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ABSTRACT 

Ammo groups mfluence the course of the pyrolysrs of carbohydrate denvatrves 
and result In substantial dehydration and charrmg N-Phenylglycosylammes and then- 
acetates rearrange wrth almost quantrtatrve loss of water or acetrc acrd and retenbon 
of the aryIammo groups The sharp dehydratron reactron contrasts wrth the behavrour 
of the correspondmg phenyl glycosldes on thermoIysrs, which results m cleavage of the 
phenohc groups and subsequent breakdown of the glycosyl morety Thermal analysrs 
and chemical data mdrcate that charrmg of other derrvatrves of ammo sugars IS due to 
mtermedrate formatron of glycosylammes from thermal reactron of the ammo group 
wrth glycosrdrc centres 

INTRODUCTION 

A varrety of phenyl glycosrdes has been mvestrgated In this laboratory as model 
compounds for understandm, = the mechamsm of the cleavage of the glycosrdrc 
bondld4 and decomposrhon of the sugar umts durmg the pyrolysrs and conbustron 
of celluloslc materrals5-’ These mvestrgatrons have shown that the cleavage of the 
glycosrdrc bond takes place through a transglycosylatron reactron mvolvmg nucleo- 
phrhc drsplacement of the aglycon by free hydroxyl, ammo, or acetamrdo groups3 
After the transglycosylatron reactron, the resultmg free aglycon evaporates and the 
new Inter- or mtra-molecular transglycosylatron product IS decomposed on further 
heatmg However, there IS a substantral drfferenee between the decomposrhon of the 
normal sugar umts and those contammg ammo and acetamrdo groups Pyrolytic 
decomposruon of 2-deoxy and normal gIycosides leaves’ ’ -3 2-14% of resrdue at 
4CW, whereas the corresponding ammo- and acetamrdo-glycosrdes leave3 substantral 
amounts of carbonaceous restdue, reachmg up to 41% at 400”. Smce the process ot 
dehydratton and charrmg IS of specral Interest m the flame-proofing of celhrlosrc 
materials,, the nature and mechanism of the reactrons mvolved have been mvesttgated 
wrth a variety of ammo sugars, mcludmg free 2-ammo-2-deoxy sugars, U-gIycosides 
havmg an ammo group erther m the aglycon or glycosyl moxety, and N-glycosylammes, 
whrch are the expected transglycosylatron or condensatron products of the anuno- 
sugar derrvatrves. 
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0- Glycoszdes - Fig 1 shows the thermogram of p-ammophenyl @-D-gluco- 

pyranoslde whnzh dehydrates by losmg 7% of water at - 93” (t g a ), melts sharply at 
158” (d t a ) vM.hout weight loss, and decomposes mthm the narrow range of 275- 
325”. The decomposltron reaches a maxrmum rate at 305” (d-t g ) and leaves 46% of 
carbonaceous resxdue at 400” As seen from Table I, the thermal decomposltmn of 
this compound IS very sumlar to that of phenyl 2-ammo-2-deoxy-8_D-@uco- 
pyranowde3, but dflers sharply from that of phenyl jk@ucopyranoslde wbch sves 
only 11% of char under Identical conditions. The thermogram of the latter compound 
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Fig 1 Thermogram of p-ammophenyl /3-D-gkcopyranoslde 

Temperature (degrees) 

Fig 2 Thermogram of phenyl &D-glucopyranoslde 
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was selected as a standard for comparison and 1s reproduced m Fig 2 Table I also 
provides a sunllar comparison between p-ammophenyl B-D-xylopyranoside and 
phenyl /?-D-xylopyranoside 

N-Glycosylammes - Fig 3 shows the thermogram of N-phenyl-D-ghicosyl- 
amine which may be compared wtth that of the correspondmg 0-glycoside, phenyl 
/I-D-ghrcopyranosrde2 (Frg 2) The N-glycosrde grves a meltmg endotherm at 153” 

T8o--Y 60 

z _ 

s 
3 40- 

3 

Dto 
- 

Temperature (degrees) 

Fig 3 Thermogram of N-phenyb-ghxosylamme 

which IS wider than that of the O-glycosides and, as discussed later, hke the broad 
meltmg-pomt endotherm of the reducmg sugars, Indicates anomenzation or rear- 
rangement of the molecule The meltmg IS closely followed by a very rapid, mrtral 
decomposition which ends at -200” with 28% weight loss, leaving a residue that 
shows gradual loss of weight on further heatmg up to 400” 

The thermal-analysis features of analogous p-substituted derivatives presented 
in Table II show that this behavior 1s typical for N-gIycoades Comparison of these 
data wrth those reported for the correspondmg 0-glycosides’ indicates that the latter 
compounds decompose at higher temperatures and leave far less residue Therefore, 
they must be pyrolyzed by a drfferent mechanism In both series, the thermal stablhty 
of the molecule IS related to the Hammett acrdrty factor’ (0) of the phenyl group 
However, the thermal stability mcreases with the acidity for N-glycosldes and 
decreases for 0-glycosides 

Thermal-analysis data obtained for the correspondmg 2-deoxy and fully 
0-acetyIated gIycosyIammes are hsted m TabIe IT. Fig 4 shows the thermogram of 
2-deoxy-N-phenyl-D-arabmo-hexosylamme, representmg the former class of com- 
pound The 2-deoxy group shghtly increases the thermal stablhty of these compounds, 
but the meltmg and decomposition are still simultaneous or very close. However, for 
the latter compounds, represented by N-phenyl-D-giucosylamme tetra-acetate 
(Fig 5), acetylatlon clearly increases the thermal stab&y of the molecule, and 
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decomposition takes place at N 100” above the meltmg pomt as an entirely separate 
event Here agam, the u&al decomposition proceeds very sharply and leaves a 
substantial amount of residue Both senes show a direct relation&p between the 
thermal stab&y and Hammett o values. 

60- 
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Fig 4 Thermogram of2-deoxy-N-phenyl-D-arabmo-hexosylamme. 
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Fig 5 ThermogramofN-phenyl-D-glucosylarmnetktm-acetate 

Reducmg sugars - As reported for cc-D-xylopyranose, j?-D-glucopyranoseg, 
and cellobiosel’, reducing sugars gve a rather broad, melting endotherm due to 
simultaneous thermal anomenzatxon The molten mater& condenses with the loss of 
water and formation of a heterogeneous polymer, wIuch IS decomposed on further 
heatmg Ultimately, a moderate quantity of carbonaceous residue I’s refi because of 
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the concurrent charring reactrons Thermal-analysrs data for 2-ammo-2-deoxy- 
D-glucose hydrochloride and related ammo-sugar denvatlves, presented m Fig 6 and 
TabIe III, show that these compounds behave drfferently They melt and decompose 
almost srmultaneously at -200” and leave a resxdue of more than 40% 

200 250 300 350 400 450 

Temperature (degrees) 

Fig 6 Thermogram of 2-ammo-2-deoxy-D-glucose hydrochloride 

TABLE III 

THERMAL ANALYSIS FEATURES OF AMINO SUGARS 

Monosaccharrde D t a peaks 

$egr ees) 
Dee 

D tg peak T g a resrdue 
(degrees) at 400” (%) 

2-Ammo-2-deoxy-D-glucose, NC1 Dee 214 217 43 0 
2-Ammo-2-deoxy-D-galactose, HCI Dee 200 203 42 8 
2-Ammo-2-deoxy-D-mannose, HCI Dee 189 193 43 2 
2-Acetamldo-2-deoxy-D-glucose 218 231 (exo) 235 443 
2-Acetamldo-2-deoxy-D-galactose 172 200 (285-350) 210,263 443 

Chemrcal analysis - Thermal analysis of the glycosylammes showed a raprd, 
mrtral decomposltron and weight-loss at relatively low temperatures, followed by a 
very slow pyrolyns of the resrdue on further heatmg More msrght mto the nature of 
the rmtral, sharp reactron was obtamed by chenncal analysrs of the products and 
comparison w&r the products formed from the pyrolysis of the correspondmg 
O-glycosrdes 

Pyrolysis of the O-glycosrde provrdes a nearly quantrtatrve yreld of the free 
aglycon and a varrety of carbonyl compounds resultmg from the Cssron of the 
glycosyl radrcals1*2*’ l-l3 Pyrolysis of lV-glycosrdes, however, gave mamly water 
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from unacetylated compounds and acetlc acid from acetylated compounds As shown 
m Table IV, the amount of water or acetic acid produced m the pyrolytic reactlon of 
the hexose denvatrves was close to four moles No measurable quantrtres of amhne or 
Its substrtuted denvatrves could be found m the volatie fractron These data were 
corroborated by elemental analysrs of the resrdues, which showed W-90% of the 
origmal nrtrogen content and a loss of hydrogen, oxygen, and carbon, correspondmg 
to the dehydratron and de-estenfication reactrons These data mdrcate that, m 
contrast to the O-glycosrdes, pyrolysrs of the N-glycosrdes does not mvolve the mrtral 
cleavage of the glycosyl radxcal from the aglycon 

TABLE IV 

DEHYDRATION OR DE-J3TERIFICATION OF AMINO SUGAR COMPOUNDS 

Compound WUter Ace&c acid 

Fomrd Calc Fodnd Calc 

N-p-Bromophenyl-n-glucosylarmne 20 215 - - 
N-p-Tolyl-j-D-gkcopyranosyiamlne tetra-acetate 26 - 49 55 
N-Phenyl-B-D-glucopyranosylamme tetra-acetate 31 - 46 57 
N-p-Bromophenyl-j?-D-glucopyranosylamme tetra-acetate 7 - 42 48 
2-Ammo-2-deoxy-D-glucose, HCI 31 33 - - 
2-Ammo-2-deoxy-D-galactose, HCI 32 33 - 
2-Acetamldo-2-deoxy-D-glucose 43 41 9 (T7)’ 

*N-Acetyl group 

DISCUSSION 

In a prevrous paper3, It was shown that the thermolysrs of phenyl 2-ammo-2- 

deoxy-j?-D-glucopyranoslde, hke the thermolysls of unsubsfituted glycosldes, mvolves a 
transglycosylation reaction Paticlpatlon of an ammo group rn tbs reaction shouId 
result m the formatlon of a glycosylamme A slmrlar thermal glycosylatron mvolvmg 
condensation of 2-ammo-2-deoxy-D-glucose hydrochlonde and D-mannose to form 
2-deoxy-2-D-mannosylammo-D-glucose has been already reported’ 4. It has also been 
shown that the non-enzyrmc brownmg reactlons wbch develop the color and flavor 
of food-stuffs on cookmg and roastmg are mltiated by condensation of carbo- 
hydrates with ammo groups of protems The resultmg glycosylammes are then de- 
hydrated and degraded mto non-volatde and voIatlle products, wbch provide the 
color and flavor of heated food-stuff.. 15-18 The non-enzymlc browmng or Madlard 
reactxons constitute one of the most extensively mvestlgated and least understood 
aspects of carbohydrate chemistry Scheme 1 shows two major pathways for 
decompontion of the molecule which mvolves anomenzation, Amadon rearrange- 
ment (Path I) or formation of a 3-deoxy compound (Path II), followed by dehydration 
and fission of the molecule’6. 
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R e Other rmg forms 

HOCH 

I 
HCOH 

I 
HCOH 

I 
CU20H 

H2i-N~~R 

c=o 

1 
HOCH 

I 
WCOH 

I 
HCOH 

I 
CH~OH 

H;=N~R ~i=N~R 

COH c=o 

c, 
I 

I 
C’-‘2 

-1 
H&H 

I 

H’?OH 

I 
HCOH 

I 
HCOH 

I 
CYW CH20H 

Ft,rt”er denydmtwx and condensatmn Products / 

Scheme 1 Decomposltlon of glycosylammes 

The thermal-analysis data of arylglycosylammes show a broad meltmg-pomt 
endotherm mdlcatlve of chemlcai rearrangement or anomerlzatxon’ ’ lo that has been 
extensively mvestlgated 1 5*1g It should also be noted that these rearrangements must 
be responsible for the wide range of meltmg pomts reported for these compounds 
and reflected m Table II This process IS followed by a raprd decomposltron The 
decomposltxon reactlons Involve dehydration or de-ester&ation of the glycosylammes 
and then acetylated denvatlves which produce nearly quantltatlve amounts of water 
or acetic acid and leave a non-volatile residue contammg most of the ongmal mtrogen 
After the mltlal dehydration reaction, the carbonaceous residue IS further decomposed 
and shghtly volatlhzed on contmued heatmg The stabrllty of the molecule IS shghtly 
Increased by the mtroduction of a 2-deoxy group and substantially Increased by 
acetylation of the hydroxyl groups The thermal stablhty of the molecule IS also 
Increased with the increased acldlty of the aryl substxtuents, or the decreased baslclty 
of the ammo group 

It IS Interesting to compare the above data w&h those for the pyrolysis of 
O-glycosldes and the avarlabie mformation on Madlard reactions The glycosylammes 
are considerably less stable than the corresponcbng U-glycoades Furthermore, the 
retennon of arylammo groups durmg pyrolysis of N-glycosldes 1s m sharp contrast 
mth the quantitative cleavage of aglycon groups on pyrolysis of the corresponding 
O-glycosldes Also, the CLglycosldes show a reverse order of stablhty with increase 
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m the Hammett acid@ of the aryl groups These data are in line with the mechamsm 
of the imual browmng reactions As shown m Scheme 1, the N-glycosides couId 
undergo consecutive enohzatxon, rearrangement, and dehydration without cIeavage 
of the arylamino group The 2-deoxyglycosyhunines, whtch could not gave an 
Amadon product, could still react through Path II; acetylation hinders, but does not 
prevent, the reactions, and the mitral enohzauon and rearrangements proceed faster 
as the ammo group becomes more basrc The subsequent browmng reactions, however, 
mvolve hydrolysis and ehmmatron of the ammo group which are not favored under 
the pyrolytic conditions 

The experimental data and theoretical considerattons presented here also 
Indicate that Increased charring of other ammo carbohydrate compounds must be due 
to the Interaction of ammo groups with glycosidic functtons or wrth potentially 
avaiIabIe carbonyl groups produced durmg the pyrolysis process, followed by a senes 
of dehydration reactrons as postulated for the N-glycosylammes 

Preparatron of derzvatzves of amzno sug0r.s - The samples of ammo sugar used 
m the thermal analysrs and pyrolysrs experiments were synthesized by the standard 
methods or purchased from commercial sources The known compounds synthestzed 
are hsted m Tables I and II, and were characterized by the previously reported m p 
and hterature references 

The correspondmg data could not be found for the followmg two compounds 
N-p-Bromophenyl-2-deoxy-D-arabino-hexosylamme, m p 184-185” 
AnaZ Caic for C12H16BrNOb C, 45 30, H, 5 07 Found C, 45 59, H, 5 13 
2-Deoxy-N-p-mtrophenyl-D-arabuto-hexosylamme, m p 205-206” 
Anal Calc for C12H16N206 C, 50 70, H, 5 67 Found C, 50 63, H, 5 34 
Anaiytzcal procedures - The thermal-analysis data were obtained by using the 

Instruments and methods described in previous reports’-3 
Pyrolysis expenments were carried out by two different methods In method (a), 

2-3-g samples were placed m a micro-distdlation umt and slowly heated at lO- 
20 mmHg until the pyrolysis was complete The volatile products were anaIyzed by 
g 1 c (Vanan model 1800) and n m r spectroscopy (HA-60) Method (b) mvoIved 
pyrolysis of 2-mg samples at 400” m a modified Perkm-Elmer pyrolysis umt connected 
directly to a Hewlett Packard F & M gas chromatograph as previously described” 
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