally extracted from crustacean wastes, especially shrimp
shells, and from exoskeleton of cephalopods (squid bones).* However nowadays, the alternative production of
chitosan from fungal mycelia is a growing field.*” Other polysaccharides are mainly produced by the action of
bacteria on carbohydrate substrates: for example xanthan is produced by the xanthomonas bacterium.*® Sucrose
is converted to dextran by some lactic acid bacteria. Hyaluronan is produced via microbial fermentation through
the use of large scale fermenters.* Commercially available curdlan is mainly produced by mutant strains of

50, 51
The used sucrose comes from

bacteria. agrobacterium species from sucrose with high fermentation vyield.
cheap byproducts of the sugar industry such as sugar beet or sugar cane molasses.>

This part covers methods for the chemical phosphorylation of polysaccharides. The chemical phosphorylation
of polysaccharides is particularly challenging. Indeed polysaccharides are often insoluble in water or in common
organic solvents. Therefore, the choice of an appropriate solvent for the reaction is a key issue. Various more or
less exotic solvent systems were developed to overcome this problem and to make polysaccharides accessible for
tailored modification.®® The phosphorylation of polysaccharide has been performed under homogeneous
conditions or heterogeneous conditions with or without swelling step. Related to these reaction conditions, the
achieved polysaccharide functionalization might be partial or uniform and must be accurately described.
Therefore, the extent of derivatization reactions is given in terms of the degree of substitution. The Degree of
Substitution (DS) of a polysaccharide is defined as the average number of substituted functional groups per
monosaccharide unit. For instance, many polysaccharides, such as cellulose, starch or curdlan, have three hydroxy
groups available for substitution. Thus, the maximum theoretical DS value is three. In addition, polysaccharides are
susceptible to decompose at high temperature. In particular, there is a significant risk of polysaccharide
depolymerization in acidic conditions. After the functionalization, it is important to check if no degradation of the
polymer backbone has occurred.



Table 1 Polysaccharides phosphorylation using phosphoric acid in excess.

T° Ti
. Swelling . fme Phosphorus Water-
Polysaccharide Conditions Urea N References
step o content solubility
(°C) (h)
Cotton linters No Sulfuric acid No RT 48 0 - Reid et al.”*
) 120- 55
Bacterial Cellulose No Toluene-DMF No 130 0.5-2 0 - Svensson et al.
NaOH
Cellulose (bamboo) . DMF No 154 0.5 ns ns Lietal>®
solution
DS =0.56
RT 05 Insoluble
NaOH ) ’ (8,42 w%) 57
Cellulose . NaOH solution No Petreus et al.
solution 100 1 Cross-
DS=1.21 linking
(14.39 w%)
NaOH Pad-Dry-Cure 100- 0.5+
Cellulose . Y Yes 3.93 w% insoluble Reid et al.**
solution method 150 0.5
Microwave Yes - 3 min DS =0.45 ns
NaOH
) irradiation
solution
Cellulose NaOH ) Yes 150 2 DS=0.39 ns Rungrodnimitchai’®
solution
No )
Yes 150 2 DS =0.16 ns
DMF
Cotton Fibres No Yes 155 1 10.3 w% Insoluble Mucalo et al.*®
Under N,
Bacterial cellulose
No DMF Yes 130 4 7-22 w% Insoluble Oshima et al.***
Cellulose (Bamboo) No DMF Yes 154 0.5 ns ns Lietal.®®
DMF +
Cotton - Yes 140 2 0.8 mmol.g™ ns Sekiguchi et al.®?
N-cyanoguanidine
20 pum cellulose 63
No H,0 Yes RT 24 ns Insoluble Ahn

particles

Thus, the challenge is to synthesize structurally well-defined phosphorylated products avoiding the

degradation of the polysaccharide backbone and fitting their properties to the targeted application.



3.1. Hydroxy groups functionalization

Numerous polysaccharides only contain repeating units with hydroxy groups as the only functional groups. For
example, the very abundant cellulose and starch possess one primary and two secondary hydroxy groups per
repeating unit. In this case, the primary hydroxy groups are most of the time more nucleophilic than the secondary
alcohols, which may lead to a partial or a full regioselectivity.42

3.1.1. Polysaccharide phosphorylation with H;PO, and its salts

Since more than 60 years, orthophosphoric acid (H3PO4)54 or salts of orthophosphoric acid (NaH,PO,, KH,PO,,
Na,HPO,, K;HPO,, NasPQ,, NaP03)15’ 7> 7% have been widely employed to introduce phosphate groups onto
polysaccharides by esterification. Table 1 shows different reaction conditions reported with phosphoric acid in the
literature.

Some authors have pre-treated cellulose with NaOH aqueous solution. They claimed that the NaOH
treatment breaks the van der Waals and hydrogen bonds between cellulose molecules, which causes more
hydroxy groups to become exposed to H;PO, in the second step of the process. After the NaOH pre-treatment, Li
et al. have rinsed the fibers and then reacted them with phosphoric acid in DMF at 154 °C.*® In the work of Petreus
etal.”’, microcrystalline cellulose was dissolved in aqueous NaOH, treated with a phosphoric acid aqueous solution
for half an hour and then heated at 100 °C for one hour. The phosphorylated products were insoluble in several
solvents, including water and alkaline solutions and showed DS of 1.19.

Frequently, urea was added to a polar solvent in order to favor the phosphorylation reaction (Scheme 6).
Chitosan and chitin,em’68 cotton fibres,59 bamboo,56 or bacterial cellulose® were phosphorylated in a mixture of
DMF, urea and phosphoric acid at 120- 155 °C (Table 1). The phosphorylation of water-insoluble curdlan was
carried out in DMSO and led to water-soluble products with low DS.*” 7° Some authors worked under "greener"
conditions by replacing organic solvents by water for the phosphorylation of cellulose®® and starch.”
Polysaccharides were also reacted with phosphoric and urea without any solvent.”? Very recently,
Rungrodnimitchai showed that the phosphonation of cellulose with H;PO, and urea was more efficient after a
pretreatment by NaOH solution and under microwave irradiation.”®

56, 57
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Scheme 6 Proposed mechanism by Nehls et al.”* for the
cellulose phosphorylation with H;PO, in presence of urea. The
substitution preferentially occurs in the C-6-position and is
potentially followed by cross-linking.



It is worth to note that concerning the previous reactions, only quite low degrees of phosphorylation were
obtained (less than 1.2). Granja et al.’ prepared highly phosphorylated products by reacting cellulose with the
mixture H3PO, - P,Os in hexanol - Et;PO, as solvent at room temperature according to a modified 1956 patent.77
P,0s aimed at eliminating water from the reaction mixture and thus was introduced in excess. Monophosphates
groups were exclusively obtained regardless to the achieved degree of substitution. 2.9 was the highest achieved
degree of substitution, which almost corresponds to cellulose triphosphate. This sample swelled considerably in
water, forming a translucent gel.

Phosphated chitosan and chitin derivatives were prepared by Jayakumar et al. in hexanol”® 7

or in butanol by
Amaral et al.® High substitution degrees up to 1.9 were obtained with chitin, which increased the solubility
properties in aqueous media and in organic solvents.” Nevertheless, a drastic reduction (more than 80%) of the
molecular weight has been noticed. Phosphated chitosans with a DS up to 1.7 were obtained also resulting in an
increase of the derivatives solubility in aqueous solutions.”® Very recently and in contradiction with Amaral et
al.®, Wang and Liu®® claimed that only amino groups were phosphorylated under the presence of H;PO, - Et3P0, -
P,0s - butanol and that hydroxy groups remained unmodified.

Another process for the phosphorylation of polysaccharides is the pad-dry-cure method. This process is often used
in the textile industry. After impregnation with the phosphorylating reagents, the fabric is dried (and-or pressed)
and the chemical reaction is allowed by heating in a curing step. In 1949, Reid et al>* ®8 synthesized
phosphorylated cellulose derivatives according to a previously described method by Coppick et al.®: cellulose was
soaked in an aqueous solution of phosphoric acid and urea, was then pressed, and successively cured at 100 and
150°C. The Pad-Dry-Cure process was also used with inorganic phosphate salts, for example for the
phosphorylation of cellulose with NaH,PO, - urea.”® ! Monophosphated starch derivatives were synthesized by
reacting dry starch with monosodium dihydrogenphosphate and disodium hydrogenphosphate at 150-180°C
under air’® ?® or under vacuum.’**® In most cases, the prepared products were insoluble in water and in organic
solvents and have been poorly characterized. Substitution degrees depend on reaction time and temperatures, pH
of the reaction mixture and polysaccharide source (origin) but are quite low, typically between 0 and 0.35.%% %
Passaeur et al have shown by *p NMR and Raman spectroscopy that mainly starch monophosphate were
formed.”” But some authors showed that alkaline pH98 and-or presence of atmospheric oxygen and moisture®
may induce cross-linking due to the possible binding of two starch molecules per phosphorus atom. On the
contrary, under vacuum mono starch phosphates are preferentially prepared with higher degrees of
substitution.®®



3.1.2. Polysaccharide phosphorylation with H3;PO;

Table 2 Polysaccharides phosphorylation using phosphorus acid.

Swelling Water-
Polysaccharide Conditions T Time (h) Phosphorus content References
step solubility
ZnCl a1
Cellulose Molten urea under N, 150 8 DS=2.0 ? Inagaki et al.
solution
Molten urea
Cellulose - 150 2-5 DS = 0.96-1.06 Yes Suflet et al.®
under N,
Microcrystalline Molten urea Yes for DS o
- 150 1-9 DS =0.59-2.0 Petreus et al.
cellulose around 1.0
under N,
DS =0.49
RT 0.5 (7.94 w%)
Cellulose - Aqueous NaOH Insoluble Petreus et al.”’
RT+100 05+1 DS =0.72

(10.65 w%)

Solution of urea in DMF e
Cotton fibres No 130-145 0.5 - - Mucalo et al.
under N,

. 85 6 DS=0.6 Yes
Solvent free microwave

Phosphate and phosphoramide groups have excellent chelating properties but they are not very stable towards
hydrolysis. In general, phosphonate groups are much less sensitive towards hydrolysis than phosphates .
Therefore, even if they are slightly less efficient as chelating agent, it could be of great interest to introduce
phosphonate or phosphonic acid groups onto polysaccharides.

The phosphorylation of polysaccharides with phosphorus acid (H;PO;) leads to the incorporation of H-
phosphonate groups into the material. As with phosphoric acid, many phosphorylation reactions with phosphorus
acid were carried out in the presence of urea. But most of the time, the reactions were performed without any
solvent in molten urea. In the process described by Inagaki et al.gl, Cellulose was first swollen in 70% aqueous
solution of zinc chloride. Then after washing, cellulose was reacted with phosphorus acid in molten urea at 150°C.
After 8 hours of reaction a degree of substitution of 2.0 was achieved and monoesters were predominantly
obtained with phosphorus residues in phosphonic acid form. The incorporated H-phosphonate groups are very
reactive and can be further functionalized (Scheme 7).81’ 100, 101

OH
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Scheme 7 Phosphorylation of cellulose with phosphorus acid
and further functionalization with dimethylacetamide
according to Inagaki et al.

The use of zinc chloride is problematic because of its corrosivity and its environmental toxicity. Nevertheless, the
swelling step is unnecessary: Suflet et al. performed the phosphorylation of three different polysaccharides
(cellulose, dextran and curdlan) with H;PO5; without any swelling step.sz’ 86,87 After 5 hours of reaction, fully water-
soluble H-phosphonate bearing cellulose, curdlan or dextran derivatives were obtained with DS up to 1.0, 1.0 and



1.9, respectively. Degrees of substitution ranging from 0.59 to 2.0 can be achieved by adjusting the reaction
time.®
Gospodinova et al.®® have described a rapid solvent-free microwave phosphorylation of cellulose with urea and
phosphorus acid. For this rapid procedure no swelling in an appropriate solvent is required. Phosphorus acid
monosubstituted esters of cellulose with degrees of substitution ranging from 0.2 to 2.8 were obtained. Those
degrees of substitution are higher than those obtained with conventional heating processes at the same
temperature.85
Other phosphonic acid derivatives have also been employed as phosphorylating reagents. Blanchard 102 performed
the phosphorylation of cellulose using a conventional pad-dry-cure method with aqueous solution of phosphonic
acid derivatives (Figure 1.B-E) in the presence and in absence of urea and dicyandiamide at elevated
temperatures. It must be emphasized that the phosphorylation occurred only in presence of urea.
Few reports described the successful phosphorylation with phosphorus acid in absence of urea. Petreus et al.”’
dissolved cellulose in aqgueous NaOH and reacted the mixture with H3PO3 or with amido ethyl phosphite oligomers

(Figure 1.A) yielding compounds with DS ranging from 0.4 to 0.7.
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Fig. 1 A: amido ethyl phosphite oligomers; B: 1-
hydroxyethylidene-1,1-diphosphonic  acid; C: phenyl
phosphonic acid; D: 2-carboxyethyl phosphonic acid; E: N-
(phosphonomethyl) iminodiacetic acid.

3.1.3. Polysaccharide phosphorylation with polyphosphorus compounds

Native polysaccharides were phosphorylated with polyphosphoric acid or polyphosphates (Table 3). Several
patents have been registered on the phosphorylation of starch with different inorganic polyphosphate salts:
tetrasodium pyrophosphate (Na4P207),15’ 75, 76 pyrophosphate diester (NaZRZPZO7),103 sodium tripolyphosphate
(Na5P3010),15‘ 7578 trisodium trimetaphosphate (Na3P309),15 and-or sodium hexametaphosphate (NasPGOls).ls' 75,76
Sodium trimetaphosphate and sodium tripolyphosphate are long time known to be efficient starch cross-
linking agents in aqueous suspension.'® ' Both compounds have very low toxicities. Depending on the reaction
conditions, monostarch phosphates were obtained via substitution reaction or distarch phosphates were obtained
via cross-linking.106 Lim and Seib™®” have studied the influence of the initial pH on the cross-linking and phosphorus
content for the phosphorylation of starch by sodium tripolyphosphate (STPP) and-or sodium trimetaphosphate
(STMP) in presence of sodium sulfate. The phosphorylation of cyclodextrinlog, disaccharides'® and cellulose*®
with sodium trimetaphosphate has been reported (Scheme 8). The phosphorylation of starch with sodium
trimetaphosphate was also performed by reactive extrusion allowing higher degrees of substitution. ™" ™2
Sekiguchi et al.”? showed that the phosphorylation of cellulose in DMF with H,P,0; was more efficient when
the reaction was performed in the presence of phosphoric acid and-or cyanoguanidine.
Phosphate derivatives of chitosan may be obtained by interpolymer linkage of chitosan with sodium
tripolyphosphate or polyphosphate. Starch has been impregnated with alkali metal tripolyphosphate in water and

then after filtration has been heat-reacted to produce phosphate starch esters.!™® 114



Table 3 Polysaccharides phosphorylation using polyphosphorus compounds.

Polysaccharide Reactant Conditions T° Time (h)  Phosphorus content References
Yalpani et
Xanthan Na;P,0- Moderate vacuum 60 2 4.0 w% | 115
al.
" . Yalpani et
Chitin or chitosan Na;P,0, Moderate vacuum 60 3 6-7 w% | 115
al.
- 0.323 mmol.g™
u 0.822 lg™
rea mmol.g Sekiguchi et
Cotton H4P,0- DMF 140 3 L&
§ al.
N-cyanoguanidine 0.725 mmol.g™
Urea + N-cyanoguanidine 1.067 mmol.g”
H4P207
and Luneva et
Cellulose In presence of urea 120-160 ns DS =0.3-0.6 | 116
al.
H5P3010
. 2-4 110
Cellulose paper NasP30q Aqueous solution RT-50 K 0.14-0.63 w% Inoue et al.
weeks
2,3-deacetylated ) o 17
HeP4013 Tri-n-butylamine in excess; DMF 120 6 DS=0.2-0.8 Klemm et al.
cellulose
Triethylami
Hydroxypropyl riethylamine Kowalik et
Il Hn+2PnOsnia 120 6 DS=1.3 | 118
cellulose DME al.
Carboxymethyl . 119
NasP30, NaOH solution RT 2 DS=0.5 Leone et al.
cellulose

The previous reactions are carried out under heterogeneous conditions. Therefore, the functional group
distribution might not be uniform. The use of polysaccharide derivatives often allows a more even distribution
along the polymer backbone by working under homogeneous conditions. For instance 2,3-deacetylated cellulose
and hydroxypropyl cellulose were dissolved in DMF and then reacted with polyphosphoric acid at 120°C in

presence of a tertiary amine (Table 3. 4-5, Scheme 9). Barbucci and coll.

119

synthesized phosphorylated derivatives

of carboxymethylcellulose using trisodium trimetaphosphate (STMP) as the phosphate agent. They claimed that

Scheme 8 Polysaccharide phosphorylation with sodium
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carboxymethyl cellulose with one phosphate group for each disaccharide unit was obtained.™®°

3.1.4. Polysaccharide phosphorylation with phosphorus pentoxide (P,0,,) and phosphorus pentasulfide (P,S;)

In 1971, Clermont patented the phosphorylation of cellulose at room temperature with a solution of phosphorus
pentoxide in DMF leading to insoluble products in aqueous and organic solvents." Phosphate groups were
grafted onto the surface of cellulose membranes by a reaction in heterogeneous conditions between hydroxy
groups and phosphorus pentoxide in DMF at 25 °C for 48 hours.'? Although the obtained degrees of substitution
were low (DS = 0.6), high adsorption of serum protein was obtained with phosphated cellulose.

Phosphorylation of the hydroxy functions from chitin and chitosan to yield phosphate groups has been
performed by reacting chitosan with phosphorus pentoxide in the presence of methanesulfonic acid."®"* Due to
the ionic shielding of the primary amino groups by methanesulfonic acid, only the hydroxy groups are
phosphorylated and the phosphorylation preferentially occurs at the C-6 position.68 Dace et al. phosphorylated
xylan, fucoidan and carrageenan by using the same methane sulfonic acid - phosphorus pentoxide mixture.'?®
Nevertheless, the use of concentrated methanesulfonic acid drastically reduced the molecular weight of the
polymer (reduced viscosity divided by 2).124

Different polysaccharides (cellulose, starch, B-cyclodextrin) have also been reacted with phosphorus
pentasulfide (P,Sqp) in the absence or in the presence of DMF, yielding carbohydrate derivatives containing both
sulfur and phosphorus.115 The obtained derivatives have been only characterized by elemental analysis and
infrared spectroscopy, thus their structures are not fully known. In addition, phosphorus pentasulfide is highly
flammable and ignite in presence of moisture. Its reaction with water forms toxic hydrogen sulfide gas and
phosphoric acid.

3.1.5. Polysaccharide phosphorylation with halogenated derivatives

Phosphorus oxychloride (POCI3;) and phosphorus pentachloride are long time known to be efficient starch cross-
linking agents in alkaline suspension.127 Cross-linked starch phosphate diesters were obtained from the reaction of
starch with phosphorus oxychloride in pyridine.128 The phosphorylation of cotton fibers was also performed with
phosphorus oxychloride in pyridine.54 Nevertheless, this method has some drawbacks: the chlorination of the
polysaccharides occurred as side-reaction and the phosphorus content in the final product is rather low.” In
addition, degradation of the polysaccharide backbones and loss of the mechanical properties have been
observed.* Despite its toxicity, POCl; has been used to cross-link food grade starches for a long time. 105 13°
Chitosan alkyl phosphates were also synthesized through the use of chlorophosphates: diethyl chlorophosphate .
or 2—chIoro—2—oxo—1,2,3—dioxaphospholane.132

Phosphonate containing cellulose derivatives were synthesized by Marvel et al.®ina two-steps reaction: first
a chloroacetylation and then a Arbuzov reaction with triethylphosphite. The obtained products are flame resistant
but their exact structure is not known due to a lack of characterizations.

The phosphorylation of polysaccharides with phosphorus-containing alkyl halides has also been investigated.
Phosphate or phosphonic acid bearing celluloses were prepared by reacting cotton in alkaline conditions with
sodium 2-chloroethylphosphate and chloromethylphosphonic acid, respectively.134 Palma et al.”* claimed that the
phosphonation of chitosan hydroxy functions was carried out with 2-chloro ethyl phosphonic acid in alkaline
conditions. It is interesting to note that despite the nucleophilicity of the primary amine groups, their reaction with
alkyl chloride was not detected.

31

3.1.6. Polysaccharide phosphorylation with n-Propyl phosphonic acid anhydride

. 136
Heinze et al.

reacted cellulose with n-propyl phosphonic acid anhydride and different carboxylic acids at 100 °C
in LiCI/NMP as solvent for 3 hours. The reaction occurred in homogeneous conditions and n-propyl phosphonic
acid anhydride acted both as a phosphorylation agent and as an activating agent for the carboxylation reaction,
which simultaneously undergone the introduction of acyl and propylphosphonate moieties in the polymer chain
(Scheme 10). According to the alkyl chain length of the carboxylic acids, the novel mixed cellulose esters displayed

different solubilities.



\/\ (LiCl / NMP)
.0._.0 100 °C, 3h
0

OR'
RO o..
OR'

R’ = COR or PO,HCH,CH,CHj or H
DScarbonyl > DSphosphonate

Scheme 10 Reaction of cellulose with n-propyl phosphonic
acid anhydride and carboxylic acids.

3.1.7. Polysaccharide phosphorylation in unconventional solvents

A chemistry concern is to use proper solvents that can replace hazardous and volatile solvents in chemical
processes with similar or enhanced efficiency. During the last 15 years, organic salt with low melting points (ionic
liquids) have demonstrated their huge potential for the synthesis of various cellulose derivatives. They can dissolve
high amount of polysaccharide without pretreatment allowing the derivatization to take place in homogeneous
conditions.” In fact, homogeneous conditions are well-known to be suitable in term of efficient control of
amount and distribution of substituents along the polymer backbone.

Xie and Shao prepared phosphorylated starch (DS = 0.03 to 0.55) in 1-butyl-3-methylimidazolium chloride with
sodium dihydrogenphosphate or disodium hydrogenphosphate in presence of urea.”®® Vo et al.**® obtained
water-soluble cellulose derivatives by dissolving cellulose in 1,3-dimethylimidazolium methyl phosphite above 120
°C (Scheme 11). In this case, the ionic salt has been tuned in order to be both the reaction solvent and the
phosphorylating agent. Hydroxy groups reacted with methyl phosphite anions and were converted into H-
phosphonate anions concomitantly with the loss of a methanol molecule. The obtained H-phosphonate bearing
cellulose is a polyanion for which dimethylimidazolium cations play the role of counter-ions. NMR analyses
showed that the functionalization mainly occurred at the C6 position of the anhydroglucopyranose. Nevertheless,
the degree of substitution was not limited to 1.0 and a maximum value of 1.3 has been obtained.

OH

Scheme 11 Phosphorylation of cellulose in 1,3-
dimethylimidazolium methyl phosphite.

However, the use of ionic liquid present several drawbacks that may hamper the use of ionic liquid in
commercialized processes. For instance, imidazolium based ionic liquid are proven to generate side reactions with
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polysaccharides.

of ionic liquid residues which may be detrimental for different applications especially in biomedical field.

In addition even after several washings, cellulose derivatives still contain up to several percent
137

Another alternative to conventional solvents is the use of supercritical fluids. Their high dissolving ability allows
achieving the modification of polysaccharides. In particular, supercritical carbon dioxide is easy to generate, cheap,
recyclable, non-toxic and non-flammable. The phosphorylation of amylose was conducted in supercritical carbon
dioxide with sodium tripolyphosphate for 1.5 h, yielding phosphate ester derivative with a DS equal to 0.25.1°
Manoi et al.*** achieved the cross-linking of starch by supercritical fluid extrusion with sodium trimetaphosphate.

3.2. Grafting of phosphorus containing polymers on polysaccharides

The synthesis of grafted polysaccharide is a promising route to combine the advantages of the material properties
of native polysaccharides with those of synthetic phosphorus polymers. Grafting strategies enable an increase of
the phosphorus weight percent and allow increasing the distances between phosphorus atoms and the main
backbone. Daul and Reid used a "grafting onto" strategy: they reacted poly(vinyl phosphoric acid) with cotton
cellulose in presence of urea at 130-160 °C in order to increase the number of free phosphoric acid groups and, at
the same time, the ion-exchange capacity of phosphorylated cellulose materials.™* ™ It has to be noticed that the
final product structures are not perfectly known due to uncontrolled cross-linking. Masuko et al. prepared
compounds by graft copolymerization of vinyl phosphonate oligomers (Fyrol 76) on to cotton fabric and studied
their thermal degradation and flammability.m' 143 Unfortunately, the "grafting onto" strategy often leads to low
grafting density and requires constraining purifications steps. Another strategy is called "grafting from", involves
the growth of polymer grafts directly from the polymer backbone.

3.2.1. Free radical polymerization

Free radical polymerization has been used to attach numerous Phosphorus-containing monomer units to different
polysaccharides. Predominantly, vinyl monomers were polymerized from polysaccharides after direct activation of
the cellulose fibers surface by redox-systems or by high-energy radiations. The grafting is often performed under
heterogeneous conditions with the solid polymer and with the monomer in organic solution.

Ishihara et al.*® synthesized the poly(2-methacryloyloxyethyl phosphorylcholine) grafted cellulose by a radical
graft copolymerization of 2-methacryloyloxyethyl phosphorylcholine (MPC, Figure 2.M1) onto a cellulose
membrane directly by using cerium ammonium nitrate, (NH,),Ce(NOs)g, as initiator. Phosphorus containing
diacrylate monomers (Figure 2.M10) were attached and cross-linked onto cotton fabric using potassium persulfate
as thermal initiator.""’

Cellulose film or cotton fabric have been gamma ray irradiated to initiate the grafting of different phosphorus-
containing methacrylates, such as MPC™® or diethyl (acryloyloxy) ethylthiophosphoramidate (Figure 2.M3).149
Nevertheless, grafting under gamma irradiation is often connected with considerable decomposition and cross-
linking of the polymer backbone and heavy equipment are required.

Tsafack and Levalois-Gritzmacher developed the simultaneous grafting and polymerization of acrylate and
methacrylate monomers bearing phosphate, phosphonate and amidophosphate groups (Figure 2.M4-M7) onto
%0 Cotton textiles were impregnated with a solution of monomer and photo-initiator in methanol
and the polymerization of the monomers was induced by means of an argon plasma. El-Shafei and coll. used an
atmospheric-pressure plasma process to graft and polymerize two phosphoramidate acrylate monomers (Figure
2.M8 and M9) onto cotton fabric.”

Phosphorylated monomers and cross-linking agents were polymerized on cotton surfaces under UV irradiation.
Different mixtures were investigated such as tri(acryloyloxyethyl) phosphate (Figure 2.M11) and triglycidyl
isocyanurate acrylate according to Xing et al.”? or vinyl phosphonic acid and 1,3,5-Triazine-2,4,6(1H,3H,5H)-
trion,1,3,5-tri-2- propenyl according to Opwis et al.™?

Graft polymerization of monomers by free radical polymerization is an effective and accessible method for
introducing high amounts of phosphorus moieties in natural polysaccharides. Free radical polymerization widens
considerably the choice of monomers, making possible the syntheses of graft polysaccharides with various
physico-chemical properties. Nevertheless polysaccharide graft polymerization is inevitably combined with some
homopolymerization of the monomer as well as cross-linking of the chains, which can be a serious drawback in
terms of purification and characterization (grafting efficiency determination).

cotton surfaces.
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Scheme 12 Graft copolymerization of MPC on cellulose
backbone in homogenous solution via ATRP route.

3.2.2. Controlled radical polymerizations

Previous methodologies were based on conventional radical polymerization. Thus, it displays some drawbacks like
rather high polydispersity indexes and lack of Mw control. The first report on the controlled ATRP grafting of
native cellulose under homogeneous conditions was presented in 2008 by Yan and Ishihara®™* who grafted 2-



methacryloyloxyethyl phosphorylcholine from a cellulose-based ATRP macroinitiator prepared by the
homogeneous acylation of cotton with 2-bromoisobutyl bromide (Scheme 12).

Verma and Kaur claimed that they have grafted by controlled radical polymerization diethyl (acryloyloxy)
ethylthiophosphoroamidate (Figure 2.M3) onto cotton fabric where iniferter groups, i.e. benzyl N,N-
diethyldithiocarbamates, had been previously introduced.”® The polymerization took place in toluene under UV
irradiation. The obtained graft copolymers were not much characterized but their flame retardant properties
significantly increased.

3.3. Chitosan primary amine phosphorylation

Chitosan is the fully or partially deacetylated form of chitin, the second most abundant natural polysaccharide
derived from the exoskeletons of crustaceans and also cell walls of fungi and insects. With the poly(lysine),
chitosan is one of the very few polymers from natural origin which has a primary amino group along its backbone.
Chitosan contains one primary hydroxy group at position C-6, one secondary hydroxy group at position C-3 and
one primary amino group at position C-2. The difference of reactivity between hydroxy groups and primary amine
groups allows to chemo selectively modified the nitrogen position or the hydroxy groups. In this part, we will focus
on the functionalization of primary amino groups, which give rise to a large variety of chemical reactions where
the nitrogen acts as a nucleophile.
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Scheme 13 Introduction of phosphorylcholine group onto chitosan: A. Atherton Todd reaction; B. Reductive
amination; C. Michael addition.

3.3.1. Atherton Todd Reaction: phosphoramidate linkage synthesis

Phosphate and amidophosphate chitosan derivatives have been synthesized by Atherton Todd reaction
(phosphoramide Iinkage).lss’ 137 Atherton-Todd reaction was also used to synthesize, under mild conditions,
phosphorylcholine chitosan derivatives with different degrees of substitution (Scheme 13.A)."*® These derivatives
can be hydrolyzed in aqueous basic solution yielding zwitterionic polymers. Less commonly phosphate-
functionalized chitosan derivatives can be synthesized by graft polymerization of mono (2-methacryloyl oxyethyl)



acid phosphate initiated by ceric ammonium nitrate®**

acryloyloxyethyl) phosphonate160 (Scheme 13.C) or with 2-methacryloyloxyethyl phosphorylcholine.

or directly via Michael addition with mono-(2-
161

3.3.2. Reductive amination

The reductive amination of the amine group is commonly employed for the chitosan derivatization.*? In this
method, the amine is first condensed with an aldehyde in a slightly acidic solution to give an imine which is then
reduced by a reducing agent to give a secondary amine. This reaction is generally fully chemo selective. For
instance, the reductive amination of phosphorylcholine-glyceraldehyde with chitosan primary amines was used to
generate phosphorylcholine-substituted chitosan (Scheme 13.B).162 Compounds with DS higher than 0.23 were
obtained and were water-soluble over the entire pH range.

3.3.3. Moedritzer-Irani and Kabachnik-Fields reactions

The Moedritzer reaction is the most common chitosan phosphonation reaction (Scheme 14.B). Numerous papers
reported the introduction of a-aminomethylphosphonic acid groups onto chitosan based on this reaction.'®**"?
The regioselectivity of this reaction is however unclear. Heras et al. claimed a regioselective functionalization of
the amine groups 83 in contradiction to Matevosyan et al. who also reported the esterification reaction of the
hydroxy groups 184 More recently, Lebouc and al. showed that a side reaction, i.e. methylation of the amines,

occurred, leading to N-methyl and N,N-dimethyl chitosan.'® This reaction could even be predominant under some

conditions. Few papers deal with the synthesis of a-aminomethylphosphonate according to a Kabachnik-Fields
164,176

reaction.
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Scheme 14 Preparation methods of phosphorylated chitosan.

Chitosan primary amine groups were also reacted with aldehydes in water to give Schiff bases. Then after
purification, the Schiff bases of chitosan were reacted with di-alkyl phosphate to give 2-(o-arylamino
phosphonate)-chitosan (Scheme 14.A).177 N-methylene phenylphosphonic chitosan can be prepared using
chitosan, formaldehyde and phenyl phosphonic acid.'”®

3.3.4. Acylation: Amine - carboxylic acid reaction

Condensation reactions between primary amine groups and carboxylic acid containing molecules were used to
introduce phosphate groups onto chitosan by formation of amide groups. For instance, 2-carboxyethyl
phosphonic acid was covalently grafted onto chitosan by using 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
(EDC) mediated coupling reaction (Scheme 14.C).179 This reaction is almost quantitative and proceeds in smooth
homogeneous conditions. (5-carboxypentyl) triphenylphosphonium bromide was covalently bonded onto chitosan
at 25 °c*®in H,0/DMSO (v/v = 2/1) in presence of 1-hydroxybenzotrizole and 1-ethyl-3-(3-dimethylaminopropyl)



carbodiimide hydrochloride and the prepared N-phosphonium chitosan derivatives (DS up to 0.21, Figure 3) were
evaluated as antibacterial agent181 or as non-viral vector."® The use of water as solvent or co-solvent allows

preventing O-acylation side-reaction and also favors a complete chemoselectivity.
3.3.5. Amine-epoxide reaction

183, 184
but to our

knowledge the epoxy-amine reaction has been used only one time to introduce phosphonate groups onto
chitosan.'’® Oligochitosan was reacted with dialkyl (3-(oxiran-2-ylmethoxy)propyl) phosphonates leading to a
degree of substitution of 0.6 (Scheme 14.D).

Numerous papers show that chitosan primary amine groups can react with epoxide compounds

3.3.6. Derivatization after a protection step

The hydroxy groups can be protected in a first step followed by the amino groups functionalization and possibly a
deprotection step. This strategy shows two main advantages : the second step can be carried out under
homogeneous conditions in organic solvent and it affords a high regioselectivity. Lebouc et al. reported the
syntheses of alkyl-phosphonate chitosan derivatives in THF starting from 6-O-triphenylmethyl-chitosan (Scheme
15).185 The latter was reacted either with tetraethyl vinylidenebisphosphonate according to a Michael addition
mechanism or with a halogeno-phosphonate compound. These coupling reactions proceeded with soft conditions
in high yields.
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Scheme 15 Preparation methods of phosphonated chitosan.

3.4. Polysaccharides containing carboxylic acid group

Barbucci and coll. reacted commercial carboxymethylcellulose with 2-aminoethyl-phosphonic acid in the presence
of N-hydroxysuccinimide and 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride as activating
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Fig. 3 N-phosphonium chitosan derivative.



agents.186 Amide bonds were created between the amine of the phosphonic acid agent and the carboxylic acids.

These derivatives were used to functionalize titanium surfaces and their osteointegration were therefore
improved.186 Bisphosphonated hyaluronic acid derivatives were synthesized following the same procedure with 2-
iminodimethyl-phosphonic acid (Scheme 16) and coated onto titania nanoparticles.187
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Scheme 16 Reaction of hyaluronic acid with 2-
aminomethyl-phosphonic acid in the presence of N-
hydroxysuccinimide.

3.5. Applications of phosphorylated polysaccharides

For a long time, polysaccharides have been used in a wide range of traditional products from paper to textiles.
Therefore, the introduction of phosphorus atoms into polysaccharides backbone has been performed in order to
address the technological challenges of these industries. For instance, the use of polyphosphorus or alkyl
chlorophosphate compounds as phosphorylating agents has been developed in the field of textile chemistry in
order to prepare fireproof fabrics.® Phosphorylated compounds are char-forming materials; they prevent
combustion and delay the spread of the fire after ignition. During combustion, phosphorus generates a polymeric
form of phosphoric acid. This acid causes a char layer, which acts as a shield protecting the material from oxygen.6
The formation of char occurs at the expense of other reactions leading to the formation of combustible volatilized
products. Two ways are possible to introduce phosphorus compounds into polysaccharides: either additives are
mixed into the polymer or phosphorus moieties are chemically linked to the polysaccharide. Unlike additives, the
concentration of chemically linked flame retardants may not decrease during the lifetime of the phosphorylated
product and therefore the flame retardancy properties remain stable over time.

Several works deal with the fireproofing of cotton fibers by phosphorylation. Halogenated phosphorus-
containing compounds were commonly used as phosphorylating agent. For example, flame-retardant properties
were added to cellulose by reaction of POCl; in pyridine.188 Aoki et al.”® reacted cellulose propionate derivatives
with alkyl chlorophosphates in pyridine at 40°C. Phosphated derivatives with degrees of substitution up to 0.96
were synthesized and have demonstrated flame-resistance properties. Cotton fabric was treated with tetramethyl
(6-chloro-1,3,5-triazine-2,4-diyl) bis(oxy)bis(methylene) diphosphonate in water-isopropanol solution (50-50),
dried and then cured at 140 °C for 5 min."®® The treated textiles exhibited very good flame-retardant properties
(i.e. self-extinguishing material with a LOI of 36 vol%).

Increasing concerns are emerging concerning the toxicity of halogen-containing compounds, especially due to
the close contact of the treated fabrics with the skin. Therefore researchers have to foster halogen-free
phosphorus-based compounds. The synthesis of phosphorus-containing graft copolymers from cellulose fibers has
been extensively studied, ™’ 149151, 153, 155 | particular, nitrogen-and-phosphorus containing monomers allow
achieving durable flame retardancy owing to the synergetic effect of p-N 147 149131, 155 Nevertheless, if the
halogenated compounds are removed from the cotton fiber phosphorylation step, they are still part of the
synthesis of the phosphorus containing monomers. Recently, Gashti et al. compatibilized cotton fibers and carbon

nanotubes by using vinyl phosphonic acid as cross-linking agent.191 Carbon nanotubes are known for their flame-



retardant properties and since they improve the thermal stability of cotton fabric. Other kind of phosphorylated
polysaccharides were also investigated. Chitosan derivatives prepared with P,0,, were reacted with glycidyl
methacrylate and then cross-linked under UV in order to prepare new flame retardant material.’®

Phosphate groups are known to show excellent chelating properties. Thus, phosphated polysaccharides were
used as metal-chelating polymers, as cation exchange materials'®® and for the treatment of pollution. For example,
phosphated chitosan and cellulose were used as adsorbents for uranium® or for various transition metals and
lanthanide ions.®® Cation exchangers were prepared from cellulose and other natural compounds by reaction in
pyridine - dichloromethane.'®* %
Phosphate bearing chitin derivatives prepared with P,0,, displayed a very efficient heavy-metal ions adsorption

123, 125 \water-soluble phosphorylated chitosan derivatives synthesized with P,0,, were added to
197

capacity.
phosphate cement systems in order to improve their mechanical properties196 or were used as emulsifier.
Phosphorylated starch is water-soluble and a starch-based anionic flocculent has been developed and used in the
treatment of drinking water.'®® Phosphated bacterial cellulose was also used as an adsorbent for proteins.61
Mono-starch phosphonates cross-linked with citric acid or succinic anhydride yielded to hydrogels with high water
swelling abilities (up to 185 g/g).199 The reaction of starch with phosphoric acid and urea under vacuum at 120-150
°C leads to products with phosphate and carbamide moieties.”” These cross-linked products show high swelling
capacities (up to 50 times its weight) and good metal ion adsorption abilities.

Phosphorus-containing polymers are a great opportunity for the biomedical field as they are often
biocompatible, hemocompatible and resistant to protein adsorption.4 Thus modified polysaccharides have been
considered for numerous applications in the biomedical field.® 2% Phosphorylated curdlan product was claimed to
be an interesting biological response modifier with possible clinical applications.ﬁg’ 201 Phosphorylated xylan,
fucoidan and carrageenan displayed good anticoagulant properties.126 Water-soluble phosphated curdlan’ and (1-
3)—oc—D—qucan71 exhibited anti-tumor activities whereas native water-insoluble polysaccharides had no
bioactivities. Antioxidant properties were introduced on carrageenan by reaction with POCI; in pyridine -
formamide.?* 2-(o-arylamino phosphonate)-chitosan (Scheme 14.A) showed significant antifungal activities.'”’
Phosphorylated polysaccharides are good candidate materials for specific use as tissue engineering scaffold
material. Indeed, the phosphorylation of the polysaccharides actually tends to improve their biocompatibility
(bamboose). For instance, phosphorylated cellulose (H;PO3) with a DS close to 1.0 is fully water-soluble and has
very good film forming properties. In addition, the film is nontoxic and promote cells proliferation.83
Phosphorylated chitin, chitosan or cotton fibres were used as substrates for growing calcium phosphates.sg' 66, 67, 84
Calcium-phosphate coated films improve the biomineralization processes and therefore the osteointegration.
Mucalo et al. have reported that the overall quality of the coating formed on urea-H;PO, treated cotton fibres is
superior to the one formed on urea-H;PO; treated fibres.>®

Regenerated cellulose surfaces were also phosphorylated by the mixture H3PO, - P,Os in alcohols - Et3PO,. Very
high substitution degrees were obtained and cellulose triphosphates have been described for the first time. The
phosphorylation enhanced the cellulose surface bioactivity, helped the biomineralization and promoted bone
regeneration for future orthopedic applications.zo'j'206

Carboxymethyl cellulose with one phosphate group for each disaccharide unit was used to functionalize

titanium oxide surfaces and improved their osteointegration.120 Similarly, Hydroxypropyl cellulose phosphorylated
with polyphosphoric acid (DS = 1.3) demonstrates excellent adhesion onto metallic substrate and efficient
corrosion inhibition capabilities, whereas cellulose derivatives without any surface-reactive groups do not build
stable layers onto metal surfaces.™® Applications in the field of metal implants are considered.
Polysaccharides bearing polar phospholipid-like groups showed excellent hemocompatibility.207 Linking
phosphorylcholine groups to polymer usually results in a significant enhancement of their water-solubility. In
addition, phosphorylcholine groups have a zwitterionic nature and are of great interest because they exhibit
remarkable protein-repelling properties.161 For instance, phosphorylcholine substituted chitosan was used in
combination with hyaluronan to form robust film by the layer-by-layer process.208 Tiera and coll. investigated the
interactions between phosphorylcholine-substituted chitosans and DNA and showed that they form polyplexes
together.209 Phosphorylcholine-substituted chitosans was also used in multi-layer to induce immunocamouflage of
red blood cells (protein repelling properties).210 The prepared products were non-toxic and have been patented
for drug delivery and gene therapy applications.

Anhydrous suspension of phosphorylated polysaccharide particles showed high performance electro-
rheological effect.® 721!

3.6. Conclusion



Numerous papers dealt with the phosphorylation of polysaccharides. The obtained phosphorylated products
display very promising properties in various application fields. But the renewable polysaccharide sourcing is very
often counterbalanced by the lack of "green-ness" of the phosphorylation processes due to reagent toxicities,
non-stoichiometric conditions (excess of phosphorylating reagent), energy-consuming high temperatures and-or
volatile organic solvents. Moreover, the final products are often only partially biobased because the
phosphorylating agent is not obtained from fully renewable resources. Thus, even if some advances have been
achieved toward more environmental friendly processes, improvements are still needed. A future challenge would
be to further continue the minimization of the environmental impact of the production.

The structural characterization of the phosphorylated products is also an issue that has to be addressed more
carefully. The main chain stability, the functionalization degree and the regioselectivity have to be examined more
closely to gain some knowledge on the structure-property relations. For example, living radical polymerization
might allow gaining control on the structural design of highly-phosphorylated polysaccharides derivatives. Well-
characterized phosphorylated polysaccharides may have strong potential for innovative high value and
performance products.

4. Phosphorylation of biophenols

4.1. Macromolecular biophenols : Lignins and lignocellulosic materials

Structure and availability
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Fig. 4 Example of lignin structure (1) and the three major
monolignols: coniferylic alcohol (2), sinapylic alcohol (3)
and p-coumarylic alcohol (4).

Lignocellulosic biomass such as forest residues or agricultural waste is the most abundant renewable resource for
the potential replacement of the fossil raw materials. Lignin is one of its major constituents and represents around
30% of the organic matter of the biosphere. The lignin is a polyphenolic, highly cross-linked macromolecular
polymer (Figure 4). Its structure is not well defined and depends on the resource from which it is extracted. Three
different monomers constitute the lignin structures: the coniferylic alcohol, the sinapylic alcohol and the p-
coumarylic alcohol. Lignin is the only aromatic biobased material and its aromatic structure is essential for many
application fields to afford properties such as rigidity or stability.

The chemical treatment of the lignins (by acids, bases or oxidizing agent ) aims to reduce the chains size by
cleavage of the ether bonds but it also leads to ring hydroxylation by methoxy groups hydrolysis, which increases
the number of hydroxy groups on the treated lignin.

Phosphorylation of lignins

Hydroxy groups are the most present functions on lignins structure and have been widely functionalized since the
1980’s by different chloro-phosphorus containing-compounds through Williamson reaction for different
applications.

The reaction of various phospholane chloride (Scheme 17.A) with labile proton has been used since the
1980’s. Wroblewski et al.*** used this synthesis way in order to define the lignin structure and quantify the hydroxy
groups present by quantitative *p_NMR.

212, 213
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Phosphorylation of lignin’s hydroxy groups by Williamson reaction can also be performed with multi halogen-
atoms containing compounds such as phosphorus oxychloride214 or thiophosphorus oxychloride215 (Scheme 17.B).
The authors reports the formation of P-(O-lignin), bond, leading to an increased cross-linking rate. Only (OH)-P-(O-
lignin), and (OH),-P-(O-lignin); bonds formation was reported so far: the formation of P-(O-lignin);is not favored
by steric hindrance. Chlorophosphazene216 (Scheme 17.C) has also been used to perform the Williamson grafting
leading to nitrogen-phosphorus-containing lignin. Chlorophosphazene played the role of cross-linking agent
leading to an increase of the final compound stability but also to a decrease of its solubility. This last synthesis
pathway leads to a lignin with equals nitrogen and phosphorus content. However, the syntheses cited used chloro-
phosphorus containing precursors which are not eco-friendly. Moreover, most of them present some extent of

toxicity.
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Nevertheless, hydroxy groups can also be functionalized using phosphoric acid , hypophosphoric acid
(Scheme 17.D) or phosphoric anhydride as described in the first part of the review. In these cases the lignin cross-
linking was not observed. Furthermore, when the phosphorus reagents are under acid form (i.e. phosphoric acid
for instance) high number of polar groups are obtained.

To increase the final phosphorus content of the phosphorylated lignin, Yu et al.””" added a functionalization step
prior to phosphorylation. Thus, firstly, formaldehyde was grafted onto the aromatic ring in order to increase the

220

number of hydroxy groups (Scheme 18). Then, the resulting lignin was phosphorylated by grafting phosphorus
dichloride compound on hydroxy groups.

Pudovik reaction has also been carried out to graft phosphorus on the lignin structure, allowing to the
phosphorus grafting on carbonyl groups of aldehyde functions (Scheme 19). Vasil’'eva et al.?** carried out the

phosphorylation of some model compounds of lignin.
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Scheme 19 Phosphorylation of lignin’s aldehyde functions
by Pudovik reaction.

According to the literature, efficiency of lignins phosphorylation is rather difficult to evaluate because lignin is
a natural macromolecule whose chemical structure depends on the resource. The final phosphorus content of the
phosphorylated lignins also depends on the type of phosphorylation and the phosphorus-containing precursor
used. Among the presented synthesis ways, the phosphorylation using phosphoric acid allows higher final
phosphorus content than the synthetic pathways using chloro-phosphorus containing-precursor. The phosphorus
content of the modified lignin depends on the hydroxy groups substitution degree. Bykov et al.** used phosphoric
acid and obtained a phosphorylated lignin with 16.6 ,% of phosphorus content, compared to 3.6 ,% of
phosphorus using hypophosphorus acid®*® and 6-13 w% of phosphorus using phosphoric anhydride.174

Lignocellulosic phosphorylation

Thiophosphorylation of lignocellulosic compounds has also been studied. Sanchez et al.**?

performed the grafting
of phosphorus groups in one step by reacting thiophosphoryl chloride on hydroxy groups (Scheme 20). The
product was then hydrolyzed to obtain the acid form.

The phosphorylation of lignocellulosic compounds can also proceed in two steps: Davis et al.”® firstly realized
the halogenation, i.e. brominating or chlorinating the lignocellulosic material, and thereafter reacting the resulting
product with triarylphosphite or phosphonate via a Michaelis-Arbuzov reaction (Scheme 21). The extent of
phosphorylation was controlled by the amount of alkyl bromide present at the end of the first step.

The phosphorylation is more efficient when using phosphoric acid derivatives instead of halogen-containing ones
because (i) toxicity is enhanced by halogen-containing precursor, (ii) phosphoric acid derivatives show higher
polarity and (iii) no cross-linking of the modified lignin was observed with phosphoric acid derivatives.
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Scheme 21 Phosphorylation of lignocellulosic compound.



Applications of phosphorylated lignins/lignocellulosic

Except insecticidal activity of the thiophosphorylated lignin prepared by Efanov et al.,*®

the phosphorylated
lignins are used in two mains application fields: the polymers flame retardancy and the metals ions complexation.
The thermal behavior of lignins modified by chlorophosphazene216 was investigated and compared to the raw
material. The thermogravimetric and differential thermogravimetric analyses have shown that this type of cross-
linked phosphorus-containing polymer was distinctly more thermally resistant than initial lignin raw material. This
result can be explained by the flame-retardant action of the modified lignin’s phosphorus content. A synergistic
effect between phosphorus and nitrogen atoms®** can also be considered. The increased cross-linking rate of the
modified material may also be responsible of the improved thermal behavior.

The phosphorylated lignin can thus be used as additive polymer flame retardant. Indeed, Yu et al.
lignin phosphorylation and showed that the phosphorus-containing lignin exhibits a much higher char-forming
ability. In this case too, the better thermal behavior of the phosphorus-containing lignin can be due to the higher
cross-linking brought by the phosphorylation.

Different polypropylene (PP)/phosphorylated-lignin composites were prepared and showed a better thermal
stability than PP alone and a higher char rate. This result may be due to the introduction of a cross-linked additive
in a linear polymer, which reduces the PP chains mobility, increasing the thermal stability. Moreover, the
aromaticity of the lignin favors the charring effect. The Pyrolysis-Combustion Flow Calorimetry (PCFC) analyses
show the significant reduction of the maximal heat release rate during thermal decomposition, even for the PP-
lignin composite. The phosphorus content of the composite seems to only have a slight influence on the fuel gazes
production. However, the total heat released during thermal degradation was more reduced for the phosphorus-
containing composites, highlighting the phosphorus flame retardancy.

The other main application field of the phosphorylated lignins is the metal ions complexation. Indeed, the polar
phosphorus-containing groups have the ability to form complexes with the metal ions. The sorption capacities of
the modified lignins from the different studies are difficult to compare because the ions uptake depends on many
parameters such as the concentration of the ions solution and source of the lignin.

Abdel-kader et al.?*® used phosphorus oxychloride for lignin treatment and determined that the phosphorus-
containing lignin had higher sorption capacity than the raw and carboxylated lignin. This study also shows that
sorption ability depends on the radius and electro negativity of the metal ions.”** The phosphorylated lignin
obtained by Bykov et al.m, containing 16,6,,% of phosphorus, was used as a sorption material for the treatment of
wastewaters from atomic industry and of natural waters in contaminated territories to remove toxic metals. The
results exhibited high sorption properties. Phosphorylated lignins seem to be good alternative for the preparation
of metal ions exchange resins for water treatment.

Other types of raw material have been studied for metals ions exchange: the lignocellulosics including
sugarcane bagasse,m’ 226 \wood pulp226 and sawdust.””’ Thiophosphorylated lignocellulosic material also presents
improved adsorption properties. Sanchez et al.?”?
solution and showed that the functionalization of lignocellulosic materials with chelator moieties tailored to heavy
metal is an interesting alternative for the use of these residues.
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4.2. Molecular phenolic compounds

Structure and availability
The biophenols studied (Figure 5) are aromatic compounds bearing reactive groups such as hydroxy groups, which
can be easily functionalized.
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Fig. 5 Some examples of biobased phenolic compounds.

Phosphorylation of molecular phenolic compounds
Because of their “similar” structure, the synthesis pathways used to graft phosphorus on molecular phenols are
similar to that of the lignins. The simplest way to graft phosphorus groups on phenolic compounds is to
functionalize the hydroxy groups with chloro-phosphorus compounds from a Williamson reaction in basic medium.
Different oxidation states of phosphorus can be used; indeed this reaction works with chlorophosphate or with
dialkyl phosphoryl chloride. Cyclic chloro phosphoryl compounds can be also used: chloro-phosphorus reagent can
be prepared via esterification of phosphorus oxychloride by using the adequate alcohol. Vothi et al.>® firstly
synthesized a cyclic phosphoryl chloride obtained from a diol as shown in Scheme 22.A. The cyclic phosphorus
chloride compound was then grafted on hydroxy groups of biobased phenol. Resorcinol and phloroglucinol were
functionalized to form bio-based aromatic phosphorus-containing compounds (Scheme 22.B).The biophenol have
been partiallyzzg (Scheme 22-C) and totaIIy230 (Scheme 22-D) functionalized by using diethyl chlorophosphate in
the presence of triethylamine in polar solvents and with relatively mild conditions.
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Scheme 23 Phosphorylation and phosphinylation of
dihydroquercetin and phosphorylation of
dihydroquercetin by triamino phosphite.

Williamson reaction was also used onto phenolic compounds of higher molecular weight as the flavonoid
dihydroquercetin derivatives. Nifant’ev et al.?? performed the Williamson reaction of dialkyl chlorophosphate and
diphenyl chlorophosphite onto dihydroquercetin as shown in Scheme 23. It was interesting to note that
pentavalent phosphorus reagents (chlorophosphate or chlorophosphite) only proceeded onto the most reactive
hydroxy groups at the 1-position. Phosphorylation with phosphochloridrates proceeded with low rate. However,
the use of microwave radiations allowed higher reaction rate. Another study from the same group232 used
triamino phosphite to functionalize the hydroxy groups by substitution reaction (Scheme 23).

Delomenéde et al.”** used a Wittig-Horner reaction between the carbonyl groups of the aldehyde functions of
5,5’-Bisvanillin, obtained from vanillin, and tetraethyl methylene diphosphonate (Scheme 24).

Another method was employed to graft phosphorus groups onto phenolic compounds. The reaction of
phosphorus pentoxide on hydroxy groups allowed the formation of a phosphate under the diacid form, which can
be functionalized using a primary amine. Toldy et al.?®* prepared a tris-phosphorylated phloroglucinol by using this
method, then the phosphonic product was functionalized with melamine as shown in Scheme 25.

The amino-phosphate compound obtained by Toldy et al.”*is a reactive additive. In fact, its free amino groups
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Scheme 25 Phosphorylation of phloroglucinol and grafting

by primary amine.

allow reacting with epoxy functions. This product was then used as flame retardant curing agent in epoxy resin
formulations in order to improve their thermal behavior. The study showed that the salt form of this comonomer
was not suitable for the cross-linking reaction.

Aldehyde groups of biophenols can also be functionalized by a Pudovik reaction. Xie et al.””” carried out a two-
steps synthesis of novel reactive phosphorus-containing curing agent. The first step consisted in phosphinate
grafting, named DOPO (9,10-dihydro-9-oxy-10-phosphaphenanthrene-10-oxide) (thanks to its electrophile —P(0)-H
group), on the aldehyde function of 4-hydroxy benzaldehyde (4-HBA), followed by nucleophilic substitution with
aniline using p-TSA (paratoluene sulfonic acid) catalyst (Scheme 26).
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Applications of phosphorylated molecular phenolic compounds

The main application of the phosphorus-containing biophenol is the polymer flame retardancy. The aromaticity of
these compounds displays an advantage for this type of application as it favors the formation of a high
temperature stable char, which is one of the targeted effects for polymers flame retardancy.

Vothi et al.”*® studied the thermal stability of phloroglucinol containing different phosphate groups and their
flame retardant properties in thermoplastic matrices (PC and ABS). The results showed that thermal stability of the
flame retardant (FR) is strongly dependent on the type of pendent phosphate group attached to the aromatic ring
(Figure 6). It was showed that compounds containing cyclic phosphates started to be degraded at lower
temperatures and undergone remarkably great amounts of charred residues at elevated temperature. This effect
is probably due to the phosphorus content of the FR. The study also highlighted the effective flame retardancy of
some biobased phosphate in thermoplastic matrix.
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Fig. 6 Structures of the biobased phosphate used as
reactive flame retardants.

The flame retardant properties of similar structures have been studied in thermoset matrix. Ménard et al.”

prepared different phloroglucinol-based phosphate and characterized their flame retardancy in epoxy thermoset



matrix. Results highlighted a plasticizing effect of the thermoset matrix by this type of additives. The study
confirmed the ability to favor the charring of thermosets during their degradation. Thus, this type of biobased
phosphate additive flame retardant could be an alternative to the petro-based ones currently used for the
thermosets and the thermoplastics.

The two biobased phosphorus containing compounds (Figure 6) described previously have also been
used as reactive flame retardants. Indeed, DOPO-PHM and TPP exhibit reactivity with epoxy groups allowing them
to be used as co-curing agent for an epoxy thermoset. The flame retardant properties of the compound DOPO-
PHM synthesized by Xie et al.?*®
of the phosphorus content, proving the significant enhancement of materials flame retardancy. A decrease of the
cross-linking rate has been observed by measuring the glass transition temperature. Authors attributed these
effects to the lower functionality of DOPO-PHM (f=2) compared to the reference curing agent (f=4).

The amino-phosphate TPP compound obtained by Toldy et al.”* was also used as reactive flame retardant in
epoxy thermoset in combination with montmorillonite nanoparticles. Indeed, its free amino groups enable to
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have been evaluated in epoxy matrix. The char yields increased with the increase

react with epoxy functions. This product was then used as flame retardant curing agent in epoxy resin
formulations in order to improve their thermal behavior. The thermal analyses results highlighted that an increase
of phosphorus content in the material increases the flame retardant properties.

The presented studies showed the ability of biobased phenolic compounds to be efficiently used as flame
retardant in different types of polymers, both as additive FR or as reactive FR, which requires another synthesis
step to bring reactivity to the compound.

4.3. Cardanol

Structure and availability

The liquid contained within the shell of the cashew nut is called “Cashew Nut Shell Liquid” (CNSL) and is a by-
product of the cashew industry. Cashew nuts themselves grow on trees, Anacardium occidentale, which is native
to Brazil and is abundantly available in many parts of the world, such as Brazil, India, and South-East Asia. Natural
CNSL contains mainly four componentsz37: anacardic acid, cardanol, cardol, and 2-methyl cardol.

The structures of CNSL components are especially interesting as they all bear an aromatic ring, which is a very
stable moiety used in mechanically or thermally demanding applications like fire retardants. They also bear easily
functionalizable phenolic hydroxy groups. A long unsaturated hydrocarbon side-chain in the meta position ensures
the hydrophobicity of these compounds and their compatibility with oils. Finally, the unsaturations along the chain
can also be functionalized.

Commercial-grade CNSL contains hardly any anacardic acid because of its decarboxylation upon heating during the
process, leading to cardanol. Cardanol itself is obtained by distillation of CNSL. Additionally, CNSL or cardanol can
also be readily hydrogenated to give the corresponding saturated hydrocarbon chains.

The literature reports multiple works dealing with phosphorylation of native or hydrogenated CNSL, cardanol, or
cardol. In the vast majority of these works, the reactivity of the phenolic hydroxy groups was used to create a P-O
bond and phosphorylation was thus achieved. Applications were centered on thermo-oxidative properties of these
phosphorylated compounds, like in fire retardation or radical scavenging applications. The long, pendant
hydrocarbon chain makes CNSL derivatives compatible with fuels and oils and thus suitable for applications such
as antioxidative additives for lubricants, lubricants themselves or even plasticizers.

Phosphorylation of CNSL and derivatives



The main reaction to introduce phosphorus-containing moieties onto CNSL or derivatives like cardanol consists in
the Williamson reaction (SN,) of the phenolate group onto a P-Cl bond to yield phenolic (thio)phosphate esters

(Scheme 27).

Another synthesis of importance is the preparation of phosphoric acid esters of CNSL and derivatives like cardanol.
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Scheme 27 Williamson reaction between
phenolate and a chloro(thio)phosphate.

The phosphoric acid moiety was introduced onto a hydroxy (either phenolic or introduced in a first step on the

cardanol

unsaturations) by reaction with P,O5 or H;PO, or POCI; followed by hydrolysis.

It is worthy to note that the reaction with POCI; led to a dichloride compound that can be further reacted with

hydroxy-containing species, including CNSL derivatives themselves.

Applications of phosphorylated CNSL derivatives

One of the main uses of phosphorylated CNSL derivatives is in fire retardation applications, either as additives or
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reactive prepolymers. Pillai et al.”®® reacted cardanol and orthophosphoric acid at 175°C to achieve not only the
grafting of a phosphoric acid moiety on the phenolic hydroxy groups but also the oligomerization of the cardanol
molecules via the unsaturations on the side-chains. The authors obtained Phosphorylated Cardanol Prepolymers
(PCP) as shown in (Scheme 28). The same team studied the integration of these PCP to polyethylene239 as fire
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retardant additives. The materials prepared displayed improved Limiting Oxygen Index (LOI), validating the fire
retardation properties of these PCP additives. This team also employed another strategy by using PCP as a reactive
prepolymer to prepare thermosets.”®® PCP was cross-linked with paraformaldehyde or hexamethylenetetraamine
and the authors proposed the structure depicted in Scheme 29 for the materials obtained.

The thermal stability of the materials obtained was studied by TGA. As in all phosphorus-based fire-retardant,
the onset of degradation took place at a lower temperature than native cardanol-formaldehyde thermoset, but
the residual mass at high temperatures was higher. Materials prepared also displayed a high LOIl. The authors
concluded that PCP could be used effectively either as a fire retardant additive or as a reactive prepolymer for fire
retardant thermosets.

In an interesting but unfortunately poorly detailed patent, Prasad and Pillai’
cardanol derivatives with a higher phosphorus content than the one described above as fire retardant additives.
The preparation method mentioned firstly consisted in introducing hydroxy groups on the unsaturations of the
chain, followed by the phosphorylation of these hydroxyl groups in a second step, leading to derivatives with
potential applications as fire retardants and with LOI > 35.

Another team adopted the strategy of using phosphorylated cardanol as a co-monomer for the preparation of
polyphosphates.241 In a first step, cardanol was reacted with POCI; to obtain the dichlorophosphate ester of
cardanol. The second step was about condensing this cardanol derivative with various diphenols (Scheme 30).

The fire retardation properties of the polymers prepared were investigated. Interestingly, thermal stability was
found to be independent of molecular weight, indicating a random chain scission mechanism, probably due to the
cleavage of P-O bonds. The major drawback of this strategy was the use of the POCI; toxic reactant together with
non-renewable co-monomers for the synthesis of these polyphosphates.
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Scheme 30 Synthesis of cardanol-based polyphosphate
esters.

The other main application of phosphorylated derivatives of CNSL is as antioxidants. Many authors took

advantage of the radical scavenging properties of (thio)phosphate esters. These moieties were introduced by the
Williamson reaction already mentioned. Also, the long hydrocarbon chain makes these derivatives highly
compatible with oils. These two structural characteristics prompted the use of phosphorylated cardanol
derivatives as antioxidants additives for biodiesel,242 mineral 0ils***?* or PMMA films.?*® The characterizations
included TGA and DSC to evidence the initial decomposition temperatures of either pure or formulated additives.
Comparison between diphenyl- and diethylphosphate esters of saturated and unsaturated cardanol showed that
the phenyl derivatives have a better thermal stability than the ethyl derivatives.?** %
An interesting :;tudy245 also evaluated the potential of a tris(cardanol) phosphate ester (Figure 7) compared to
other phenyl- or ethyl- derivatives. This compound did not display significant differences with other phosphate
esters. However, thiophosphate esters were found to have an even higher antioxidant effect than phosphate
esters.”*® The authors employed an oxidative stability analysis, in which the mineral oils samples formulated with
the phosphorylated cardanol additive were heated at 100 °C for 164 hours in an O, flow of 1000 ml/h.

Cardol has the same structure than cardanol but possess a second phenolic hydroxy on the meta position.
Thus, a team used cardol to graft two (thio)phosphate ester moieties instead of only one with cardanol. % *!
These compounds were also used as additives to mineral oils and the authors concluded that the presence of a
second phosphate moiety gave even better results than with only one.
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Fig. 8 Grafting of cardanol-based diethylphosphate diester
onto magnetic nanoparticles. Reproduced from Ref. 252
with kind permission from Springer Science and Business
Media.

Other uses were reported for the phosphorylated derivatives of CNSL, due to the interesting structure of these
compounds. For instance, the phosphorus-metal coordination properties can be exploited as illustrated by Barreto
et al.”? They reported the synthesis of the diethylphosphate diester of cardol and its grafting onto the hydroxy
groups found at the surface of magnetic nanoparticles of Fe;0, , CoFe,0,, and NiFe,O, (Figure 8). The authors used
these coordination properties to synthesize a ferromagnetic fluid. Indeed, due to the coordination of phosphate
groups onto the ferromagnetic particles, strong Fe-O-P bonds were formed. Also, stable colloidal particles through
steric stabilization were obtained; they consisted in aggregates of the native nanoparticles finely dispersed in the
diphosphorylated cardol oil. Among the applications mentioned are magnetic resonance imaging (biological field),
or magnetic storage media (industrial field).

A clever use of both the metal coordination properties and high oil compatibility was reported by Mazzatto et
al.?*® The authors used phosphoric acid cardanol derivatives as lubricants (antiwear) for diesel fuels. Authors
proposed that the phosphate polar head of these derivatives had strong interactions with the metal parts of the
engine and that the pendant hydrocarbon chains created a lubricated layer, reducing the friction. The lubricity
capacity of these compounds was evaluated through a High Frequency Reciprocating Rig test, which measures the
ability of a fluid to modify friction and wear of surfaces in motion under load. All derivatives tested displayed
excellent results.

Another example of an original use of a CNSL phosphorylated derivative was reported by Paul and Pillai.”
They prepared phosphoric acid additives for polyanilline (PANI) conducting polymers from different CNSL
derivatives. These additives have a plasticization effect due to the pendant alkyl chain of CNSL derivatives and also
a doping effect as the protons from phosphoric acid groups are labile and increase the conducting properties of
the PANI polymers. CNSL derivatives were reacted on POCIl; and the remaining chlorides were then hydrolyzed to
give P-OH moieties.

The Phosphorylated Cardanol Prepolymer (Scheme 28) was also blended with natural rubber®®* in order to
improve the processability and vulcanization properties of natural rubber. Significant improvements were
observed in mechanical properties and resistance to heat and aging.255 The blending of these PCP with natural
rubber and subsequent vulcanization was especially interesting for two reasons. The first one is that natural
rubber is also biobased. The second reason is that the PCP participated to the cross-linking of the network through
the remaining alkyl chain unsaturations during the vulcanization step. PCP acted in this case like a phosphorylated
prepolymer rather like an additive.
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4.4. Conclusion

Various efforts have been made by the scientific community to prepare phosphorylated derivatives of renewable
phenolics. The general functionalization strategies adopted are threefold: 1) direct functionalization of a
biopolymer, lignin here. 2) phosphorylation of biophenols (phloroglucinol, cardanol for instance) and their use as
additives for polymers. 3) preparation of phosphorylated monomers from biophenols and their polymerization. All
three strategies have their advantages and are complementary.

Each considered application has a set of requirements. The underlying idea is always to combine the properties
of the natural material and of the phosphorus-containing groups to fulfill them. For example, phosphorylated
lignocellulosic materials combine both advantages of containing very stable aromatic groups and being char
forming materials. Thus, their use as fire retardant was considered. Some raw materials, for example coming from
lignocellulosic biomass, have a complex structure but are very abundant and high volumes are available. Their
large-scale utilization is worth considering, for example in waste water treatment when combined with the
complexing properties of phosphate groups.

5. Phosphorylated materials from triglycerides

Structure and Availability

A triglyceride is an ester derived from glycerol and three fatty acids found in plants and animals. There are many
triglycerides: depending on the oil source, some are highly unsaturated, some less so. The chain lengths of the
fatty acids in naturally occurring triglycerides vary, but most contain 16, 18, or 20 carbon atoms. Vegetable oils are
one of the cheapest and most abundant, annually renewable natural resources available from various oilseeds,
and now are being used in an increasing number of applications.256 The carboxylic group and the unsaturations
along the chain can be functionalized, for the fatty acids and the hydroxy group can be phosphorylated on the
glycerol.

5.1 From fatty acids or triglycerides

Providing high values to the resource, phosphorylation of natural oils was a solution. It was possible by different
synthetic ways. Depending of the reaction taking place on triglycerides or fatty acids, the available functions were
double bonds, hydroxy, carboxylic acids or epoxy functions. These phosphorylated oils obtained by different
pathways were used such as monomers for thermosetting resins having long thermal stability properties.

Montero de Espinosa et al.® have reported an original route to obtain phosphorus-containing triglycerides: a
photo-oxygenation was realized on high oleic sunflower oil followed by a reduction of the resulting hydroperoxide
derivatives to obtain a mixture of secondary allyl alcohols. These allyl alcohols in the presence of
chlorodiphenylphosphine led to allyl phosphinites capable by heating to undergo a [2,3]-sigmatropic
rearrangement, affording tertiary phosphine oxides directly linked to triglyceride in one-pot two-steps reaction
(Scheme 31). Acrylation of the obtained phosphorus-containing triglycerides allowed further radical cross-linking
in presence of pentaerythritol tetra-acrylate.
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Scheme 31 Synthesis of phosphorylated and acrylated oleic
sunflower oil.



Another solution to directly create a P-C bond onto the fatty acids is the use of Phospha-Michael reaction.
Moreno et al.”’ proposed the addition of a diphenyl phosphine oxide onto the enone derivative of high-oleic
sunflower oil (Scheme 32.A). The reaction was investigated under thermal heating with or without catalyst
(BF30Et,) or microwave irradiation allowing the reaction rate increase. The new phosphorus-containing
triglyceride was cross-linked to obtain vegetable oil-based thermosets with different phosphorus contents.
Moreno et al.*® have recently published a similar approach: the preparation through Phospha-Michael addition of
a difunctional secondary phosphine oxide, the 1,3-bis(phenylphosphino)propane dioxide on the a,B-unsaturated
ketone derived from high oleic acid. Their aim was first to introduce phosphorus and then cross-link the material
in one step with a single product. This reaction took place in presence of boron-catalyst at room temperature or in
absence of catalyst at different temperatures (90-140°C) (Scheme 32.B).
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Scheme 32 Phospha-Michael Addition on oleic sunflower
oil without (A) or with (B) cross-linking.

Sacristan et al.”*® have investigated the synthesis of phosphorus-containing soybean-oil copolymers. They have
carried out the cross-metathesis reaction of fatty acid (methyl 10-undecenoate) and dimethyl-p-
vinylbenzylphosphonate or diphenyl styryl phosphine oxide (Scheme 33) to attach the phosphorus moiety to the
vegetable-oil derivative. These adducts were incorporated in a styrenic matrix by cationic polymerization with
BF;OEt, to obtain green thermosets.



Lligadas et al.**® have developed a solution to introduce 9,10-dihydro-9-oxa-10-phosphaphenanthrene-10-
oxide (DOPO) onto fatty acids structures. As already mentioned above, DOPO is interesting for its flame retardant
properties. DOPO was reacted with p-benzoquinone to form a phosphonate diol. The hydroxy groups of DOPO
derivative were esterified with natural castor oil (Scheme 34.A). With the double bound available from this
derivative, Cadiz et al.”®* explained that acyclic diene metathesis polymerization (ADMET) of a phosphorus-
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Scheme 33 Synthesis of green reactive phosphonated
adduct for styrenic matrix.

containing a,o-diene afforded a series of phosphorus containing linear polyesters (Scheme 34.B). Or after
epoxidation and cross-linking with diamine, a novel phosphorus-containing biobased epoxy resin was realized.?®°
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Scheme 34 Synthesis of DOPO-containing reactive FR. Way
A: Creation of epoxy networks and Way B: Phosphorus-
containing polyesters via ADMET copolymerization.



Qju et al.”*®® have synthesized reactive FR derived from soybean oil by radical addition of DOPO on maleic

anhydride followed by esterification of hydroxy groups on acrylated epoxidized soybean. Triglycerides and fatty
acids could be chemically modified. Epoxidation is one of the most important functionalization reactions of C=C
double bonds and opening up the epoxide ring by phosphorus acid was studied. The grafting of phosphorus took
place on these epoxy functions. Zhong et al.”®® have proposed the fully or partially functionalization of epoxidized
soybean oils with H;PO, at room temperature. The reaction only ran for 30 min and was exothermic; it stopped
when the ratio of phosphate was constant. Basturk et al.”®* have published phosphorylation of epoxidized soybean
oil with vinyl phosphonic acid (VPA). The reaction took place at 80 °C during 5 hours (Scheme 35).
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Scheme 35 Synthesis of phosphorylated epoxidized
soybean oil.

Some patents described the synthesis by an easy phosphorylation method with P,05. Cao and Zhao®®
synthesized phosphorylated ester-exchanged fish oil during 5 hours to obtain a product having monoester/diester
molar ratio 4.17/1. Wu et al. obtained phosphorylated lanolin acid by the same method. %% 2¢7

Bantchev et al.”®® described the synthesis of three phosphonate derivatives of methyl or ethyl oleates
obtained by radical addition (Scheme 36). The phosphonates (different alkoxy groups such as methoxy, ethoxy or
n-butoxy) were reacted by elimination of the unsaturation in methyl oleate. A mixture of isomers was obtained
with the phosphorus attached at the 9 or 10-carbon of the stearates. High yields (> 94%) and high purity products
have been obtained in the presence of initiator, while without initiator the reaction proceeded very slowly
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Scheme 36 Synthesis of alkyl 9(10)-
dialkylphosphonostearates: radical addition of
hydrogenophosphonates followed by the hydrolysis into
phosphonic groups.



resulting in very low conversions (< 50% in 6 days).

Our group269 synthesized phosphonic fatty acid just by chemical modification of phosphonate function in
phosphonic group. The phosphonation of methyl oleate was carried out in presence of radical initiator (di-tert-
butyl peroxide) and two equivalents per double bond of dimethylphosphite at 125°C for 12h (Scheme 36).

Lastly, Liu et al.?”®
derivative as the phosphorylation reagents on hydroxy function. Herein, a new series of phosphoester cross-linked

proposed the synthesis of phosphorylated castor oil POC using POCI; or chlorophosphates

vegetable oil elastomers with biocompatible vegetable oil (epoxidized linseed oil (ELO) or epoxidized soybean oil
(ESQ)) as a building block and a biodegradable phosphoester has been prepared. The cross-linking was realized by
simply mixing and curing at 37°C for 24h without any additive.

Applications of phosphorylated oils

Despite their non-aromatic structure, the main application of these phosphorylated oils was the flame retardancy.
Flame retardancy can be reached according to both additive and reactive approaches. After activation by
acrylation and fixation of phosphine oxides, the phosphorylated triglycerides obtained by Montero de Espinosa et
al.®  were polymerized and used in cross-linked polyacrylates for their flame-retardancy properties. The
introduction of styrene or divinylbenzene with phosphorylated oils*® gives thermosets with only 1% phosphorus
having a limiting oxygen index values about 24, this indicated an improvement in the fire-retardant properties of
the soybean-oil-based copolymers. Moreno et al.»7 8 compared two types of phosphorus-containing sunflower
oils as flame retardancy thermoset materials. The LOI values of these thermosets were improved by the
incorporation of phosphorus covalently attached to the polymer. LOI values were increased from 21.5 for the
phosphorus free material up to 38 for the final material with 4.2% P content. With the addition of DOPO,** a
phosphorus-containing molecule known for its good flame retardancy properties, good thermal stabilities,
important residues and great LOI values were obtained for materials having until 6w% of phosphorus.. The SEM
study of these materials showed the role of phosphorous for the flame retardant properties: after combustion the
phosphorus density increased toward the top burned surface and as a consequence protective phosphorus-rich
layer was formed. For all the examples of new flame retardants, the phosphorus function brought with aromatic
groups allows balancing the aliphatic chains of triglycerides. These new structures of flame retardant improved the
flame resistance both in gas and condensed phases.

Some others applications were also reported in literature where these phosphorylated oils were used as
coatings or additives affording specific properties. New soybean oil phosphate ester polyols were used as coatings
with excellent impact resistance, good hardness, less severe curing conditions, good thermal properties and lower
cost. With a stage of cross-linking under UV, some phosphonated oils were used as flame-retardant curable sol-gel
organic-inorganic hybrid coatings.264 After hydrolysis of ester functions, the phosphonic acid-bearing oleic acid
could also added to a UV-curable methacrylate solution and deposited like a coating on steel substrates for their
anti-corrosion properties.269

The phosphonate oils were also interesting for their high density and viscosity and improved oxidation stability
and cold flow properties.271 Lastly, an original application270 showing a great potential for phosphoester-oils
concerned the preparation of an elastomer with a good elasticity, biodegradability and biocompatibility used as
drug delivery systems or implantable materials.

5.2. From glycerol

Biobased glycerol is obtained, along with fatty acids (cf. part. 11.1), from the hydrolysis of triglycerides. It is a by-
product of the oleochemical and biodiesel industry. About 75% of the glycerol produced in the US is from natural
sources’’?. Biobased glycerol is already industrially available and the technology used for its production is at
maturity. Glycerol is also among the twelve top value-added chemicals from biomass identified by US department
of Energy272 as it is an available and versatile biobased building block (Scheme 37). In particular, it can be used for
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Scheme 37 Glycerol and glycidol.

the synthesis of biobased glycidol.
Glycidol is a compound of interest as it bears an epoxy moiety and could thus be a precursor of biobased epoxy
polymers. Liu et al.?”? prepared an interesting phosphorylated epoxy monomer from glycidol . They used the SN,



(Williamson) reaction between the free hydroxy of glycidol and a P-Cl bond from phenylphosphonic dichloride
(Scheme 38). The product obtained is a diglycidyl phosphonate, i.e. difunctional epoxy monomer, that was cured
with various curing agents to give epoxy materials.””® ?* The phosphonate moiety was then part of the polymer
backbone. Phosphonate moieties are widely used in fire retardant materials. The team thoroughly assessed the
curing kinetics, thermal and flame retardancy properties of the prepared thermoset. This partially biobased fire
retardant epoxy monomer is clearly of great interest.

Scheme 38 Synthesis of a phosphorylated diepoxy
monomer from glycidol.

6. Phosphorylation of hydroxy acid compounds

6.1. Phosphorylation of Poly(Lactic Acid) (PLA)

PLA is an aliphatic polyester derived from renewable resources, such as corn starch or sugarcane. It is synthesized
either by a direct polycondensation of Lactic Acid (LA), or by a ring-opening reaction of lactide, a cyclic dimer of

(e}
o A

~ o b

OH o)

Fig. 9 Lactic acid (1) and lactide (2).

lactic acid (Figure 9).

LA is mostly produced by bacterial fermentation of carbohydrates (glucose especially) as it is a natural by-
product of the “glycolysis” pathway.275 It is among the top 30 value-added chemicals from biomass.””> Two groups,
in their attempt to prepare a flame-retarding PLA, included in the backbone a phosphorus-containing compound.
On the one hand, Wang et al.”’® synthesized PLA oligomers in a first step (Scheme 39.1) and then used ethyl
phosphorodichloridate O=PCI,(OEt) as a chain extender (Scheme 39.2.A) in a second step.

On the other hand, Yuan et al.””” used the same PLA oligomers (Scheme 39.1) but the second step consisted in

the copolymerization of these hydroxy-terminated PLA oligomers with a hydroquinone-derivative of DOPO and
with a diisocyanate cross-linker (Scheme 39.2B). Authors investigated the thermal properties of the polymers
prepared and, in both cases, found that the phosphorylated PLA prepared had better flame retardancy properties
than neat PLA.
Once again, however, the main drawback of these works was the use of toxic compounds such as ethyl
dichlorophosphate or hexamethylene diisocyanate. PLA is one of the very top candidates when it comes to
biobased polymers. However, some improvements still need to be made, especially on the final properties of the
material. As shown from these works, the introduction of phosphorus moieties might be a solution to some of
these remaining problems.
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Scheme 39 Preparation of phosphorylated PLA block
copolymers.

6.2. Phosphorylation of tartaric acid

Tartaric acid (2,3-dihydroxybutanedioic acid) is a degradation product of carbohydrates and occurs naturally in
many plants. It is one of the main acids found in wine. It is also the main by-product of grape stock conversion to
wine by fermentation. This by-product of the wine industry is a biobased resource with great potential.

Howell et al. prepared phosphorylated tartaric acid.””® They reacted the hydroxy groups of diethyltartrate with
chlorodiphenylphosphine (Scheme 40) and obtained the diphosphorylated diester. The authors envisaged to use
this compound as a plasticizer and fire retardant””® %% in polyesters.281 This approach seems very interesting in
terms of sustainability as tartaric acid is a biomass-derived underused by-product. Its valorization is thus both
economically and environmentally profitable.
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Scheme 40 Synthesis of phosphorylated tartaric acid.



7. Conclusions and perspectives

During the last decade more than 10 000 papers or patents have been devoted to the phosphorus-based
polymers. Indeed, the field of phosphorus-based materials is very broad since it concerns a wide variety of
polymers, i.e. polyesters, PU, fluoropolymers..., as well as a wide range of applications, i.e. coatings, fire-
retardants, polyelectrolytes... In the other way, uncertainty in terms of price and availability of petroleum, in
addition to global political and institutional tendencies toward the principles of sustainable development, urge
chemical industry to a sustainable chemistry. The use of renewable resources has received a great deal of
attention, especially in order to synthesize bio-based chemicals and products. Therefore, phosphorylation of bio-
based compounds becomes of particular interest. This reviewing paper witnesses the large variety of bio-based
compounds that have been phosphorylated and focuses particularly on their very promising properties in various
application fields.

It is worth noting that these properties are mainly governed both by the structure of the bio-based compounds
and by the phosphorus groups chemically bonded to the bio-based compound. Indeed polysaccharides, which are
known to be hydrophilic and biocompatible, have been phosphorylated and used for water-treatment (as
adsorbents of proteins) as well as for tissue engineering scaffold material. In fact, many researchers already took
advantage of the properties combination between polysaccharides and phosphorus groups to afford new bio-
based materials to be used in the biomedical field or for the treatment of pollution. Phosphorylation of
polysaccharides is clearly a key issue due to the specific properties obtained, but also because of their worldwide
production. Nevertheless, the structural characterization of phosphorylated polysaccharides still needs to be
improved in order to gain knowledge about the structure-properties relationships. Phosphorylation of biophenols
and particularly lignin and lignocellulosic materials, due to their strong abundance as reviewable resource, is of
particular interest. The main use of phosphorylated lignins is, so far, as flame retardant additive for polymers.
Indeed, phosphorylated lignins are high performance flame retardants since the aromatic structure of lignin
combined to phosphorus groups afford very efficient char-forming materials. Similarly, some molecular phenolic
compounds, most of them obtained from lignin depolymerization, have also been phosphorylated and used as
flame retardant additives in different polymers. These compounds have been characterized more precisely than
phosphorylated lignins and thus could be an alternative to petro-based flame retardants, currently used for both
thermosets and thermoplastics. Phosphorylation of cardanol seems also very attractive. Indeed, the metal
coordination properties of phosphorus groups associated to the high oil compatibility of cardanol allowed the
synthesis of new bio-based lubricants for diesel fuels. Finally, phosphorylation of fatty acids was also widely
developed.

Once again, the combination of the chelating properties of phosphorus with the biocompatibility and the low
T, of fatty acids afforded new bio-based materials to be used for instance as drug delivery systems. All these
examples clearly evidence the positive combination of phosphorus groups with bio-based compounds, thus
leading to materials with strongly improved properties compared to those of the neat material. But the renewable
compounds sourcing is very often counterbalanced by the lack of “green-ness” of the phosphorylation processes
due to reagent toxicities, and thus other synthetic strategies better suiting the green chemistry principles will be
also desirable.

Numerous classical organic chemistry reactions have been applied to the phosphorylation of bio-based
compounds and have been extensively studied. Therefore, improvements of these reactions or introduction of
new methodologies should certainly be rather limited in the near future. Efforts should be focused on a better
control and a deep understanding of the final structure of the phosphorylated compounds in order to reach a fine
tuning of the properties. This particularly implies improvements of the regioselectivity, of the control of the
functionalization density but also of the characterization techniques to precisely know the position of the
substituents inside the macromolecules. Researchers might find inspiration in the methods previously developed
for the regioselective functionalization of polysaccharides.282 "Grafting from" polymerization according to
controlled polymerization mechanisms are still an under-explored area in the field of bio-based macromolecules
and a promising research axis. Some monomers, such as phospholanes, were scarcely used.

Under the pressure of the public opinion, harsher environmental regulations have been introduced. Chemistry
has to find simple, sustainable and efficient production methods to fulfill these new requirements. More and more
industries switch partially to the production of fully renewable and biobased compounds. Several bioplastics
already are on the market. The development of new industrial processes for the introduction of phosphorus-
containing groups of these preexisting compounds could permit the rapid syntheses of commercially-interesting
specialty polymers by combining the intrinsic properties of biobased compounds and of phosphorus atoms. To do



this, two pathways are conceivable, either the post-functionalization of the preformed macromolecules or the
preliminary synthesis of phosphorylated small molecule building blocks. The first solution displays some strong
drawbacks such as the difficulty of preparing highly functional materials due to steric or electrostatic hindrances.
As shown in this review, the literature displays few examples of the preparation of phosphorus-containing building
blocks and of their subsequent covalent assembly. Yet, this pathway allows an easy control on the amount of
introduced phosphorus moieties and their homogenous distribution in the material. Therefore, we believe that
this pathway should be more intensively studied in the next years.

To address the growing demand for the development of environmentally friendly processes that has recently
emerged, the use of a non-toxic biocatalytic approach also offers an alternative to existing and frequently used
methods, allowing high atom economy and a work in mild conditions.
Phosphorylation of proteins (PO43') is an important regulatory mechanism, plays a significant role in a wide range
of cellular processes and is adaptable to bio-sourced molecules. For example, kinases are enzymes that are able to
catalyze the transfer of phosphoryl groups from adenosine triphosphate to organic molecules. Furthermore,
biocatalytic processes have proven to be applicable on industrial scale to produce specialty or bulk chemicals.?®®
The combination of chemistry and biochemistry might be the future trend of biobased compounds
phosphorylation.
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