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Abstract. The use of nitroxide radicals in the selective
oxidation of alcohols is considered. Attention is focused
on the oxidation of polysaccharides as a method of prepa-
ration of polyuronic acids, aldehydes and hemiacetals. The
bibliography includes 146 references.

I. Introduction

The oxidation of primary hydroxyl groups in neutral poly-
saccharides represents one of the most important directions
of their modification that produces practically valuable
polyuronic acids, aldehydes, hemiacetals to be later used
as glues, thickeners, adsorbents, additives to foodstuffs and
cosmetics, dyes and drugs.!'~3 The oxidation of polysac-
charides involved the use of nitrogen oxides,*~7 alkali metal
nitrites and nitrates,3° ozone,!® hydrogen peroxide,!!~13
oxygen (in the presence of Pt),'#-1¢ different oxygen-con-
taining halogen compounds (NaOCIl, NaClO;, NaClOs,
NaBrO;, Cl05).!7-22 However, the use of nitrogen dioxide
resulted in the formation of polysaccharide nitrates as side
products 4~ ¢ while the degree of conversion of polysacchar-
ides in the oxidation under the action of O, H»O», O3 and
ClO; is low, and this is accompanied by a substantial
decrease in their molecular masses due to the cleavage of
glycosidic bonds.!?~16:21 The majority of known oxidants
are chemically non-specific and, hence, capable of oxidizing
secondary OH groups of polysaccharides in addition to
their primary hydroxyl groups. The selective oxidation of
the primary OH groups in the presence of secondary ones
was achieved in reactions catalyzed by cyclic sterically
hindered nitroxide radicals such as 2,2,6,6-tetramethylpi-
peridine-1-oxyl (TEMPO) (1), its 4-substituted derivatives
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(2-11), 2,2,5,5-tetramethylpyrrolidine-1-oxyl (12), its
3-substituted derivatives (13, 14) and 3-carbamoyl-2,2,5,5-
tetramethyl-3-pyrroline-1-oxyl (15).23- 25
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R = H (1, 12), NHAc (2), CO>H (3, 13), NH- (4), OH (5),
O~ (6), OMe (7), NHC(O)CH:Br (8), PO4H> (9), OAc (10),
0SO:Me (11), C(O)NH> (14).

The synthesis, properties and chemistry of nitroxide
radicals were comprehensively considered in numerous
publications.?3-26-32 Sterically hindered nitroxides are char-
acterized by the stability that is uncommon for radicals; this
is associated with the absence of a-hydrogen atoms in their
structures, which precludes disproportionation of these
radicals.?® Nitroxide radicals were used as antioxidants,33-34
free radical scavengers,3 spin labels in studying biological
systems,?% 36 inhibitors of chain polymerization processes,’’
radical initiators of certain reactions.?® Nitroxide radicals
have found application in organic synthesis for the oxida-
tion of alcohols, amines (including anilines), phosphines
and phenols.?3.3%40

Innobilization of TEMPO derivatives onto polymeric
matrices, such as polystyrene,*!-42 polyacetylene,*? poly(-
ethylene glycol) 4+4 has made possible their recycling.
Grafting of TEMPO on graphene-coated magnetic cobalt
nanoparticles ¢ enabled easy recovery of the catalyst from
the reaction mixture by magnetic decantation. This radical
was incorporated into a cyclic oligomer (16),%7 an ionic
liquid (17)#® and bound to polystyrene microencapsulated
in a polyurea shell (18) (the microcapsule is conditionally
shown by a circumference).*® Multiple triazole moieties and
perfluoroalkyl chains attached to TEMPO favour emulsion
formation in a two-phase system, the catalyst 19 is highly
active for the oxidation of alcohols and easily recoverable.>?
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Despite the diversity of nitroxide radicals, it is the water-
soluble TEMPO radical (1) that was used most often in the
selective oxidation of alcohols and polysaccharides, which is
mainly due to its ready accessibility.

I1. Oxidation of alcohols involving 2,2,6,6-
tetramethylpiperidine-1-oxyl

The use of the TEMPO radical as a component of oxidation
systems is related to its ability of easy oxidation to the
2,2,6,6-tetramethyl-1-oxopiperidinium cation (20) and
reduction to 1-hydroxy-2,2,6,6-tetramethylpiperidine
(TEMPOH, 21).°"-32 For TEMPO (1) and its derivatives,
the reversible acid-catalyzed disproportionation reaction is
also typical.’!->3

H*
2 MeQMe u+
Me 1‘\1 Me
o
1

20 21

Both nitroxides and oxoammonium salts were used as
the oxidants. Certain examples where stoichiometric
amounts of nitroxide radicals oxidized different substrates
(without involvement of oxoammonium salts) were
described in a review.3?

Oxoammonium salt 20 is a stronger oxidant than orig-
inal radical 1, hence, the latter is transformed to salt 20
upon disproportionation or a reaction with a strong oxidant
(e.g., chlorine or ClO,, see Ref. 26). Oxidation of alcohols
with oxoammonium salt 20 afforded the corresponding
carbonyl compound, while salt 20 was reduced to hydroxyl-
amine 21.%4

M

R! = H, Alk; R? = Alk.

Examples of oxidation of alcohols with oxoammonium
salts can be found in several reviews.?2324.32.5L.54 [t g
beyond doubt that the pioneers in this field are the Russian
scientists, Golubev et al., who were the first to study the
mechanism of oxidation of alcohols and aldehydes with the
oxoammonium cations.’!- >4

Of the greatest concern is the catalytic oxidation of
alcohols with such oxidants as sodium hypochlorite,
organic peroxy acids, Oa, etc. and TEMPO radical (1) as
the catalyst (~ 1 mass % of the substrate) rather than with
stoichiometric amounts of the oxoammonium salts.?3-23-32
The active form in the catalytic cycle was assumed to be
oxoammonium cation 20 formed from TEMPO [or from its
reduced forms, namely, 2,2,6,6-tetramethylpiperidine 3 or
hydroxylamine TEMPOH (21)] under the action of the
oxidant. Having oxidized the alcohol, cation 20 transforms
to hydroxylamine 21 [reaction (1)]; the latter is oxidized to
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oxoammonium cation 20 under the action of the oxidant
and returns to the cycle. For the first time, this scheme was
proposed by Golubev er al.>¢ in the context of their studies
of oxidation of alcohols with hypochlorous acid in the
presence of 2,2,6,6-tetramethyl-1-oxopiperidinium perchlo-
rate (0.4 mol % —7.5 mol % with respect to the substrate,
pH 7.6).

20 + RCHOH —> 21 + RCHO + H*,
21 +HOCl — 20 +H»O + Cl—.

This process involved no transient formation of a nitro-
xide radical in the regeneration of TEMPOH (21) to cation
20 by hypochlorous acid.’” When ClO, was used as the
oxidant, the regeneration of oxoammonium cation 20 from
hydroxylamine 21 proceeded via a radical species.?® The
concepts on the TEMPO transformations in catalytic oxi-
dation, which considered its ability to undergo reversible
acid-catalyzed disproportionation, were used to propose
schemes that took no account of the oxidant nature or
properties of the oxoammonium salts. Examples of such
schemes that describe the TEMPO redox reactions as a
function of pH can be found in reviews.?*25 At pH > 3,
radical 1 was transformed under the action of an oxidant
into oxoammonium cation 20. The latter was consumed
both in the oxidation of alcohols being reduced to hydroxyl-
amine 21 and in the oxidation of TEMPOH (21) to the
original radical 1 (Scheme 1).23:23

Scheme 1
Me N Me + 4\ s H + Me Me
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Rl = Pr", Il-CsH] 1s l’l-C(,H13, Ph, Bn, PhCH:CH,
R2 = H, Me, Et; R'-R2 = (CHb)4, etc.

At pH < 2, the TEMPO radical (1) disproportionates to
hydroxylamine 21 and oxoammonium cation 20; the latter
oxidizes the alcohol and is reduced to hydroxylamine 21.
Under the action of the oxidant, the hydroxylamine trans-
forms into the original radical 1 (Scheme 2).23

The majority of studies concerning the use of hypochlor-
ite in an alkaline medium as a stoichiometric oxidant of
alcohols and polysaccharides presume that the transforma-
tions of the TEMPO radical (1), cation 20 and TEMPOH
(21) in the catalytic cycle are the same as shown in
Schemes 1 and 2. At present, it is known that oxoammo-
nium salts are unstable in solutions and quickly reduced to
the original nitroxide in aqueous' and aqueous alkaline
media>®>° and in the presence of NaOCI and NaOBr
(pH 10.2) (according to EPR data).®® Following oxidation
of starch®! or glucopyranose 1-phosphate®? with sodium
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R! = Pr, n-CsH; 1, 1’1-C6H13, Ph, Bn, PhCH:CH,
R? = H, Me, Et; R'—=R? = (CHy)4, etc.

hypochlorite (5 mol % —6 mol % of TEMPO with respect to
substrate, H,O, pH 9, 1-1.5 h), TEMPO was isolated from
the reaction mixture by azeotropic distillation with water
and its activity in the third cycle of substrate oxidation
remained virtually unchanged. No detailed characteristics
of the recovered catalyst were presented in these studies.

It should be noted that no careful attention was paid to
the effect of TEMPO on the stoichiometric oxidants con-
ventionally used in the oxidation of alcohols. A study >3 that
showed that the decomposition of m-chloroperoxybenzoic
acid in the presence of TEMPO was accelerated under the
action of an alcohol, as well as some our observations on
the TEMPO-catalyzed decomposition of NaOCI that pre-
sumably resulted in the formation of oxygen and the ClO
and ClO; radicals % are the exceptions. For deeper insight
into the mechanism of oxidation of alcohols and the role
played by the TEMPO radical it is necessary to comprehen-
sively study these oxidant systems in the same manner as,
for example, for the system NaClO,—manganese porphyrin
complex, which has been used in the oxidation of cyclo-
hexane in a water —organic medium (pH 11). In this system,
the catalytic disproportionation of chlorite yields reactive
oxygen in amount sufficient to support the autoxidation
mechanism.%3

In the oxidation of alcohols in the presence of
TEMPO (and, as conventionally believed, in the generation
and regeneration of oxoammonium cations in the catalytic
cycle), various oxidants and oxidation systems were
used, mnamely, O,-Cu salts,** O,—CuO—-MnO,,%
0, —FeCl; — NaNO,,0¢ Ca(O0Cl),,°7 NaOCI—NaBr,%8
NaClO;—-NaOC]l,%° N-chlorosuccinimide,”® K;[Fe!''(CN)g]
(Ref. 71), PhICl,,7?> trichloroisocyanuric acid,”? 1,74
0O>—-Br—NaNO,,7”>  0,—-NaNO,— 1,3-dibromo-5,5-dime-
tylhydantoin,”’® O;—Mn(NO3),—Co(NO3),; or Mn(NO3),—
Cu(N03)2,77 HQOQ*HBI*MCRCO3,78 I()5,79 OQ*HBI‘*
Bu'NO,,%0 as well as oxidants in combination with enzymes
(O, with laccase®' and H,O, with horseradish peroxi-
dase 82). With the same purpose, the electrochemical oxida-
tion was used,®3 including its version in ionic liquids.84 83

The reaction medium acidity had a substantial effect on
the rate of oxidation of alcohols in the presence of TEMPO
and on the composition of the reaction products. At
pH < 8, the primary and secondary alcohols were oxidized
at the same rates that were lower than at pH > 8. With an
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increase in pH of the reaction mixture, the selectivity of
oxidation of primary alcohols increased.??: 2>

In organic solvents, primary alcohols were preferentially
oxidized to aldehydes,®® in water —organic media, in addi-
tion to aldehydes, carboxylic acids were formed and became
the main reaction products in the case of oxidation in the
presence of a phase-transfer catalyst.8”

The high selectivity of the oxidation of alcohols in the
presence of TEMPO was rationalized by invoking an ionic
mechanism,?331-8% which was also substantiated by theo-
retical calculations.®® According to this mechanism, the
oxidation of alcohols in an alkaline medium could begin
with a nucleopilic attack of an alkoxide on the nitrogen or
oxygen atom of the strongly polarized N=O bond of
cation 20, which results in complex A or C, respectively
(Scheme 3). According to calculations, the energy of bipolar
complex A is lower; hence, the oxidation of alcohols via
peroxide complex C is less probable. The intramolecular
transfer of two electrons from the C—H bond to the
nitrogen atom in complex A leads to a carbonyl compound
and hydroxylamine TEMPOH (21).8° The high selectivity of
the oxidation of primary alcohol was explained by, first, the
higher stability of the respective intermediates and, second,
the higher concentration of primary alkoxide groups in
solutions (at the same pH value) as compared with secon-
dary alkoxide groups due to the higher acidity of primary
alcohols.”®

Oxidation in neutral and acidic media involved the
intermolecular transfer of a hydride ion from the a-carbon
atom of the alcohol to the oxygen atom of the oxoammo-
nium cation 20 to afford hydroxylamine 21 and the proto-
nated form of an aldehyde or ketone.®?

—
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R2 = H: R! = Me, Et, Pri, etc.

In combination with metal complex catalysts (Ru or Cu
complexes), in the aerobic oxidation of alcohols, the
TEMPO radical acted as the mediator of the hydrogen
atom transfer, the involvement of the oxoammonium salt
20 as the active oxidant was ruled out. In the postulated °!
hydridometal mechanism, the catalyst represented a dihy-
dride species RuH»(PPhj3)s (22) formed from RuCl>(PPhs3)s
in the initial stage of the reaction with an alcohol (chloro-
benzene as a solvent). Dihydride 22 reacted with two
TEMPO molecules to form a single TEMPOH molecule
(21) and complex 23. The proton transfer from the alcohol
to the piperidinoxy ligand in complex 23 led to complex 24,
which involved the liberation of another TEMPOH mole-
cule (21). In complex 24, elimination of a hydrogen atom to
form a carbonyl compound and dihydride 22 occurred. In
the aerobic process, both TEMPOH molecules were oxi-
dized to the original TEMPO, which thus returns to the
cycle (Scheme 4). This mechanism, i.e., the oxidation of
alcohols through a dehydrogenation stage (a one-electron
oxidation process), was confirmed by the kinetic isotope
effect observed in the oxidation of a-deuterated p-methyl-

Scheme 4
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benzyl alcohol, namely, ky/kp = 3.4 (100 °C) and 5.1
(25 °C).°1-92 When benzyl alcohols were oxidized with
oxoammonium cations, the values ku/kp were lower,
namely, 1.7-2.3 (25 °C).%8

A similar interpretation °2-°3 was given for the oxidation
with the O,—CuCl-TEMPO system by a mechanism in
which the reaction of CuCl with radical 1 generated com-
plex salt Cu(11)—- TEMPO (25) as confirmed by experiments
with stoichiometric amounts of reactants. The reaction of
complex 25 with an alcohol (with the transfer of a proton
from the alcohol to the complex) afforded TEMPOH (21)
and alkoxycopper(1l) complex 26. The reaction of the latter
with a second molecule of TEMPO produced a carbonyl
compound with the formation of another molecule of

Scheme 5

R!'R?’CHOH

TEMPOH and the recovery of Cu(l). In the presence of
0O,, both TEMPOH molecules were reoxidized to TEMPO,
thus completing the catalytic cycle (Scheme 5).92 93
Aerobic oxidation of primary alcohols in aqueous ace-
tonitrile (MeCN: H,O = 2:1, pH 13-13.5) with a catalytic
system CuBr;—TEMPO - Bu'OK - bipy (bipy is 2,2'-bipyr-
idine) was considered®* as a process that involved the
formation of radical intermediates. According to the pro-
posed mechanism, in an alkaline medium an alcohol reacted
with Cu!(bipy) complex (27) to form alkoxy complex 28,
which later coordinated TEMPO (1). In the resulting com-
plex 29, a-hydrogen of the alcohol migrated to the O-radical
centre to afford C-radical intermediate 30; the intramolec-
ular one-electron transfer in the latter resulted in its

Scheme 6
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decomposition to aldehyde, TEMPOH (21) and Cul(bipy)
(31). The latter compound was oxidized in the reaction with
TEMPO to Cu'!(bipy) (27). Under the effect of atmospheric
oxygen, the resulting TEMPOH (21) was transformed into
TEMPO (Scheme 6).23-94

The oxidation of benzyl alcohol and its ortho-, meta-
and  para-substituted derivatives with the system
O;—Cu—TEMPO (MeCN:H>O = 2:1, pH 13) proceeded
according to an analogous scheme. It should be noted that
virtually no oxidation of aliphatic alcohols (octan-2-ol and
2-phenylethanol) occurred. This difference was due to the
ability of benzyl alcohols to stabilize radical intermediate 30
(see Scheme 6).%°

Presumably, the aerobic oxidation of primary alcohols
in an ionic liquid [bmpy] " PFg (bmpy is 1-butyl-4-methyl-
pyridinium) in the presence of copper perchlorate, 4-(dime-
thylamino)pyridine and 4-acetamido-TEMPO (2) proceeds
by the same scheme that involves radical intermediates.”®

Thus, to interpret the results of the oxidation of alcohols
with involvement of TEMPO and its analogues, the ionic,
hydridometal and radical mechanisms have been proposed.

I11. Selective oxidation of polysaccharides

The oxidation of hydroxymethyl groups in carbohydrates in
the presence of TEMPO was initially accomplished for
partially protected monosaccharides in the CH»Cl,—H>O
two-phase system under the action of NaOCI.%”

CH,OH NaOCl- CO>H
HO O TEMPO HO O
1 1
R3O OR R3O OR
OR2 OR2

R! = Me, R2 = Bn: R3 = Ac, Bn; RZ = R3 = H: R! = Me, n-CgH17.

Later, this reaction was studied in an aqueous medium
by the example of methyl a-D-glucopyranoside. The inter-
mediate methyl o-D-gluco-hexodialdo-1,5-pyranoside
hydrate (the maximum concentration 10%) detected by the
high resolution anion-exchange chromatography rapidly
oxidized to uronic acid.’®

It was only relatively recently that the TEMPO-medi-
ated oxidation found application in the chemistry of poly-
saccharides.®® It is characterized by the high selectivity in
the oxidation of primary alcohol groups in the presence of
secondary ones that require no protection. The terminal
reducing unit in the heptasaccharide fragment (32) of
xyloglucan was oxidized to glucaric acid (33).%°

The oxidation of polysaccharides under the action of
NaOCI was usually carried out in alkaline aqueous media in
the presence of TEMPO (0.5 mol % —4 mol % with respect
to substrate) and NaBr (5 mol % —30 mol %) as the cata-
lysts.?> The addition of NaBr was required for generating
sodium hypobromite, which is a stronger oxidant than
NaOCl.1%-%8 With the substitution of different oxidants
(02 or H»0,,'9 oxpoammonium salts '°7) for NaOCI, the
yields of uronic acids substantially decreased. It was found
that amides and imides accelerated the reaction,!92 whereas
amines interacted with TEMPO thus inhibiting the oxida-
tion.32:62 The reaction was as a rule carried out at 0—30 °C,
its selectivity decreasing with the increase in the tempe-

rature.®® The increase in the NaBr and TEMPO concen-
trations accelerated oxidation but reduced the selectivity of
the process.%®

Co0-
CH,OH oH
o  NaBr_
on opy NHOCI-NaBrTEMPO 1O
OR
0
R OH OH
n OO0~
o 33
OH
HO
0 \
OH HO CH, ——~
HO 0 S0
R= (OH HO L
o)
HO 0
HO | OH HO
CH>»
0
o
o HO
HO
HO

The use of the NaOCl-NaBr—TEMPO system under
mild conditions (H>O, pH 9-11, 0—-30 °C) made it possible
to selectively oxidize virtually all water-soluble and -insolu-
ble polysaccharides, namely, starch, amylopectin, amylo-
dextrin, cellulose and its modifications, pullulan,
galactomannan (guaran), inulin, xyloglucan, chitin, chito-
san, etc.?®

The oxidation of linear water-soluble polysaccharides to
the corresponding polyuronic acids proceeded with high
selectivity, whereas the oxidation of branched polysacchar-
ides was less selective.?® In the oxidation of starch, which
represents a mixture of linear amylose and branched amy-
lopectin, by a system NaOCl—NaBr—TEMPO the cleavage
of a-(1-6)-glycosidic bonds in amylopectin to produce
linear a-(1—4)-polyglucuronic acid was the main side reac-
tion.103

Cellouronic acid prepared by TEMPO-mediated oxida-
tion of cellulose underwent partial depolymerisation when
treated with each of the reagents of the TEMPO —NaBr—
NaClO system at pH 11, which was attributed to the
formation of hydroxyl radicals capable of cleavage of the
molecules. 04

MCQMC + NaOBr —> MGQMG + "OH + NaBr.
N N

Me | Me Me | Me
OH (0}

The degree of polysaccharide degradation depended on
their structure, pH of the reaction medium and the nature of
the nitroxide radical. Thus in the oxidation of pullulan (34)
by a system NaOCl—NaBr—TEMPO to afford product 35,
the optimal pH value was 9.2—-9.7; at pH 6—8, the selectiv-
ity decreased, and at pH 10—11, substantial depolymeriza-
tion of polysaccharide 34 was observed.'?> The degree of
depolymerization was lower for substituted radicals 2, 7, 10
and 11.106
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In the oxidation of polysaccharides with a system
NaOCIl—-NaBr—TEMPO in alkaline media, the active oxi-
dation species is presumably oxoammonium ion 20 gener-
ated from TEMPO under the action of hypohalites. In the
catalytic cycle, this cation undergoes redox transformations
similar to those shown in Scheme 1. Cation 20 brings about
the oxidation of the polysaccharide primary alcohol groups

RCH,OH + 2 Me@Me + H.0 —
N

Scheme 7

Me Me
20
—> RCO;H + 2 MeQMe +2H™",
Me I‘\T Me
OH
21

2 Me Me + 20Br— +2H" —>
Me 1‘\1 Me
OH
21
2 Me@Me + 2H,0 + 2 Br—,
Me w Me
(0]
20

2Br~ + 2NaOCl —> 2 OBr~ + 2 NaCl,
RCO;H + NaOH — RCO;Na + H,O.

Overall reaction:
RCH,O0H + 2NaOCl + NaOH —> RCO;Na + 2H,0 + 2 NaCl,

R is the polysaccharide residue.

to the carboxyl groups and is reduced to hydroxylamine 21.
The oxidation of the latter with hypohalites recovered the
oxoammonium cation 20 (Scheme 7).2°- 103

As follows from Scheme 7, the formation of 1 mole of
carboxylic acid requires consumption of 2 moles of oxoam-
monium cation 20, while the regeneration of the latter from
TEMPOH (21) consumes 2 moles of hypohalite. To main-
tain pH of the reaction mixture at the required level, it is
necessary to neutralize the carboxylic acid formed by add-
ing 1 mole of an alkali (see Scheme 7).

The consumption of NaOH for maintaining pH of the
medium at a given level can serve as a control of the degree
of conversion of the CH>,OH groups into the carboxylic
groups in studies of the oxidation kinetics.8-103,107-109
However, for the oxidation of starch,'93 cellulose '°7 and
chitosan,'%® it was noticed that the consumption of NaOH
exceeded the content of the COOH groups in the reaction
products, which was explained '3 by the formation of
sodium salt of aldehyde hydrate 36. The intra- or intermo-
lecular reactions of the aldehyde and alcohol groups pro-
duce hemiacetals.!03 The subsequent oxidation of aldehyde
hydrate 36 and hemiacetals under the action of oxoammo-
nium cation 20 afforded the sodium salt of the acid and
TEMPOH (21). The oxidation of the latter with a hypo-
halite returned oxoammonium cation 20 into the cycle
(Scheme 8).

The oxidation of hyaluronic acid (37) with an excess of
NaOCl1 (3—6 equiv.) in the N atmosphere in the presence
of TEMPO and various salts (NaBr, Na,SO4 and NaCl)
proceeded with an induction period (up to 30 min), which is
believed to be required for the transformation of the
TEMPO radical to the oxoammonium cation 20. The
oxidized hyaluronic acid contained ~80% of new structural
units of N-acetylglucosaminuronic acid and its molecular
mass was halved.!?? The oxidation of hyalururonic acid (37)
in air at the initial pH ~ 13, which was established after the
single-step addition of 1.8 M NaOCl to the mixture
37—-NaBr—-TEMPO, resulted in the exhaustive conversion
of acid 37 to acid 38 called carboxyhyaluronic acid.®®

OH
S QO:H o NaOCl-NaBr -~ TEMPO
o) O HO -
H 10.2,0-2 °C
HO (0] p
OH NHAc
37
COH COH
— 0 O HO
HO ©
OH NHAc
38

In was noted that consumption of NaOCl determined
by spectrophotometry ' at 292 nm (ClO—, &9 =
350 litre mol—! ecm~!) and the amount of NaOH required
to maintain pH of the reaction mixture at 10.2 were half
that required for stoichiometry of the overall process shown
in Scheme 8. Hence, atmospheric oxygen was involved in
the oxidation of hyaluronic acid 37 in the step of oxidation
of a transient aldehyde according to the radical autoxida-
tion scheme.!'! The possible involvement of radicals in the
oxidation process in the presence of TEMPO followed from
chemiluminescence detected in the initial moment of the
reaction and the formation of hybrid macromolecules in the
oxidation of a mixture of hyaluronic acid and heparin.®°
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Scheme 8
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21
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O
20

Br— + NaOCl —> OBr— + NaCl.
Overall reaction:
RCH>OH + 2NaOCl + NaOH —> RCO;Na + 2H,0 + 2 NaCl,

R is the polysaccharide residue.

As compared with the natural hyaluronic acid, carboxy-
hyaluronic acid (38) was more easily soluble in water,
exhibited stronger affinity to dyes, e.g., Methylene Blue,!'!?
its zinc salt manifested antibacterial effect against Escher-
ichia coli and Staphylococcus aureus.''3 In carbodiimide-
assisted coupling of acid 38 with amines, the reactivity of

COOH groups in the modified unit was shown to be higher
than in the D-glucuronic acid unit. In contrast to the natural
hyaluronic acid, carboxyhyaluronic acid (38) and its con-
jugates with amines exhibited the unusually high in vitro
stability with respect to the enzyme testicular hyaluroni-
dase.%0-114 This feature is important in the development of
drugs of prolonged action.

Unlike oxidation of hyaluronic acid, the oxidation of
dermatan sulfate (39) with a twofold excess of NaOCI under
the same conditions afforded a product that contained only
25% of modified N-acetylgalactosaminuronic acid units
and 15% of units of the corresponding aldehyde in its
hydrated form per saccharide unit.°®¢ The aldehyde group
was identified by NMR spectroscopy: in the '3C NMR
spectrum, a signal was observed in the region of § 87.8
characteristic of the CH(OH), group.!!> The increase in the
NaOCI concentration up to its threefold excess resulted in
product 40, which corresponded to the exhaustive oxidation
of the CH,OH groups, the galactosamine residue being
converted to units with aldehyde hydrate and COOH
groups in the equimolar ratio. Carboxydermatan sulfate
with ~100% content of N-acetylylgalactosaminuronic acid
units was obtained in the presence of a sixfold excess of
NaOCI (Scheme 9).9°

The oxidation of a neutral polysaccharide scleroglucan
(41), produced by microorganisms of the genus Sclerotium,
in the system NaOCIl-NaBr—TEMPO afforded anionic
polyelectrolyte 42. Its conformation in aqueous solutions
was studied as a function of the degree of oxidation of the
primary alcohol groups. At the degree of conversion less
than 40%, the oxidized scleroglucan (like the original
polymer) represented a triple helix; at higher conversions,
the  polysaccharides behaved as random  coils
(Scheme 10).116

The oxidation of maltodextrin with the NaOCl—-NaBr—
TEMPO reagent in a strongly acidic basic medium
(pH = 11) occurred selectively (98%) to afford a carboxyl-
containing compound in a high yield. In a nearly neutral
medium, scission of vicinal diols in the pyranose ring
occurred, which was evidenced by the formation of oxalic
acid.!!”

Cyclodextrins, i.e., cyclic oligosaccharides containing 6,
7 and 8 a-(1—4)-bound glucose residues, can form com-
plexes with different hydrophobic molecules including phar-
macophores, thereby increasing their solubility in water.
The application field of the ability of cyclodextrins to form
complexes can be substantially extended by converting their
primary alcohol groups into carboxyl ones. The oxidation
of B-cyclodextrin (43) with the NaOCl-NaBr—TEMPO
system afforded mono- (44) and dicarboxycyclodextrins
(45—47), their structures were established by 2D NMR
spectroscopy (Scheme 11).118

Oxidation of mannans from pathogenic yeasts of the
genus Candida with the NaOCl-NaBr—TEMPO system
was studied with special attention to preservation of the
antigenic properties important for the development of
vaccines.!'!® Oxidized mannans of Amorphophallus konjak
tubors and guar gum were subjected to epimerization under
the action of recombinant mannuronan-C(5)-epimerase to
afford analogues of alginic acid containing 12% —15% of
a-L-guluronate residues; the oxidized carob tree gum was
resistant to the enzyme action.!?0
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Scheme 9
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R! = CO,Na: R2 = R? = R* = RS = R6 = R7 =CH,OH (44); R2 = CO,Na: R3 = R* = RS = R® = R7 = CH,OH (45);
R} = CO,Na: R2 = R* = R’ = R6 = R7 =CH,0H (46); R* = CO,Na: R2 = R? = RS = RS = R7 =CH,OH (47).

TEMPO-mediated oxidation of water-insoluble chitin
(48) afforded water-soluble chitouronic acid (49) containing
N-acetylglucosaminuronic acid residues.!?!

OH
o
HO

NHAc
48

NaOCl-NaBr-TEMPO

COH
(6]
HO

NHACc
49

Chitouronic acid (49) absorbs water to form gels like
hyaluronic acid and carboxymethylchitosan and forms salts
with metals and polyelectrolyte complexes with chitosan.!??
Films of chitouronic acid (or of its sodium salt) exhibited
high permeability with respect to oxygen.'?? Based on
partially oxidized chitin containing aldehyde and carboxyl
groups, nanocrystals measuring 340 x 8§ nm were obtained
by sonication.!?*

Oxidation of chitosan (50) by the NaOCl-NaBr-
TEMPO system results in its virtually complete degrada-
tion 9% or cross-linking.!?> Selective oxidation required the
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amino groups to be preliminarily protected. The use of N-
acetyl or N-phthaloyl derivatives was to no avail. A suitable
candidate for the synthesis of N,N,N-trimethylcarboxychi-
tosan (51) was N,N,N-trimethyl derivative 52 prepared by a
two-step transformation of chitosan (50).108

OH OH
o o o o
OH CH,O—-NaBH4 OH (Me0)-S0»
PR
NH, NHMe
50
OH CO-H
2
o o o o
OH NaOCl-NaBr-TEMPO OH
A
N*Mes N*Me;
52 51

For the maximum water solubility of oxidized chitosan,
25% of its primary alcohol groups should be converted into
carboxylic. At higher conversion, the solubility decreased,
which was due to the formation of an intramolecular salt
that involved carboxyl and amino groups.!'2°

A large number of studies were devoted to the TEMPO-
mediated oxidation of cellulose (53). Without any prelimi-
nary treatment, water-insoluble natural cellulose could be
oxidized with the TEMPO-NaOCl—-NaBr reagent only
with a low conversion of primary alcohol groups to alde-
hyde and carboxyl groups (0.3 and 0.7 mmol g~ !, respec-
tively '27). This was associated with the fact that the
oxidation occurred only on the surface of cellulose fibres
that possess a high degree of crystallinity due to the
presence of intra- and intermolecular hydrogen
bonds. 127130

The water-soluble fraction ( <20%) of oxidized cellulose
was low-molecular and contained hexenuronic acids 54
formed as a result of B-elimination of the carbohydrate
chain from aldehydes 55 followed by the oxidation of
enals 56.13°

OH
0 NaOCl - NaBr- TEMPO

53 OH

H

@oﬁ

B -elimination
— Hzo —RO~

O« _H
N COzH
o NaOCI - NaBr— TEMPO 0
— /OH 048 / OH 048
56 OH 54 OH

R is a polysaccharide residue.

The partially oxidized cellulose (the degree of conver-
sion of CH,OH groups of 5% —10%) was hydrolyzed more

easily with 82.5% phosphoric acid,!3! it is conveniently used
in the preparation of paper,!32 nanofibres,!33- 134 and also in
further modification of the COOH groups by the reactions
with various amines (benzylamine, hexylamine, dodecyl-
amine, efc.).!33

The oxidizability of the natural cellulose could be
enhanced by long-term (12—24 h) mechanical treatment in
a ball mill. Based on mechanically activated cellulose with
the amorphous structure, polyuronic acids were synthesized
in high yields but with a substantial loss of the molecular
mass.!36

The oxidation of mercerized and regenerated cellulose
(cellulose II) afforded 6-carboxycellulose (cellouronic acid)
with the uniform chemical structure in almost quantitative
yields.107.121,128,137 The partially oxidized product synthe-
sized by mild TEMPO-mediated oxidation of cellulose II
that contained carboxyl, aldehyde and hemiacetal groups
was used for reinforcing paper at its lamination with
polyvinylamine.!38

Of eleven types of nitroxide radicals (1-6, 8, 9, 13—15)
used in the cellulose oxidation with the aim of producing its
form completely soluble in water, namely, cellouronic acid,
the highest selectivity was achieved with (1), 4-acetamido-
TEMPO (2), 4-carboxy-TEMPO (3) and 4-phosphonooxy-
TEMPO (9).13° To reduce the degree of degradation in the
oxidation of cellulose II, different radical scavengers were
used.!%* All oxidation products were characterized by the
bimodal molecular-mass distribution. Cellouronic acid with
the maximum molecular mass was synthesized in the pres-
ence of crotonic acid but its degradation failed to be totally
avoided. At the same time, a fraction was isolated with the
molecular mass higher than that of the original material due
to the cross-linking typical of radical processes.!04 139

A film of cellouronic acid with the reduced permeability
to oxygen, comparable with the permeability of poly(vinyl
alcohol),!'?? decomposed under the action of soil micro-
organisms, enzymes of the hydrolase type '4° and glucuronyl
lyase from the Trichoderma strain GL2 (Ref. 141) to afford
unsaturated oligocellouronates. After cross-linking with
divinyl sulfone, diglycidyl ether and other diepoxides, the
cellouronic acid-based products are promising as super-
absorbents, complexation agents, crystallization inhibitors
and antiflocculating agents.!32

Cellulose III prepared by treating native cellulose with
liquid or gaseous ammonia (and also with amines, diamines
or polyamines) underwent TEMPO-mediated oxidation
more easily than native cellulose or cellulose I1.142 143
Cellulose acetate (degree of acetylation ~0.5) !4 and car-
boxycellulose prepared by processing of agave biomass 43
were oxidized by the NaOCl- NaBr—TEMPO system under
sufficiently mild conditions (pH ~ 10, 0—4 °C). This was
accompanied by selective oxidation of unprotected primary
alcohol groups to form the corresponding cellouronic acids.
Due to the mild oxidation conditions, the degree of acety-
lation of the product remained unchanged.

TEMPO-mediated oxidation was used in the determina-
tion of the degree of substitution with respect to the primary
alcohol groups in modified polysaccharides, namely,
hydroxypropylguaran (57), carboxymethylpullulan (58),
methyl- (59) and carboxymethylcellulose (60). The degree
of substitution was calculated from the difference in the
COOH group content determined by oxidation of unmodi-
fied and the corresponding modified polysaccharides.!'#¢
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57(R = H or CH,CH(OH)Me)

OR
0

RO Oy,
OR

59 (R = H or Me)
60 (R = H or CH,CO,H)

OR
0
RO
OR |
RO Q
RO
OR |

RO

58 (R = H or CH>CO;H) \<

* * *

The material on the oxidation of polysaccharides catalyzed
by nitroxide radicals presented in this review is indicative of
the wide prospects of this approach, which allows one to
selectively synthesize carboxylic acids, carbonyl compounds
and modified polysaccharides with the increased content of
the carboxyl and carbonyl groups. These carboxylated
polysaccharides acquire new practically important proper-
ties, which extends the possibilities of their conjugation with
different biologically active compounds and opens up a way

to new drugs of targeted delivery and prolonged action.
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