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ABSTRACT

Amino groups influence the course of the pyrolysis of carbohydrate derivatives
and result 1n substantial dehydration and charring N-Phenylglycosylamines and their
acetates rearrange with almost quantitative loss of water or acetic acid and retention
of the arylamino groups The sharp dehydration reaction contrasts with the behaviour
of the corresponding phenyl glycosides on thermolysis, which results in cleavage of the
phenolic groups and subsequent breakdown of the glycosyl moiety Thermal analysis
and chemuical data indicate that charring of other derivatives of amino sugars 1s due to
intermediate formation of glycosylamines from thermal reaction of the ammo group

with glycosidic centres
INTRODUCTION

A variety of phenyl glycosides has been 1nvestigated 1n this laboratory as model
compounds for understanding the mechanism of the cleavage of the glycosidic
bond!—* and decomposition of the sugar units during the pyrolysis and combustion
of cellulosic materials®=7 These investigations have shown that the cleavage of the
glycosidic bond takes place through a transglycosylation reaction involving nucleo-
philic displacement of the aglycon by free hydroxyl, ammno, or acetarmudo groups>
After the transglycosylation reaction, the resulting free aglycon evaporates and the
new inter- or mntra-molecular transglycosylation product is decomposed on further
heating However, there is a substantial difference between the decomposition of the
normal sugar umts and those containing amino and acetamido groups Pyrolyiic
decomposition of 2-deoxy and normal glycosides leaves® 2 ~3 2-14% of residue at
400°, whereas the corresponding amino- and acetamido-glycosides leave® substantial
amounts of carbonaceous residue, reaching up to 41% at 400°. Since the process ot
dehydration and charring 1s of special interest in the flame-proofing of cellulosic
materials, the nature and mechamsm of the reactions involved have been investigated
with a varniety of amino sugars, including free 2-amino-2-deoxy sugars, O-glycosides
having an amino group etther 1n the aglycon or glycosyl moiety, and N-glycosylamines,
which are the expected transglycosylation or condensation products of the amuno-

sugar derivatives.
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RESULTS

O-Glycosides — Fig 1 shows the thermogram of p-aminophenyl f-b-gluco-
pyranoside which dehydrates by losing 7% of water at ~93° (t g a ), melts sharply at
158° (d t a ) without weight loss, and decomposes within the narrow range of 275-
325°, The decomposition reaches a maximum rate at 305° (d.t g ) and leaves 46% of
carbonaceous residue at 400° As seen from Table 1, the thermal decomposition of
this compound 1s very similar tc that of phenyl 2-amino-2-deoxy-f-D-gluco-
pyranoside, but differs sharply from that of phenyl B-D-glucopyranoside which gives
only 11% of char under identical conditions. The thermogram of the latter compound
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was selected as a standard for comparison and 1s reproduced in Fig 2 Table I also
provides a similar comparison between p-aminophenyl B-D-xylopyranoside and
phenyl f-pD-xylopyranoside

N-Glycosylamines — Fig 3 shows the thermogram of N-phenyl-D-glucosyl-
amine which may be compared with that of the corresponding O-glycoside, phenyl
B-p-glucopyranoside? (Fig 2) The N-glycoside gives a melting endotherm at 153°
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Fig 3 Thermogram of N-phenyl-D-glucosylamine

which 1s wider than that of the O-glycosides and, as discussed later, like the broad
melting-point endotherm of the reducing sugars, indicates anomerization or rear-
rangement of the molecule The melting 1s closely followed by a very rapid, muitial
decomposition which ends at ~200° with 28% weight loss, leaving a residue that
shows gradual loss of weight on further heating up to 400°

The thermal-analysis features of analogous p-substituted derivatives presented
in Table II show that this behavior 1s typical for N-glycosides Comparison of these
data with those reported for the corresponding O-glycosides? indicates that the latter
compounds decompose at higher temperatures and leave far less residue Therefore,
they must be pyrolyzed by a different mechanism In both series, the thermal stability
of the molecule 1s related to the Hammett acidity factor® (¢) of the phenyl group
However, the thermal stability increases with the acidity for N-glycosides and
decreases for O-glycosides

Thermal-analysis data obtained for the corresponding 2-deoxy and fully
O-acetylated glycosylamines are listed 1n Table II. Fig 4 shows the thermogram of
2-deoxy-N-phenyl-D-arabino-hexosylamine, representing the former class of com-
pound The 2-deoxy group shightly increases the thermal stability of these compounds,
but the melting and decomposition are still simultaneous or very close. However, for
the latier compounds, represented by N-phenyl-D-glucosylamine tetra-acetate
(Fig 5), acetylation clearly increases the thermal stability of the molecule, and
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decomposition takes place at ~ 100° above the melting point as an entirely separate
event Here again, the mitial decomposition proceeds very sharply and leaves a
substantial amount of residue Both series show a direct relationship between the
thermal stability and Hammett o values.
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Fig 4 Thermogram of 2-deoxy-N-phenyl-p-arabino-hexosylamine.
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Fig 5 Thermogram of N-phenyl-D-glucosylamine tetra-acetate
Reducing sugars — As reported for a-D-xylopyranose, f-D-glucopyranose?,

and cellobiose!?, reducing sugars give a rather broad, melting endotherm due to
simultaneous thermal anomernization The molten material condenses with the loss of
water and formation of a heterogeneous polymer, which 1s decomposed on further
heating Ultimately, a moderate quantity of carbonaceous residue is left because of



198 F SHAFIZADEH, G D MCGINNIS, R A SUSOTT, M H. MESHREKI

the concurrent charring reactions Thermal-analysis data for 2-amino-2-deoxy-
D-glucose hydrochloride and related amino-sugar derivatives, presented in Fig 6 and
Table III, show that these compounds behave differently They melt and decompose
almost simultaneously at ~200° and leave a residue of more than 40%
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Fig 6 Thermogram of 2-amino-2-deoxy-D-glucose hydrochlornde
TABLE 11T
THERMAL ANALYSIS FEATURES OF AMINO SUGARS
Monosaccharide D ta peaks Dt g peak T g a residue
{degrees) at 400° (%)
Mp Dec
(degrees)
2-Amo-2-deoxy-p-glucose, HCl Dec 214 217 430
2-Amino-2-deoxy-p-galactose, HCI Dec 200 203 42 8
2-Amino-2-deoxy-p-mannose, HCI Dec 189 193 432
2-Acetamido-2-deoxy-D-glucose 218 231 (exo0) 235 443
2-Acetamido-2-deoxy-D-galactose 172 200 (285-350) 210, 263 44 3

Chemical analysis — Thermal analysis of the glycosylamines showed a rapid,
mitial decomposition and weight-loss at relatively low temperatures, followed by a
very slow pyrolysis of the residue on further heating More 1nsight into the nature of
the 1nitial, sharp reaction was obtained by chemical analysis of the products and
comparison with the products formed from the pyrolysis of the corresponding
O-glycosides

Pyrolysis of the O-glycoside provides a nearly quantitative yield of the free
aglycon and a variety of carbonyl compounds resulting from the fission of the
glycosyl radicals!-2:11-13 Pyrolysis of N-glycosides, however, gave mainly water
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from unacetylated compounds and acetic acid from acetylated compounds As shown
1n Table IV, the amount of water or acetic actd precduced 1n the pyrolytic reaction of
the hexose derivatives was close to four moles No measurable quantities of aniline or
its substituted derivatives could be found in the volatile fraction These data were
corroborated by elemental analysis of the residues, which showed 80-90% of the
original mitrogen content and a loss of hydrogen, oxygen, and carbon, corresponding
to the dehydration and de-esterification reactions These data indicate that, i1n
contrast to the O-glycosides, pyrolysis of the N-glycosides does not involve the mitial
cleavage of the glycosyl radical from the aglycon

TABLE 1V
DEHYDRATION OR DE-ESTERIFICATION OF AMINO SUGAR COMPOUNDS
Compound Water Acetic acid
Found Calc Found Calc
N-p-Bromopheny!l-D-glucosytamine 20 215 — —_
N-p-Tolyl-B-pD-glucopyranosylamine tetra-acetate 26 —_ 49 55
N-Phenyl-f-p-glucopyranosylamine tetra-acetate 31 — 46 57
N-p-Bromophenyl-f#-p-glucopyranosylamine tetra-acetate 7 — 42 48
2-Amino-2-deoxy-p-glucose, HCI 31 33 — —
2-Amino-2-deoxy-D-galactose, HCl 32 33 — —
2-Acetamido-2-deoxy-D-glucose 43 41 9 7°

4N-Acetyl group

DISCUSSION

In a previous paper>, it was shown that the thermolysis of phenyl 2-amino-2-
deoxy-f-p-glucopyranoside, like the thermolysis of unsubstituted glycosides, involves a
transglycosylation reaction Participation of an amino group 1n this reaction should
result i the formation of a glycosylamine A similar thermal glycosylation involving
condensation of 2-amino-2-deoxy-D-glucose hydrochloride and pD-mannose to form
2-deoxy-2-D-mannosylamino-D-glucose has been already reported!4. It has also been
shown that the non-enzymic browning reactions which develop the color and flavor
of food-stuffs on cooking and roasting are initiated by condensatior of carbo-
hydrates with amino groups of proteins The resulting glycosylamines are then de-
hydrated and degraded into non-volatile and volatile products, which provide the
color and flavor of heated food-stuffs! 5~ The non-enzymic browning or Maillard
reactions constitute one of the most extensively investigated and least understood
aspects of carbohydrate chemustry Scheme 1 shows two major pathways for
decomposition of the molecule which 1nvolves anomerization, Amador1 rearrange-
ment (Path I) or formation of a 3-deoxy compound (Path II), followed by dehydration
and fission of the molecule !,
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Scheme 1 Decomposition of glycosylamines

The thermal-analysis data of arylglycosylamines show a broad melting-point
endotherm indicative of chemical rearrangement or anomerization® ° 12 that has been
extensively investigated!>:1° It should also be noted that these rearrangements must
be responsible for the wide range of melting points reported for these compounds
and reflected 1n Table II This process 1s followed by a rapid decomposition The
decomposition reactions involve dehydration or de-esterification of the glycosylamines
and their acetylated derivatives which produce nearly quantitative amounts of water
or acetic acid and leave a non-volatile residue contamning most of the original nitrogen
After the imitial dehydration reaction, the carbonaceous residue 1s further decomposed
and slightly volatilized on continued heating The stability of the molecule 1s shightly
mereased by the introduction of a 2-deoxy group and substantially increased by
acetylation of the hydroxyl groups The thermal stability of the molecule 1s also
mcreased with the increased acidity of the aryl substituents, or the decreased basicity
of the amino group

It 1s interesting to compare the above data with those for the pyrolysis of
O-glycosides and the available information on Maillard reactions The glycosylamines
are considerably less stable than the corresponding O-glycosides Furthermore, the
retention of arylamino groups during pyrolysis of N-glycosides 1s in sharp contrast
with the quantitative cleavage of aglycon groups on pyrolysis of the corresponding
O-glycosides Also, the O-glycosides show a reverse order of stability with increase
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1n the Hammett acidity of the aryl groups These data are in line with the mechanism
of the mitial browmng reactions As shown in Scheme 1, the N-glycosides could
undergo consecutive enolization, rearrangement, and dehydration without cleavage
of the arylamino group The 2-deoxyglycosylamines, which could not give an
Amador: product, could still react through Path II; acetylation hinders, but does not
prevent, the reactions, and the mmtial enolization and rearrangements proceed faster
as the amino group becomes more basic The subsequent browning reactions, however,
involve hydrolysis and elimination of the ammo group which are not favored under
the pyrolytic conditions

The experimental data and theoretical considerations presented here also
indicate that increased charring of other amino carbohydrate compounds must be due
to the interaction of amino groups with glycosidic functions or with potentially
available carbonyl groups produced during the pyrolysis process, followed by a series
of dehydration reactions as postulated for the N-glycosylamines

EXPERIMENTAL

Preparation of derwatives of amino sugars — The samples of amno sugar used
in the thermal analysis and pyrolysis experiments were synthesized by the standard
methods or purchased from commercial sources The known compounds synthesized
are listed 1n Tables I and II, and were characterized by the previously reported m p
and Iiterature references

The corresponding data could not be found for the following two compounds

N-p-Bromophenyl-2-deoxy-b-arabino-hexosylamime, m p 184-185°

Anal Calc for C;,H,;BrNO, C, 4530, H, 507 Found C,4559,H,513

2-Deoxy-N-p-mtrophenyl-D-arabino-hexosylamine, m p 205-206°

Anal Calc for C,H,,N,O C, 5070, H, 567 Found C, 5063, H, 534

Analytical procedures — The thermal-analysis data were obtained by using the
mstruments and methods described 1n previous reports!—3

Pyrolysis experiments were carried out by two different methods In method (a),
2-3-g samples were placed 1in a micro-distiliation unit and slowly heated at 10—
20 mmHg unti! the pyrolysis was complete The volatile products were analyzed by
glc (Varian model 1800) and nmr spectroscopy (HA-60) Method (b) mvolved
pyrolysis of 2-mg samples at 400° in a modified Perkin-Elmer pyrolysis unit connected
directly to a Hewlett Packard F & M gas chromatograph as previously described!?
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