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Abstract. New epoxide-containing peroxides have been
synthesized via the interaction between epichlorohydrin
and ditertiary @-hydroxyalkyl peroxides. The effect of
reaction conditions on both the yield and composition of
the reaction products has been established. Through the
reactions of either the synthesized epoxide-containing
peroxides with 1,2;3,4-di-O-isopropylidene-o-D-galacto-
pyranose or 6-O-glycidyl-1,2;3,4-di-O-isopropylidene-a-
D-galactopyranose with the @-hydroxyalkyl peroxides,
new peroxide derivatives with ditertiary and primary-
tertiary peroxide groups have been synthesized suc-
cessfully. The decomposition of the developed substances
has been studied by complex thermal analysis and the ki-
netic parameters of the thermolysis have been determined.

Keywords: hydroxy-containing peroxides, epoxyalkyl
peroxides, saccharides with peroxide groups, thermo-
gravimetric analysis.

1. Introduction

A series of requirements with regard to polymers
for biomedical applications has to be fulfilled for solving
issues of contemporary medicine and pharmacy. The
polymers must be biocompatible with living tissues and
able to cross cell membranes whereas the metabolism
products are needed to be bioinert and non-toxic. To this
end, hybrid materials based on natural polymers,
particularly polysaccharides, have recently attracted much
attention. Such hybrid materials are synthesized by
grafting functional monomers, usually acrylic acid and
chloromethyl styrene or functional polyperoxides to poly-
and oligosaccharides followed by polymer reactions. The
hybrid materials have successfully proven themselves in
binding biomolecules and drugs, developing diagnostic
kits and systems of targeted drug delivery into pathogen
cells [1]. Introduction of saccharide moieties into the
molecules of various substances imparts a number of
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useful properties to them including enhanced water
solubility, improved biodegradation under natural
conditions [2], diminished non-specific interactions with
biomaterials, particularly with proteins [3, 4].

Therefore, the synthesis of saccharide-containing
modifiers which are capable of chemical grafting onto
various surfaces including those of polyolefins with low
surface energy, so the formation of hydrophilic layers
thereon is of great interest. We believe that the synthesis of
saccharide derivatives with peroxide groups in their
molecules is a promising way to solve this issue. Due to the
decomposition of the peroxide moieties, such peroxide-
containing substances would generate saccharide-containing
free radicals which are able to initiate radical polymerization
and polymer reactions. This allows to prepare hybrid natural-
synthetic polymers and to form saccharide-containing layers
on the surface of various substrates [5].

In the literature, a couple of papers on the substances
simultaneously containing the saccharide and peroxide
moieties in the molecules are currently available [6-8] and
there is no data on peroxide-containing saccharides with
ditertiary peroxide groups, although it is generally
recognized that, namely, such type of peroxides is the most
efficient for the generation of macroradicals from
polyolefins [9]. The application of epoxide-containing
peroxides as reactants, in our opinion, could be successfully
used for the introduction of peroxide groups into the oligo-
and polysaccharide molecules.

For instance, peroxide-functionalized oligomers
have been synthesized via the reactions of aliphatic diols
and oligoethers with the epoxide group of epoxyperoxides
and oligomers have been used for the formation of films
based on epoxyoligomeric mixtures [10, 11]. Saturated
peroxide-functionalized heterochain oligomers prepared
through cationic polymerization of epoxyperoxides [12]
have been applied for the synthesis of copolymers with
improved film-forming, electric and thermomechanical
properties [13]. Epoxyperoxides are also precious cross-
linking agents for the development of rubber mixtures
with enhanced physical, mechanical and adhesive
characteristics [14, 15]. Polymers with terminal reactive
epoxide groups have been synthesized by using
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epoxyperoxides for the initiation of polymerization of
vinyl monomers [16].

In the literature, the synthesis of epoxyperoxides
with primary-tertiary peroxide groups has been reported
[12, 17] although ditertiary epoxyperoxides may be of a
greater practical interest in the above-mentioned
applications. Upon the development of convenient
synthetic routes towards ditertiary peroxides with primary
hydroxy groups [18-20], new opportunities for the
preparation of corresponding peroxide-containing glycidyl
ethers has opened up.

This study was aimed to synthesize glycidyl ethers
of hydroxyperoxides by reacting the hydroxyperoxides
with epichlorohydrin, to modify saccharides with the
glycidyl ethers for the development of new saccharide-
containing initiators, as well as to study the thermal
characteristics of the synthesized substances.

2. Experimental

The solvents (acetone, hexane, dichloromethane,
benzene) were used of the chemically pure grade; they
were dried over molecular sieves 4 A and distilled through
a Vigreux column 1 m long prior to use. Epichlorohydrin
was used of the chemically pure grade and distilled
(b.p. 389 K; d;° 1.181; np™ 1.4381 [21]). a-D-galactose
(““Aldrich™) was used without further purification. CTAB
from “Merck” and TEBAC from “Aldrich” were of the
chemically pure grade.

The starting 2-tert-butylperoxy-3-methyl-1-butanol
(1), 3-tert-butylperoxy-2-phenyl-1-butanol (2), 4-tert-
butylperoxy-4-methyl-1-pentanol (3), 3-tert-butylperoxy-
3,3-diphenyl-butan-1-ol (4) and 2-fert-butylperoxy-2-
methyl-1-propanol (5) were prepared according to the
procedures described in [18-20].

The preparative separation of peroxides by column
chromatography was accomplished in glass columns with
20mm bore and 450 mm long; an adsorbent was
aluminium oxide, the II degree of activity of the qualifi-
cation “for chromatography” (0.15-0.25 mm granularity)
from “Merck”. Molecular weights were determined by
cryoscopy in benzene according to procedures [22, 23].

The 'H NMR spectra were recorded by a Varian
VXR-300 NMR and a Joel ECA 400 MHz NMR
spectrometer using chloroform-d as a solvent (the
concentration of samples was 5 —10%). The spectra were
referenced to the TMS signal as an internal standard. The
individuality of the synthesized compounds and the course
of the reactions were controlled by TLC at the silica gel
60 F,s4 plates (“Merck”). The complex thermogravimetric
and differential thermal analyses of the peroxide
saccharides were carried out by a derivatograph Q-1500 D
(system: F. Paulik, J. Paulik, L Erdey, Hungary) operating
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in a dynamic mode with a heating rate of 1.25 K/min in
argon. The sample weight was 200 mg and aluminium
oxide was a reference compound as well. The kinetic
parameters of the thermolysis were computed using the
method [24, 25] using “Mathcad 2001 Professional”
software. The epoxide number (e.n.) was determined by
direct titration with 0.1N solution of perchloric acid in
glacial acetic acid in the presence of tetraecthylammonium
bromide [26].

1-[2-(tert-Butylperoxy)-2-methylpropoxy]-3-
chloropropan-2-ol (6). To the mixture 1.76 g (0.01 mol) of
hydroxyperoxide (5) and 093g (0.0l mol) of
epichlorohydrin in 10 ml of dichloromethane 0.02 ml
(0.0001 mol) of BF5-OEt, were added. The reaction mixture
was kept at 313 K and intensively stirred for 6 h. After
neutralization with the saturated solution of sodium
carbonate and following CO, inflation the precipitate was
filtered away and the solvent was evaporated. The
remainder was distilled on a short path. The yield of the
purposive product was 1.55 g (61 %). Found, %: C 51.80;
H 8.98; Cl 13.88. Calcl. for CyH2304, %: C 51.86; H 9.10;
C113.92.

2-{[3-(tert-Butylperoxy)-3-methylbutoxy]methyl}
oxirane (7). To the mixture 6.16g (0.035 mol) of
hydroxyperoxide (1) and 1295g (0.14 mol) of
epichlorohydrin  whilst stirring and cooling 2.79 g
(0.07 mol) of powdered sodium hydroxide and 0.25 g
(0.0007 mol) of CTAB were added. The reaction mixture
was kept at 313-318 K while intensively stirring for 6 h.
The sodium hydroxide and formed sodium chloride were
filtered away and the epichlorohydrin was evaporated in
vacuo. The purposive epoxyperoxide was purified by
chromatography through aluminium oxide (the eluent was
hexane). The yield was 5.32 g (64 %); d,™° 0.9574; np™
1.4334; MRp 63.14 (calcl. 63.318); e.n. 18.49 % (calcl.
18.51 %); Oue. 6.84 % (calcl. 6.89 %); molecular weight
238 (calcl. 232.31). Found, %: C 62.08; H 10.10. Calcl. for
C1;Hy404, %: C 62.04; H 1041. '"HNMR (400 MHz,
CDCl3), ¢ (ppm): 3.68 (m, J = 12.7 Hz, 1H, CH,O
glycidyl), 3.47 (t, J = 5.7 Hz, 2H, O-CH,CH,-), 3.38
(m, J =12.7 Hz, 1H, CH,0 glycidyl), 3.13 (m, J; = 5.3 Hz,
J, =29 Hz, 1H, CH oxirane ring), 2.79 (m, J =4.5 Hz, 1H,
CH; oxirane ring), 2.61 (m, J = 2.7 Hz, 1H, CH, oxirane
ring), 1.85 (t, J = 6.1 Hz, 2H, —CH,—C(CHj3)-), 1.26 (s, 6H,
—C(CHjs)y), 1.22 (s, 9H, —C(CHs)5).

2-{[3-(tert-Butylperoxy)-3-phenylbutoxy]methyl}
oxirane (8) was prepared from 1.70g (0.025 mol)
hydroxyperoxide (2), 9.25 g (0.1 mol) epichlorohydrin and
20.0g (0.5mol) powdered sodium hydroxide in the
presence of 0.09 g (0.00025 mol) of CTAB by the
procedure similar to compound (7). The yield was 5.1 g
(69 %); en. 14.550 % (calcl. 14.60 %); O, 5.41 % (calcl.
5.43 %); molecular weight 289 (calcl. 294.38). Found, %:
C 69.31; H 8.88. Calcl. for C;7H2604 %: C 69.36; H 8.90.
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2-({[4-(tert-Butylperoxy)-4-methylpentyl]oxy}
methyl)oxirane (9). To the mixture 5.8 g (0.025 mol) of
hydroxyperoxide (3) and 185g (0.2mol) of
epichlorohydrin whilst stirring and cooling 4.0 g (0.1 mol)
of powdered sodium hydroxide and 0.18 g (0.0005 mol)
of CTAB were added. The reaction mixture was kept at
313 K while intensively stirring for 12 h. After cooling,
10 ml of petroleum ether were added, and the reaction
mixture was left in a fridge for 14 h. The sodium
hydroxide and formed sodium chloride were filtered
away. The filtrate was chromatographed through
aluminium oxide (the eluent was petroleum ether). The
epichlorohydrin and petroleum ether were evaporated in
vacuo. The yield of the epoxyperoxide was 4.74 g (77 %);
ds° 0.9732; np™ 1.4491; MRp 67.90 (calcl. 67.96); e.n.
17.40 % (calcl. 17.40 %); O,y 6.42% (calcl. 6.49);
molecular weight 239 (calcl. 246.34). Found, %: C 63.34;
H 10.60. Calcl. for Cj3Hy04, %: C 63.38; H 10.64.
'HNMR (400 MHz, CDCls), § (ppm): 3.69 (d, J =
=12.5Hz, 1H, CH,O glycidyl), 3.47 (t, ] = 5.8 Hz,
OCH,—CH,), 3.33 (m, J; = 11.5Hz, J, = 58Hz, 1 H,
CH,0 glycidyl), 3.13 (m, J; = 5.3 Hz, J,= 2.9 Hz, 1H, CH
oxirane ring), 2.78 (m, J = 4.5 Hz, 1H, CH, oxirane ring),
2.59 (m, J = 2.7 Hz, 1H, CH, oxirane ring), 1.63 (m, J,; =
=5.8Hz, J, = 5. 7Hz, 2H, -CH,—CH,—C(CH3),), 1.53
(d t, J = 5.7Hz, 2H, -CH,-CH,—C(CHs),), 1.18 (s, 9H,
C(CHj3)3), 1.16 (s, 6H, —C(CH3),).

2-[({4-[ (1, 1-Diphenylethyl) peroxy]-4-methylpentyl}
oxy)methyl]oxirane (10). To the mixture 4.7 g (0.0015 mol)
of hydroxyperoxide (4) in 10 ml of benzene and 11.04 g
(0.12 mol) of epichlorohydrin whilst stirring and cooling
2.34 g (0.06 mol) of powdered sodium hydroxide and
0.43 g (0.0006 mol) of CTAB were added. The reaction
mixture was kept at 313 K in space for 12 h. The settled
sodium hydroxide and sodium chloride after cooling were
filtered away. The epichlorohydrin and benzene were
evaporated in vacuo. The yield of the epoxyperoxide was
504g (90.8%); mp. 299K; en. 1141 % (calcl.
11.60 %); Oyt 4.29 % (calcl. 4.31); molecular weight 357
(calcl. 370.48). Found, %: C 74.41; H 8.23. Calcl. for
Cy3H3004, %: C 74.56; H 8.16.

2-{[2-(tert-Butylperoxy)-2-methylpropoxy]
methyl}oxirane (11). To the mixture 2.5 g (0.01 mol) of
chlorohydrin (6) and 0.1 g (0.00027 mol) of CTAB in
10 ml of dichloromethane at 291-295 K whilst effective
stirring 0.5 g (0.012 mol) of powdered sodium hydroxide
were added. The mixture was stirred for 2.5 h and the
precipitate was filtered away. The filtrate was neutralized
by passing carbon dioxide. The solvent was evaporated,
and the residue was chromatographed through aluminium
oxide (the eluent was hexane). The yield of
epoxyperoxide was 1.79 g (82 %); ds*° 0.98402; np”

1.4412; e.n. 19.24 % (calcl. 19.69 %); Oy 7.30 % (calcl.
7.33); MRp 58.60 (calcl. 58.67); molecular weight 209
(calcl. 218.28). Found, %: C 60.48; H 10.10. Calcl. for
C11H»04, %: C 60.52; H 10.16. 'HNMR (400 MHz,
CDCl), ¢ (ppm): 3.71 (m, J = 12.1 Hz, 1H, CH,O
glycidyl), 3.61 (s, 2H, CH,—C(CH;),), 3.34 (m,
J = 12.1 Hz, 1H, CH,0 glycidyl), 3.18 (m, J; = 5.3 Hz,
J, = 2.9 Hz, 1H, CH oxirane ring), 2.80 (m, J = 5.1 Hz,
1H, CH, oxirane ring), 2.62 (m, J = 2.7 Hz, 1H, CH, oxirane
ring), 1.26 (s, 6H, —C(CHj3),), 1.19 (s, 9H, C(CH,)5).

2-[(tert-Butylperoxy)methyljoxirane ~ (12)  was
prepared from 2.30g (0.025mol) TBHP and 2.31¢g
(0.025 mol) of epichlorohydrin in the presence of 2.5 g
(0.025 mol) of sodium hydroxide (40% solution in water)
and 036 g (0.001 mol) of CTAB according to the
procedure described in [27]. The yield was 3.2 g (88.5 %));
b.p. 313 K/1330 Pa; np™ 1.4810 (in literature 1.4810
[27]); en. 29.4 % (calcl. 29.45 %); O, 10.7 % (calcl.
10.9 %); molecular weight 142.4 (calcl. 146.184). Found,
%: C 57.49; H 9.6. Calcl. for C;H403, %: C 57.51; H
9.65.

1,2;3,4-Di-O-isopropylidene-o-D-galactopyranose
(DIPG) (13) was prepared from 225 ml (3.07 mol) of
acetone and 18.0 g (0.1 mol) of a-D-galactose in the
presence of 21.6 g (0.16 mol) anhydrous zinc chloride and
0.72 ml of concentrated sulphuric acid at 293 K for 4 h
according to the procedure [28]. After the isolation and
distillation in vacuo (6.65 Pa) 17.5 g (67 % yield) of the
purposive product was received with np™ 1.4660. Found,
%: C 55.16; H 7.80. Calcl. for Ci,H,0Os, %: C 55.37; H
7.74. '"HNMR (300 MHz, CDCls), 6 (ppm): 5.57 (d,
J=49Hz, 1H, H-1), 4.61 (dd, J = 7.9, 2.4 Hz, 1H, H-3),
434 (dd, J = 5.0, 2.4 Hz, 1H, H-2), 428 (dd, J = 7.9,
2.3 Hz, 1H, H-4), 3.88-3.84 (m, 2H, H-6), 3.78-3.71 (m,
1H, H-5), 2.43 (br s, 1H, OH), 1.54 (s, 3H, C(CHj3)), 1.46
(s, 3H, C(CH3)), 1.34 (s, 6H, C(CH3),).

6-0O-[3-(3-(tert-Butylperoxy)-3-methylbutoxy-2-
hydroxypropill-1,2; 3,4-di-O-isopropylidene-a-D-
galactopyranose (14).

Method A. To the solution 1.16 g (0.005 mol) of
epoxyperoxide (7) in dioxane 1.3 g (0.005 mol) of DIPG
(13), 0.1 g of powdered sodium hydroxide and 0.1 g of
TEBAC were added consecutively. The reaction mixture
was stirred at 333-353 K for 6 h and neutralized by
passing CO,; afterwards, it was filtered through a thin
layer of aluminium oxide. The solvent was evaporated in
vacuo to give 0.64g of the substance (practically
quantitative) with the 96 % yield of the purposive product.
After the reaction mixture was additionally purified by
chromatography through aluminium oxide (the eluent was
a combination of dichloromethane and 2-propanone, 10:3)
to give 2.06 g (85 % yield). Molecular weight 485 (calcl.
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492.6). Found, %: C 58.31; H 8.9. Calcl. for C4H4401y,
%: C 58.52; H 9.0. "H NMR (300 MHz, CDCl5),  (ppm):
5.57 (d, J = 49 Hz, 1H, H-1), 4.60 (dd, J = 8.1, 2.3 Hz,
1H, H-3), 4.34 (dd, J = 5.0,2.4 Hz, 1H, H-2), 4.28 (dd, J =
=8.1, 2.3Hz, 1H, H-4), 3.99-3.93 (m, 1H, CH(OH)),
3.89-3.86 (m, 2H, H-6), 3.85-3.66 (m, 5H, O-CH,
pyranose ring, t-Bu—OOCH,, H-5), 3.78 (t, ] = 5.8 Hz, 2 H,
O-CH,CH,-), 3.58-3.46 (m, 2H, CH,~CH-OH), 2.63 (br
s, lH, OH), 1.84 (t, J = 5.8 Hz, 2H, CH,—C(CH,),), 1.54 (s,
3H, C(CHy)), 1.44 (s, 3H, C(CH3)), 1.34 (s, 6H, C(CHs)),
1.23 (s, 6H, C(CHs),), 1.18 (s, 9H, C(CHj3);).

Method B. To the solution 1.58 g (0.005 mol) of
epoxysaccharide (16) in dichloromethane 0.88 g
(0.005 mol) of hydroxyperoxide (1), 0.1 g of powdered
sodium hydroxide and 0.1 g of TEBAC were added
consecutively. The reaction mixture was stirred at 343 K
for 5 h. The purposive product was purified by chroma-
tography through aluminium oxide (dichloromethane as
the eluent) and the solvent was evaporated in vacuo. The
yield was 2.1 g (85.3 %).

6-O-[3-(tert-Butylperoxy)-2-hydroxypropil]-
1,2;3,4-di-O-isopropylidene- a-D-galactopyranose (15).

Method A. To the solution 3.12 g (0.012 mol) of
DIPG (13) in 20ml of dichloromethane 0.02 ml
(0.0001 mol) of BF3-(C,Hs),0 as a catalyst were added
and kept at 313 K whilst stirring for 0.25 h; the solution
1.75 g (0.012 mol) of epoxyperoxide (12) in 10 ml of
dichloromethane was dripped for 1.5 h. The mixture was
stirred for 2 h at 303-313 K. Thereafter, the catalyst was
neutralized with a solution of sodium carbonate. The
precipitate was filtered away and the solvent evaporated.
The yield was 2.8¢ (57 %); np™ 1.4624; molecular
weight 400.25 (calcl. 406.46). Found, %: C 54.76; H 8.06.
Calcl. for CiH3400, %: C 56.14; H 8.43. 'HNMR
(300 MHz, CDCls), J (ppm): 5.55 (d, J = 5.0 Hz, 1H, H-
1), 4.59 (dd, J = 7.9, 2.3 Hz, 1H, H-3), 4.34 (dd, J = 5.0,
24 Hz, 1H, H-2), 4.28 (dd, J = 7.9, 2.3 Hz, 1H, H-4),
3.99-3.93 (m, CH(OH),1H), 3.89-3.86 (m, 2H, H-6),
3.85-3.66 (m, SH, OCH, pyranose ring, t-BuOO—CH,, H-
5), 3.58-3.46 (m, 2H, CH,-CH-OH), 2.43 (br s, IH, OH),
1.22 (s, 6H, C(CH;3), pyranose ring), 1.19 (s, 9H,
C(CHs)3).

Method B. To the solution 0.63 ml (0.006 mol) of
TBHP in 10 ml of dichloromethane at 313 K for 0.25 h
0.012 ml (0.0001 mol) of BF;-(C,Hs),0 as a catalyst were
added and the solution 1.9 g (0.006 mol) of GDIPG (16)
in dichloromethane was dripped for 1.0-1.5h. The
mixture was additionally stirred for 2 h at 303-313 K, the
catalyst was neutralized with a solution of sodium
carbonate. The precipitate was filtered away and the
solvent evaporated. The yield was 1.36 g (56 %).
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6-O-Glycidyl-1,2; 3,4-di-O-isopropylidene-o-D-

galactopyranose (GDIPG) (16). To the solution 5.2 g
(0.02mol) of DIPG (13) in 13.0g (0.14mol) of
epichlorohydrin TEBAC were added. The mixture was
heated to 333-353 K and 2.4 g (0.06 mol) of sodium
hydroxide were added while stirring. The mixture was
stirred for 6 h at this temperature, cooled, dissolved in
dichloromethane and filtered through an aluminium oxide
layer. The solvent and excessive epichlorohydrin were
evaporated. The product was purified by recrystallization
from a mixture of benzene and hexane. The yield was
54¢g (86%); mp. 347-348 K; molecular weight 305
(calcl. 316.36). Found, %: C 56.17; H 7.68. Calcl. for
C1sH2407, %: C 56.95; H 7.65. '"HNMR (300 MHz,
CDCl), J (ppm): 5.55 (d, J = 5.0 Hz, 1H, H-1), 4.59 (dd,
J=1709,23Hz, IH, H-3), 4.34 (dd, J = 5.0, 2.4 Hz, 1H,
H-2), 428 (dd, J = 7.9, 2.3 Hz, 1H, H-4), 3.89-3.86 (m,
2H, H-6), 3.78-3.69 (m, 1H, H-5), 3.67 (d, J = 12.5 Hz,
1H, CH,O glycidyl), 3.33 (m, J, = 11.5Hz, J, = 5.8 Hz, 1H,
CH,0 glycidyl), 3.13 (m, J; = 5.3 Hz, J, =2.9Hz, 1H, CH
oxirane ring), 2.78 (m, J = 4.5 Hz, 1H, CH, oxirane ring),
2.59 (m, J = 2.7Hz, 1H, CH; oxirane ring), 1.54 (s, 3H,
C(CHy)), 1.44 (s, 3H, C(CHs)), 1.32 (s, 6H, C(CH;)).

3. Results and Discussion

3.1. Synthesis of Epoxide-Containing
Peroxides

Synthetic pathways to peroxides with primary
hydroxy groups in the 8-, -, and J-positions have been
recently developed in our team. The reactive primary
hydroxy group of these substances reacts similarly to that
of aliphatic alcohols. Typical reactions of the
hydroxyperoxides include esterification,
transesterification, acylation with unsaturated carboxylic
acid anhydrides and acyl chlorides [20, 29, 30]. Hence,
the O-alkylation of the hydroxyperoxides with
epichlorohydrin has been considered as a reasonable
approach to epoxyperoxides (Fig. 1). Sodium hydroxide
has been used as a hydrogen chloride scavenger. To
conduct the reaction, the technique for the O-alkylation of
alcohols in a two-phase system “liquid — powdered
NaOH” has been utilized with phase-transfer catalysts.
The need to use the system “liquid — solid (NaOH)” has
been due to the sensitivity of the glycidyl moiety to
hydrolysis by alkaline aqueous solutions. Quaternary
ammonium salts (namely, benzyltriethylammonium
chloride, cetyltrimethylammonium bromide (CTAB) and
tetrabutylammonium iodide) have been applied as phase-
transfer catalysts. CTAB has revealed the best results
among the studied ones.
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Fig. 1. Scheme of the synthesis of epoxide-containing peroxides based on hydroxyperoxides

Epoxyperoxide (7) has been synthesized via the
interaction of 3-fert-butylperoxy-3-methyl-1-butanol (1)
with epichlorohydrin at 313-318 K in the presence of
powdered sodium hydroxide and CTAB as a phase-
transfer  catalyst (the molar ratio hydroxype-
roxide:epichlorohydrin:sodium hydroxide:CTAB  was
1:4:2:0.01). The large excess of epichlorohydrin has been
used to reduce the contribution of the side reaction of the
desired epoxyperoxide with the initial hydroxyperoxide.
The double excess of sodium hydroxide has been added
because the epoxyperoxide yield decreases with
decreasing amount of NaOH. A plausible explanation is
shielding the sodium hydroxide surface with NaCl which
is generated during the reaction. Under these conditions,
almost complete conversion of the hydroxyperoxides has
been achieved in 6 h as evidenced by thin-layer and gas-
liquid chromatographies. The main side reactions, which
decrease the epoxyperoxide yield, are the polymerization
of both the epichlorohydrine and the desired epoxyperoxide
under the reaction conditions along with the interaction
between the initial hydroxyperoxide and the
epoxyperoxide. Increasing the reaction temperature to 323—
333 K elevates the reactant consumption rate; however, it
has not resulted in a higher yield of the desired
epoxyperoxide. In this event, the content of side-products
(e.g., resin-like substances) in the reaction mixture has
increased due to the polymerization of the epichlorohydrin
and the desired epoxyperoxide.

Following this technique, epoxyperoxide (8) has
been synthesized (69 % yield) through the reaction of 3-
tert-butylperoxy-3-phenyl-1-butanol (2) with
epichlorohydrin in the presence of sodium hydroxide.
However, the conversion of 4-tert-butylperoxy-4-methyl-1-
pentanol (3) and 3-tert-butylperoxy-3,3-diphenyl-butan-1-
ol (4) during their interaction with epichlorohydrin in the
presence of sodium hydroxide under this approach has not

exceeded 65-72% in 6 hours (the molar ratio
hydroxyperoxide:epichlorohydrin:sodium hydroxide equal
to 1:4:2). Increasing the amount of epichlorohydrin and
sodium hydroxide in the reaction mixture to 8 and 4
mol/mol of the hydroxyperoxide along with extending the
reaction time to 12 h has allowed for reaching an almost
quantitative conversion of the hydroxyperoxides. The yield
of the desired peroxide-containing glycidyl ethers (9, 10)
has accounted for 77-90 %.

This technique has nevertheless revealed itself to be
inappropriate for the synthesis of glycidyl ether (11) from
B-hydroxyperoxide. The reason for this is that p-
hydroxyperoxides, unlike y- and &-hydroxyperoxides, are
not alkali-resistant and thus undergo fragmentation to give
non-peroxide reaction products [31]. However, p-
hydroxyperoxide derivatives with a substituted OH-group
(e.g., ethers) are relatively stable in an alkaline medium. To
this end, a different synthetic pathway has been suggested
to prepare epoxyperoxide (11). First, peroxide-containing
chlorohydrin (6) has been synthesized by the addition of the
hydroxyperoxide to epichlorohydrin under acid catalysis.
Then chlorohydrin (6) has been transformed into oxirane
(11). As a catalyst for the addition reaction, BF;-OEt, has
been used (0.01 mol/mol of the hydroxyperoxide) since the
hydroxyperoxide is resistant to Lewis acids.

Dehydrochlorination of chlorohydrin (6) has been
conducted in a dichloromethane solution at 293 K by
adding powdered NaOH (1.2 mol/mol of the substrate)
(Fig. 1). The yield of this stage has accounted for 82 %.
However, we have not succeeded in achieving an
appropriate general yield of desired epoxyperoxide (11). In
our opinion, this was due to low yield of chlorohydrin (6) at
the first stage owing to the steric effect of the neopentyl-
like structure of the initial S-hydroxyperoxide. Further-
more, the particular addition of the hydroxyperoxide to
the C, atom of epichlorohydrin has been observed, which
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has resulted in the formation of 1,3-chlorohydrin. The
latter cannot form an oxirane ring.

tert-Butyl glycidyl peroxide (12) has been prepared
by the interaction between epichlorohydrin and tert-butyl
hydroperoxide (TBHP) using the technique described
elsewhere [27].

Synthesized epoxyalkyl peroxides (7-11), which
could be considered as derivatives of the functional
ditertiary peroxides, are of low sensitivity to impact and
friction. They have a significant shelf life at room
temperature with insignificant loss of active oxygen
content. Upon thermolysis, the epoxyalkyl peroxides
generate epoxide-containing free radicals and hence can
be applied as initiators for the synthesis of polymers with
terminal epoxide groups [16]. These peroxides are
promising precursors for introducing peroxide groups into
various substrates having reactive functional groups
(hydroxy, carboxyl, amine, efc.), particularly for the
modification of saccharides with peroxides.

3.2. Synthesis of Peroxide-Containing
Saccharides

The major problem when regioselectively
modifying saccharides arises owing to the presence of five
hydroxy groups in their molecules; four of which have
almost equal reactivity. The glycoside hydroxy group is
primarily involved in almost all chemical transformations.
However, the formed glycosides are not stable in an acidic
medium and the substituent is easily cleaved. Therefore,
the preliminary protection of hydroxy groups is widely
used for the regioselective introduction of substituents into
other positions of a saccharide molecule. The required
reaction centre should be left free. Glycidyl ethers are
known to relatively easily conjugate with primary alcohols

Method B
Method A

Roman Fleychuk et al.

alcohols under alkaline catalysis, whereas their interaction
with secondary alcohols is hindered due to the steric
effect. Polymerization of an epoxide ring is often
observed under the reaction conditions. Hence, for the
introduction of peroxyalkyl moieties into saccharide
molecules, their derivatives with the free primary hydroxy
group and the protected remaining OH groups should be
used.  1,2,3,4-di-O-isopropylidene-a-D-galactopyranose
(DIPG) (13) meets these requirements. It can be easily
synthesized by the reaction of a-D-galactopyranose with
either acetone or isopropylidene methyl ether [28]. Owing
to the presence of a primary hydroxy group, 1,2,3,4-di-O-
isopropylidene-o-D-galactopyranose is able to react with
the epoxyperoxides under alkaline catalysis to give
peroxide-containing saccharides (14, 15) as major reaction
products.

The interaction between saccharide (13) and
epoxyperoxide (7) has been conducted in benzene at 333—
353 K in the presence of powdered NaOH and
benzyltriethylammonium chloride (TEBAC) as a catalyst
(Fig. 2, method A). The reactants have been almost
completely consumed within 6 h as determined by thin-
layer chromatography. Following this technique for the
modification of saccharide (13) with fert-butyl glycidyl
peroxide (12) has led to the partial decomposition of
desired saccharide-containing peroxide (15), which is also
typical of B-hydroxyperoxides. Therefore, in this case, the
reaction has been carried out in dichloromethane using
BF;-OEt,; as a catalyst. The latter provides a sufficient
reaction rate at 313K and does not cause the
decomposition of the peroxide groups in both the initial
and desired peroxides. The reactants have been almost
completely consumed within 3.5 h whereas the yield of
desired peroxide (15) has counted for 57 %.
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Fig. 2. Scheme of the synthesis of peroxide-containing saccharides
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As an alternative method for the synthesis of
peroxide-containing saccharides (14, 15), the interaction
between epoxide-containing saccharide (16) and either
tert-butyl hydroperoxide or @-tert-butylperoxyalkanols
(Fig. 2, method B) has been suggested. The interaction
between primary alcohols and epichlorohydrin in the
presence of a powdered alkali and phase-transfer catalysts
undergoes smoothly resulting in a high yield of the
desired reaction product, whereas secondary alcohols
virtually do not react under these conditions. Thus, the
interaction between DIPG (13) and epichlorohydrin has
been conducted in order to prepare epoxide-containing
saccharide  6-O-glycidyl-1,2;3,4-di-O-isopropylidene-a-
D-galactopyranose (GDIPG) (16) (Fig. 2).

The reaction has been carried out at a molar ratio
DIPG : epichlorohydrin:NaOH equal to 1:7:3 at 333—
353 K in the presence of TEBAC for 6 h until almost
complete conversion of DIPG. In this system, epichloro-
hydrin has served as both a solvent and reactant. The
sevenfold excess of epichlorohydrin has been used to
decrease the viscosity of the reaction mixture and to
minimize the side alkylation reaction of the initial
saccharide with the desired epoxysaccharide. The internal
standard yield of the epoxide-containing saccharide has
been close to quantitative, whereas the isolated yield has
accounted for over 80 % after recrystallization.

In the next stage, galactose derivative having the
ditertiary peroxide group (14) has been synthesized
through the interaction between GDIPG (16) and -
hydroxyperoxide (1). The reaction has been carried out in
benzene at the stoichiometric ratio of the reactants and
catalytic amount of powdered sodium hydroxide with
TEBAC as being a phase-transfer catalyst at 333-353 K
for 5-7h. In this event, the alkali does not cause
decomposition of the desired reaction product since the
O-O bond is hampered from the hydroxy group by
several methylene groups.

Galactose derivative with a primary-tertiary
peroxide group (15) has been prepared via the interaction
between GDIPG (16) and TBHP in dichloromethane at
303-313 K. Boron trifluoride diethyl etherate has been
utilized as a reaction catalyst since it provides a fair yield
of 56 % and a sufficient purity of the reaction product.
The main side-products are oligosaccharides of an
unidentified structure. When NaOH has been used as a
catalyst in the form of either an aqueous solution or a very
fine powder along with phase-transfer catalysts, the yield
of the desired peroxide has decreased to below 40 %. In
this event, 2-methyl-2-propanol, formaldehyde and
substituted DIPG without a peroxide group have been
found in the reaction mixture using thin-layer and gas-
liquid chromatographies. Meanwhile, this reaction product
gives qualitative reactions typical of aldehydes according
to the thin-layer chromatography data. In our opinion, the

formation of these products could be explained by the
alkali-catalyzed  fragmentation of the  [-hydro-
xyalkylperoxide moiety.

Noteworthy, both the methods (i.e., the reaction of
hydroxyperoxide (1) with GDIPG (16) and the reaction of
epoxyperoxide (7) with saccharide (13)) are almost equal
for the synthesis of peroxide-containing saccharide (14).
The reaction of GDIPG (16) with TBHP is more
preferable to the preparation of peroxide-containing
saccharide (15).

3.3. Investigation of Thermal Stability
for Peroxide Saccharides

For the rational application of peroxide initiators,
the knowledge concerned with the peculiarities of
thermolysis and decomposition rate for those compounds
at different temperatures is very important. Thermo-
gravimetric and differential-thermal analyses are the most
effective contemporary analytical methods for the
investigation of the O-O bond reactivity [24, 25]. The
mathematical treatment of thermogravimetric (TG),
differential-thermal (DTA) and differential-thermo-
gravimetric (DTG) curves permits to calculate kinetic
parameters of decomposition activation energy, the order
of a reaction and reaction rate constants.

According to the thermogravimetric analysis data
(TG) in the intense weight loss region by the modified
kinetic equation [32] (Eq. (1)) and applying the least
square procedure the kinetic parameters of thermolysis are
computed, which is represented in Table 1.

N I R LA

Wt q RT W, (D
where W is the sample weight loss at temperature 7, mg;
Wi is the total sample weight loss in the given stage, mg; z
is a pre-exponential factor; g is the sample heating rate,
K/s; E is activation energy, kJ/mol; R is the universal gas
constant, R = 8.314 J/mol-K; » is the reaction order; T is
the absolute temperature, K.

Having compared these curves, it was determined
that the most intensive sample weight loss is observed in
383—473 K range due to peroxide fragment destruction.
The decomposition of the fert-butyl peroxide fragment
goes through wvolatile product formation and is
accompanied by the sample weight decrease (TG curve),
which strongly pronounced exothermic effect in the DTA
curve corresponds to. It is worth drawing attention that
both the DTA and DTG maxima coincide. This is a fair
indication that the maximal rate of the sample weight loss
corresponds to maximal heat release due to peroxide
group thermolysis. The complex thermal analysis curves
are in Figs. 3 and 4 while the calculated kinetic parameters
of thermolysis are in theTable.
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Fig. 3. Thermogravimetric analysis of peroxide (14)
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Fig. 4. Thermogravimetric analysis of peroxide (15)

Table
Kinetic parameters of the destruction for the synthesized peroxide saccharides
No. Temperature range, K E, kJ/mol n z K-10* Tmax, K Am, %
14 391469 128 1.49 6.08-10" 6.14 438 32
15 359443 38 1.01 2.5-10° 7.37 413 17
All investigated peroxides have the principal Acknowledgements

thermolysis products, as determined by gas-chro-
matography: methane, acetone, 2-methyl-2-propanol, and
a little amount of 1,1-dimethyloxirane. It is obvious from
the given derivatograms that the majority of compounds
have the most intensive weight loss in 383—473 K range
because of peroxide fragment destruction. Primary-tertiary
peroxide (15) has the lowest thermal stability among the
investigated compounds and begins to decompose already
at 353 K. Activation energy is anomalously low for the
primary-tertiary peroxides and equals to 38 kJ/mol.

4, Conclusions

Ditertiary epoxyperoxides, i.e. glycidyl ethers have
been first synthesized via the interaction between
peroxide-containing primary alcohols and epichloro-
hydrin. The developed epoxyperoxides are promising
enough precursors for introducing peroxide groups into
various substrates. New peroxide-containing derivatives
of galactose have been prepared using the reactions of the
epoxide-containing  peroxides  with  1,2;3,4-di-O-
isopropylidene-a-D-galactopyranose. The structure of the
substances has been proven by the counter synthesis, viz.
the reaction of the initial hydroxyperoxides with 6-O-
glycidyl-1,2;3,4-di-O-isopropylidene-a-D-galactopyranose.
The kinetic characteristics for thermolysis of the
synthesized peroxide derivatives of saccharides have been
determined by the method of complex thermal analysis.

Thanks are due to D.Sc. V. Vostres, for a fruitful
discussion while the interpretation of the experimental
data and English text editing.
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CHUHTE3 HOBUX EITIOKCHITEPOKCHUAIB
TA HIEPOKCUAOBMICHUX NNOXIAHUX
o-D-TAJTAKTOIIIPAHO3HU HA IX OCHOBI

Anomauin. Peakyicio enixaopeiopuny 3 OUmpemuHHUMU -
2IOPOKCUAIKIINEPOKCUOAMU  CUHME308AHO HOGI  eNOKCUOOBMICHI
nepoKcuou. 3’Aco8ano 6niue ymMos npogedeHHs peaxyiil Ha euxio ma
CKa0 npooykmig 63acmolii. Peaxyismu ompumanux nepoxcuoo-
emicHux aniyuounogux emepie 3 1,2;3,4-0iizonponinioen-o-D-canax-
monipano30io abo 6-eniyuoun-1,2;3,4-oiizonponinioen-o-D-canax-
MONIPaHO3U 3 W-2IOPOKCUATIKIINEPOKCUOAMU CUHIME308AHO HOBI
NePOKCUOHI NOXIOHT 3 OUMPEMUHHUMU MA NEPEUHHO-MPEMUHHUMU
nepoKcuoHumy  epynamu. Memooom KOMIIEKCHO20 MePMIuHO20
AHAi3y OOCTIONCEHO PO3KNAO CUHMEIOBAHUX CHOTVK MA BUSHAYEHO
KIHemuyHi napamempu mepmoinisy.

Knrouosi cnosaa: 2iopoxcunemicui nepokcuou, enokcu-
QIKIINEPOKCUOU, Caxapuou 3 NePOKCUOHUMU SPYNAMU, MEPMO-
2pasiMempudHull aHanis.



