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ABSTRACT 

The volatiie products of vacuum pyrolysis of curdlan are very much influenced 
by the presence of small proportions of sodium chloride in the polysaccharide during 
pyrolysis_ In the absence of contamination by this salt, the major, volatile products 
are the 1.6-anhydro-D-glucoses (pyranose and furanose) in 49% yield. Addition of 
increasing proportions of sodium chloride decreases the yield of these anhydro-D- 
glucoses, and causes formation of increasing proportions of 3-deoxy-D-ribo-hexono- 
I,4-Iactone and its D-arabino epimer (Le., the “glucometasaccharinolactones”) in a 
combined yield of up to 38 %_ It is concluded that the pyrolysis of (Id3)-glycans 
can Iead to a “peeiing” reaction of the same type as that already known for alkaline 
degradation_ The effect of other saIts was also studied. 

INTRODUCTION 

The pyrolysis of cellulose [(l-+4)-B-D-ghCan] has been extensively studied, and, 
especially with the pure polysaccharide under vacuum, high yields of a mixture of 

1,6-anhydro-D-glucopyranose and -furanose can be obtainedia, but the mechanism 
of their formation has not yet been determined. It is known that (l-4)-z-D&cans 
also yield up to My0 of the same anhydro-D-glucoses, and that the pyrolysis of 
(I +4)-,!?-D-mannan yields the analogous 1,4-anhydro-D-mannoses’. The pyrolysis 
products from the (l-+3)-B-D-glucan laminaran yielded 20 % of the 1,6-anhydro-D- 
glucoses, but, in this case, a further, unidentified, major product was detected by gas- 
liquid chromatography (g.l.~.)‘~. The (1-‘3,1-+4)-cr-D-glucan nigeran gave the same, 
unidentified product, in this case, apparently in a yield similar to that of the l,O- 
anhydro-D-glucoses’b. 

The foregoing results suggested that a careful study of the major pyrolysis 
products of a (l-+3)-linked D-glucan might throw some light on the mechanism of 
pyrolysis of polysaccharides in general. Laminaran was not considered the most 
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suitable (1+3)-D-glucan for such a study, because of the complexity introduced by 
(146) linkages and by D-mannitol end-residues. We therefore chose to use curdlan, 
an extracellular D-ghlCan, produced by Akaligenes faecalis, that was known to con- 

tain >99% of (l-,3)-ji-~glucopyranose linkages3. 

RESULTS AND DISCUSSION 

In view of previous observations of the major effects of small proportions of 
salts on the pyrolysis of cellulose4, attempts were made to remove the known sodium 
chloride contaminant from the curdlan before pyrolysis. Cold water was used for 
prewashing, in order to avoid the extensive swelling of the polysaccharide particles 
that occurs in hot water. Curdlan prewashed in this way and then vacuum-pyrolyzed 
at 300” gave a condensate (“tar”) that, when per(trimethyIsilyl)ated and the ethers 
examined by g.l_c., showed mainly 1,6-anhydro-D-glucoses (pyranose and furanose, 
typical ratio - 6 : 1) plus the unidentified compound at slightly greater retention-time, 
as previously reported for the pyrolysis of laminaran and nigeranlb. Subsequently, 

I 
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Fig. 1. Thermogwkmetry and derivative thermogravimePry of curdlan (Nz, 15”.znir1). (A, Salt- 
fi-ee.; B, containing loo!; of sodium chloride.) 
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it was found that prolonged washing with hot water is necessary in order to remove 
all of the sodium chloride (cold-water washing left 0.5% in the polysaccharide), and 
the effects thereof on the pyrolysis were then dramatic_ Thermal analysis (see Fig. 1) 
showed that the effect of sodium chloride was to induce the onset of weight loss at a 
lower temperature, but extending over a wider range of temperature and resulting 
in an increased residue. The derivative thermogravimetry (d-t-g.) curves suggest 
that, in the presence of sodium chloride, some different reaction may occur at - 270 o 
that does not take place in its absence_ Samples having an intermediate content of 
sodium chloride, such as the original curdlan (3.5 y0 of sodium chloride), gave curves 
intermediate between A and B in Fig. 1. 

Quantitative analysis of the condensate from vacuum pyrolysis at 300” of 
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curdian free from sodium chioride showed that the i,6-anhydro-D-glucoses were the 

only major products. However, similar pyrolysis of the original curdlan sample 
(containing 3.5% of sodium chloride) yielded only the singIe “new” peak in g.1.c. 
of the trimethylsilyl ethers, but, in g.1.c. of the acetylated condensate, two peaks were 
observed. The infrared spectrum of the condensate suggested the presence of a 
;I-lactone (I 772 cm- ‘, s), and, ultimately, the two g_l_c_ peaks were found to corre- 

spond exactly to the acetates of the “z- and /I-D-glucometasaccharinolactones”, Le., 
the 2.5,6-triacetate of 3-deoay-D-ribo-hexono-1,4-lactone (2) and of its D-Urffbitm 

epimer (3). The mass spectra of these two compounds are indistinguishable, and 
correspond exactly with those of the pyrolysis products. The identification was 
confirmed by comparison with the authentic compounds by thin-layer chromato- 
graphy (t.1.c.) and by g.1.c. of the per(trimethylsily1) ethers (which did not resolve 
the two epimers). From the g.1.c. peak-areas, the ratio of D-rib0 to D-ambitto isomers 

was 1.0: 1.5, and this corresponds we11 with the ratio of 1.0: 1.4 for the two corre- 
sponding acids previously obtained5 by treatment of 3-deoxy-D-er_&ro-hexos-2- 

ulose with alkali. 
We therefore concluded that, in the presence of sodium chloride, curdlan is 

mainly pyrolyzed by a “peeling” mechanism of the same type as that already proved 

for alkaline degradation of the same type of poIysaccharide6 (shown in Scheme 1). 
As each reducing-end group is removed from the polysacc&ride, and ultimately 
converted into lactones 2 and 3, the next D-ghCOSe unit in the chain is exposed and 
can undergo the same reaction. There is no doubt that, in aqueous alkaline degrada- 

tion, the 3-deoxy-D-er~flzru-hexos- 2-ulose intermediate (1) undergoes the benzilic 

acid rearrangement to the “metasaccharinic” acids, as shown in Scheme 1, and this 
may also be the mechanism involved in pyrolysis. The rearrangement requires water, 
but this could be provided by competin s, nonspecific, thermal-degradation reactions 
such as those that produce char. However, under pyrolysis conditions, an attemative 
mechanism, proceeding via rearrangement of the furanose form of 1 (as shown), 
may also be postulated. 

The yield of 2 and 3 is lower than that of the corresponding acids rhat would 
be anticipated from alkaline degradation of curdlan, probably because of char- 
forming reactions and because competin g trans-glycosylation reactions may occur 
in the pyrolysis, with resultant introduction of non-( l-+3) linkages. Conversely, 
when an attempt was made to block the formation of lactones 2 and 3 by reducing 

the end groups of the curdlan with borohydride before pyrolysis, a 30% combined 
yield of the lactones was still obtained (plus 2 y0 of the 1,6-anhydro-~-glucoses)_ 
This suggests that, during the pyrolysis, some scission of mid-chain glycosidic linkages 
can occur, thus producing new reducing end-groups that can undergo the peeling 
reactions. 

The thermal analysis (see Fig. I) suggests that the peeling reactions that are 
favored by the presence of sodium chloride (shown in Scheme I), probably occur at 
a temperature lower than that for the reactions that produce the 1,6-anhydro-r)- 
giucoses. Tabfe i shows that, as the sodium chloride content is increased (up to 1.5 %), 
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TABLE I 

PRODUCTS FROM VACUUM PYROLYSIS OF CURDLAN CONTAlhTNG VARIOUS PROPORTIONS OF SODIUhf 

CHLORIDE 

- _____- - .__-_ ----__ .I_ -_..-_--_ _.-_.- .- --- 

Sodium “Tar-’ “Char” I,&?rfhydro-D- “Merasacchariiro‘- 
chloride GP lSolb glucoses locrone 

(96) (“b]“.b PJ” 
_ ________._ ._~ _____~ _.._-_ ~_~~ ~~ . .._ 

0.0 50 15 49 n.dbc 
0.1 S-1 20 4.0 0.7 
0.7 36 32 I2 21 
1.5 39 33 <I 37 
3.7 38 31 <! 35 

10 38 79 _. -1 38 
-.- ---. _~ --_-_--._-_--__- .___ ~~- ..-. -.---~~ -.. __~_____ _~ ~.- _-.~---~-- 

“Corrected for sodium chloride_ %um of pyranose and furanose forms. =n.d., not detected. 

TABLE II 

THERMAL ASALYSIS OF CURCLaN COSTAINISG VARIOUS PROPORTlONS OF SODIUbf CHLORIDE 

Sodium DTG Initiation of Residue DSC endotherm 
chloride maxinwm weight loss9 at 400’ maximum 

(OkI EJb 
-_- .__ ___.- _ ._-._ --__--_-- ~_ 

0.0 330 305 16 325 

0.2 340 284 19 339 
1.5 323 270 25 325 
3.7 3IS 269 26 306 

10 32.5 262 30 320 

__l_-_.---__~ --_-__ l_l__. ---__--_ - __ -____ 

=Loss in weight, ly&_ “Corrected for sodium chloride. 

the peeling reactions gradually replace the 1,6-anhydro-D-glucose reactions in the 
pyrolysis. Presumably, the heterolytic scissions invoived in Scheme 1 are favored 

by the higher dielectric constant induced by the presence of sodium chloride in the 

poiysaccharide sample. 
A more detailed examination of the effect of the content of sodium chloride 

on the therma analysis is shown in Table II. The d.t.g. peak is symmetrical in the 

absence of sodium chloride, but develops a lower temperature inflection as the 
content of sodium chloride is increased (see Fig. 1). It is, therefore, not surprising 

that, ahhough the d.t.g. maxima are reproducible for a given sample, they are not a 
rehable indicator of the content of sodium chloride. However, the temperature of 

initiation of weight Ioss is very sensitive to small proportions of sodium chloride 

up to I-27& as is the residue remaining at 400”. The d.t.a. (differential thermal 

analysis) endotherms are complex. Increasing the content of sodium chloride causes 

increasing broadness in the endotherm peak, and the appearance of a shoulder at 
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TABLE III 

PXODUCIS FROM VACXUM PYROLYSIS OF CURDWN CO?c?xI~lSC ADDED SALTS (5:;) 

-__--__ -- __- 

Additive -Tar--o “Char”a 1.6~Anhydro-D- “Metasuccharino“- 
(96) r%) gIucosesc . b IactoneF 

(YO) (Sb) 
~-- ___~ __~_ _ _-____ -___ ~_ 

NaCl 36 26 i 1 38 
NaHzPO; 6.2 45 3.3 0.1 
ZnClz 7.1 47 2.8 0.3 
NaHC03 31 30 co.1 31 
Ca(OH t= 23 42 co.1 22 
NaOH 32 36 -:0_1 32 
Na-B-05 0.7 61 co.1 0.1 

_~_~__ _~__ ~~ __ -- -- 

Torrected for added salt. bSum of pyranose and furanose forms. 

TABLE IV 

lHER?.IAL ANALYSIS OF CURDLAS CO~TAI~~SG ADDED SALTS (so&,) 

Ai%Iitive 

_______ _ -~~------------ 

Initiation of DTG Residue 
weight loss” maximum at 400’ 

(%)ti 
---__-_- _ __ - ~_ -.-____ _ __ --_-. -._--_~--. 

NaCl 264 317 26 
NaHap01 267 288 46 
NaHCOj 188 258 36 
znC!-2 186 257 51 
NalBaO: 260 325 57 
Ca(OH)= 221 250 39 
NaOH 193 237 44 

-__ __- __--_____--_____- --_-__ 

=Loss in weight, l?b_ Torrected for added salt. 

-300”, but there is no systematic relationship between the d-t-a. maxima and the 
content of sodium chIoride. Neither is there any systematic relationship between the 
area enclosed by the d-t-a. eqdotherm-peak and the content of sodium chloride or 
the yield of product for the different samples (compare ref. I). The area under the 
endotherm peak was very dependent on sample preparation, especially the tempera- 
ture of the wash water and the method of drying the samples; these variations prob- 
ably result from differences in the density (the fineness) of the polysaccharide samples_ 
The initiation temperature of the endotherms showed a decrease with increase in 
sodium c’hloride content, especially up to 1.5 %_ 

Tables III and JY show the effects of a range of added salts on the pyrolysis 
ofcurdian, and the results led to the following general conclusions. “Acidic” additives 
(Nal-I,PO,; ZnC12) do not favor either the peeIin g or the 1,6-anhydro-D-glucose 
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Fig. 2. Thermogravimetry and derivative thermogravimetry of lichenan (Ns, 15”.mir1-~). (A, Salt- 
free; B. containing 5% of sodium chloride.) 

reactions; they favor condensation/char reactions, with the formation of consider- 
able proportions of voIatile products, especially water. The “alkaline” additives 

(except borate) favor the peehng reactions, presumably because alkali catalyzes all of 
the reactions shown in Scheme 1, although they are no more effective in this respect 
than the “neutral” sodium chloride. Presumably, had larger proportions of alkali 
been used, the “metasaccharinic” acid products would have been “trapped” as 
salts, and the yields of volatile lactones would have been !essened. Conversely, it 
may be possible to increase or optimize the yield of lactones by using smaller propor- 
tions of the alkahne salts. Borate excels in directing the pyrolysis to condensation/char 
reactions. The sodium dihydrogenphosphate sample gave a particularly clean thermo- 
grain having a narrow, symmetrical, d-t-g. peak, and this system probably merits 
further investigation. 

It is possible that the detection of ‘Lmetasaccharinolactones” as major products 
in the vacuum pyrolysis of polysaccharides might have occasional use in structural 
analysis, even for mixed-linkage poIysaccharides. To investigate this possibility, we 
studied the pyrolysis of Iichenan, a linear (143,l +4)-fi-D-glucan having the respective 
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linkages in the ratio of 3 :7. Addition of sodium chloride, before pyrolysis, again 
induced the onset of weight loss at a lower temperature, and increased the amount 
of final residue (see Fig_ 2). In this case, however, the d-t-g. curves became more 
symmetrical in the presence of sodium chloride. The condensate from the vacuum 
pyrolysis of iichenan containin, 0 5% of sodium chloride yielded, after I h at 300”, 
19 Y/, of “tar-‘, composed mostly of the “metasaccharinolactones” (6.4 “/o) and the 
I,6-anhydro-~-glucoses (5.9 “i,)_ Pyrolysis of lichenan in the absence of sodium 
chloride gives higher yields of the anhydro-D-glucoses and much lower yields of the 
lactones, and it seems that the sodium chloride suppresses the anhydro-D-glucose 
reactions, as well as favoring the peeling reactions. The yields of the two types of 
product are not wel! related to the proportions of linkages in the polysaccharide, 
and it is unlikely that such a procedure would ever be useful for quantitative, linkage 
analysis. It may, however, be speculated that the vacuum pyrolysis, in the presence of 
sodium chloride, of any hexan that contains a major proportion of (l-3) linkages 
shouid yieId the “metasaccharinolactones” as major components of the tar_ 

ESPERIMEXTXL 

General methods. - Thermal analysis (t-g., d-t-g., and d-t-a.)’ and vacuum 
pyrolysis in a flow of nitrogen’ at 1.5 mm Hg were performed as previously described_ 
G.1.c. analysis was conducted, with frame ionization detection, and nitrogen as the 
carrier gas, in steel columns: column 1 (1.8 m x 2.2 mm) packed with 3 % of SE-52 
on Gas-Chrom Q (100-120 mesh); column 2 (2.0 m x 2.2 mm) packed with 3 % of 
OV-225 and 2.5% of HI-EFF-VBP on Gas-Chrom Q (SO-100 mesh)_ Column I 
was used for (trimethylsilyl)ated compounds at 150” + IO”.min-’ with the injector 
at 280’; column 2 was used for acetylated compounds at 220” with the injector at 
240”. Acetylation was conducted with I-methylimidazole and acetic anhydride’. In 
the q&antitative analysis of pyrolysis products by g.l.c., methyl eicosanoate (arachi- 
date) was added as the internal standard before pzr(trimethylsilyl)ation_ 

Curd/an samples. - The curdlan was kindly supplied by T. Harada of Osaka 
University as a free-flowing, white powder, isolated3 from Alcaligenes faecalis var. 
nzywgenes IF0 13140. It had d.p. 455 (by periodate end-grcup analysis) and con- 
tained 99% of B-D-(l-,3)-glucopyranosyl linkages_ The ash content was 3.5 %, 
almost entirely due to sodium chloride; this was progressively removed by washing 
with water as follows. Washing with successive batches of water in a centrifuge tube 
at room temperature with intermediate centrifuging (4 x 5 min for each wash) gave 
a dried product containing 0.5% of ash. A sample of this product was boiled with a 
large volume of water, and the extract was analyzed by atomic absorption spectro- 
metry (aa_s.) (Na O-21 %, corresponding to 0.53% of sodium chloride; no other 
metals detected). A further sample of curdlan (OS64 g) that had been washed with 
cold water was stirred with boiling water (150 mL) for 5 min. The highly swollen, 
gel particles were separated by centrifuging, washed successively with hot water and 
acetone ( x 2), and dried (a.a.s., to.1 % of NaCl). 



PYROLYSIS OF CURDLAN 91 

For the addition of controlled amounts of sodium chloride, and of other salts, 

an aqueous solution of the salt was added to a sample of the foregoing hot-water- 

washed curdian, and the slurry of the gel particles was lyophilized. For zinc chloride, 

methanol was used as the solvent, and it was removed in a rotary evaporator. 
Zden@catio;z of products from the py-ol_vk of curd/an conrairhg sodium chlo- 

ride. - “Unwashed” curdlan containin g 3.5% of sodium chloride was heated in a 

stream of nitrogen at 1.5 mm Hg pressure for 1 h at 300”. After per(trimethyIsilyI)- 
ation, the condensate (water-cooled condenser) shoived a single g.l.c. peak with 

column I; this peak corresponded to the unknown component previously detected 

in the pyrolysis of laminaran and nigeranib, and was also indistinguishable, in co- 
chromatography, from both 3-deoxy-D-ribo-hexono-1.4~lactone and 3-deoxy-D- 
nrabitro-hexono-I ,Mactone. After acetylation, and g.1.c. of the acetates in cohnnn 2, 
the condensate gave two peaks @-SO, lo-46 min), in the area ratio of 1.0: 1.5, corre- 

sponding exactly with those afforded by authentic samples of the diacetates of the 

same respective factones. G.I.c.-m-s. (electron impact) Save the same spectrum across 
the incompletely resolved, acetate peaks: /7rj-_ 285 (M’, trace), 229 (M-CH,C02, 
trace), 215 (M-CH,0COCH3, trace). 145 (4), 143 (lo), 115 (ll), 53 (9), 82 (ll), 

54 (B), and 43 (100). The same m-s. results were given by each of the foregoing 
authentic Iactones. The pyrolysis products were also shown to correspond with the 
Iactones by t.l.c., before and after acetyIation, and by infrared spectroscopy. 

The authors thank the National Science Foundation for supporting this work, 
through Grant No. PFRS023S54, and Mr. Thomas T. Stevenson for his technical 

assistance_ 
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