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ABSTRACT 

Treatment of various ~3C-carbohydrate-labelled phenyl /3-D-glucopyranosides at 350°C in aqueous 
phenol in the presence of zinc chloride, with 13C NMR analysis of the xanthene formed as the major 
neutral product, indicated that the methylene carbon atom (C-9) of this compound was derived fi-om 
C-1 (30%), C-2 (20%), and C-6 (50%) of the g!ucosyl units. In addition, 4.5% of the carbon from the 
sugar was incorporated into the aromatic rings of the xanthene. Mass spectrometry of the phenol 
produced on heating methyl a-D-glucopyranoside (50% U-13C) at 350°C for 1 h in aqueous zinc 
chloride showed the aromatic rings to be derived from the glucosyl moiety, partly without cleavage of 
the carbon chain and also after cleavage and recombination of the fragments. 

INTRODUCTION 

In the p reced ing  pape r  1, it was observed  that  reac t ion  of  cel lulose at 350°C in 

aqueous  pheno l  in the  p resence  of  zinc chlor ide  gave a complex  mixture  of  

products ,  of  which the major  neut ra l  c o m p o n e n t  was xan thene  (1). It was p roposed  

that  the xan thene  was fo rmed  mainly  f rom pheno l  in the  solvent and fo rma ldehyde  

p roduced  f rom the cellulose.  Some  of the a romat ic  r ing carbon had cellulose as 

source.  T h e  origins of  the  var ious carbon a toms in the xan thene  are now addressed  

specifically. 

RESULTS AND DISCUSSION 

The  main  products  of  depolymer i sa t ion  of  cel lulose at 350°C in aqueous  pheno l  

in the p resence  of  zinc chlor ide  were  glucose, 1,6-anhydroglucose,  and phenyl  
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D-glucopyranoside 1, and each gave appreciable yields of xanthene on further 
treatment. In order to examine this process further, phenyl /3-D-[U-~3C]gluco - 
pyranoside (6.4% 13C per carbon atom) was subjected to the degradation reaction. 
The neutral product fraction gave a 13C NMR spectrum consistent with that of 
xanthene, and with the resonance of C-9 enhanced by a factor of 6.1 which 
indicated that the methylene group (C-9) originated from the carbohydrate. 
Moreover, the aromatic carbons of the xanthene contained more than the natural 
abundance of 13C, although the low degree of labelling did not permit an accurate 
determination of the enhancement factor. 

Experiments with phenyl /3-D-glucopyranosidc mono-labelled with i3C at C-], 
C-2, or C-6 then revealed that these carbon atoms contributed, respectively, 30, 20~ 
and 50% (each _+5%) to C-9 of the xanthene; hence, C-3,4,5 were minor contribu. 
tors. in contrast, the formaldehyde produced during the pyrolysis of 14C-labelled 
i)-glucose was shown to be derived 2 from C-l, C-2, and C-6 to the extents of 15, 5, 
and 65%, respectively, with C-3,4,5 again contributing little. Therefore,  the l ique  
faction conditions appear to favour the conversion of C-1 and C-2 into formalde- 
hyde rather than into carbon dioxide to which they make major contributions 
during pyrolysis 3. 

The experiments with phenyl /3-D-[U-L3C]glucopyranoside provided qualitative 
evidence that the aromatic rings of the derived xanthene contained carbon atoms 
of carbohydrate origin. Thus, in the ~3C NMR spectrum of the neutral products 
un~ler peak-resolution-enhancement conditions 4, the signal (d, J 46 Hz) for C-9 of 
the xanthcne was consistent with the presence of 13C at position 9 and position la 
or 8a s i n c e  iJc, C for s p 2 - s p  3 carbons atoms is 40-60 Hz (cf. 42 Hz for ,lsa,9 in 
9,10-dihydroanthraceneS). 

Attention was then turned to the quantitation of the aromatic carbon atoms of 
xanthene derived from solvent phenol and from the carbohydrates. Heyns et al. ~' 
reported that methylbenzenes in particular are formed during the pyrolysis of 
glucose at 300°C. At higher temperatures, a wide range of aromatic substances, 
including phenols, were produced from simple sugars 7 and celluloseS; similarly, 
complex mixtures of substituted benzenes and phenols were formed from carbohy- 
drates under conditions of high-temperature liquefaction at lOW 9 and high 1° pH. 

When a solution of p-tolyl /3-D-glucopyranoside in aqueous p-cresol was heated 
at 350°C for 1 h, the neutral products contained, as expected from the work with 
phenol ~, several di-, tri-, and tetra-methylxanthenes and some xanthene, and 
significant proportions of methylxanthenes were detected by GLC-MS.  The for- 
mation of ions with rn/z 181 revealed methyldibenzofurans, xanthene ([M - H]+), 
and methylxanthene ([M - Me]+), and the ions with m/z 195 revealed methylxan- 
thenes ( [ M -  H] +) and dimethylxanthenes ( [ M -  Me]+). The identity of these 
compounds was confirmed by comparing their retention times and mass spectra 
with those of authentic samples or with available mass-spectral data 1~. 

The possibility that the xanthene and methylxanthenes were products of 
demethylation of higher homologues was discounted since the reaction of 
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paraformaldehyde with cresol under similar conditions afforded only dimethylxan- 
thenes. Therefore,  it is concluded that the xanthene and methylxanthenes (0.5 and 
4%, respectively) were produced from carbohydrate-derived phenol and formalde- 
hyde with the solvent being incorporated in the latter products (Scheme 1). If it is 
assumed that both the benzenoid rings of the xanthene and one of those of the 
methylxanthene are derived from the sugar moiety, then it can be deduced from 
the yields that 4.1% of the carbohydrate carbon was converted into phenol. It has 
been concluded that the benzofurans formed during the liquefaction of cellulose in 
aqueous guaiacol arise from the carbohydrate 12. 

A xanthene-producing aromatic compound was formed during the liquefaction 
of 1,6-anhydro-/3-D-[U-13C]glucopyranose (7%, 13C) at 350°C for 1 h in aqueous 
[U-12C6]phenol (>  99.95% 12C, prepared from [U-12C6]benzene by a thallation 
procedure 13) in the presence of zinc chloride. The neutral products gave a ~3C 
NMR spectrum (Fig. 1) which indicated xanthene to be the sole component. The 
C-9 resonance was enhanced, as expected, but, since the only 13C atoms in the 
system were carbohydrate in origin, the xanthene benzenoid rings, to some degree, 
were derived from this source. If it is assumed that C-9 of the xanthene originates 
exclusively from the carbohydrate (and no evidence to the contrary was obtained), 
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Fig. 1. 13C NMR spectra of (a) normal xanthene and (b) the neutral products obtained from the 
treatment of 1,6-anhydro-/3-I>[U-13C]glucopyranose in aqueous [U-12C]phenol under liquefaction con- 
ditions: IS, the internal standard dioxane (6 67.5). 

then the ratio of the intensities of resonances of C-9 and the aromatic carbons 
indicates that 12% of the latter originated from the sugar derivative. Since 100 mg 
of ],6-anhydroglucose gave 21 mg of xanthene, the percentage conversion of 
carbohydrate carbon into the aromatic carbons of xanthene was 4.5% (cf. 41.% in 
the p-tolyl glycoside experiment). These data suggest that the labelled xanthene is 
produced other than via free phenol since there appears to be no isotope exchange 
with the solvent. This observation is not consistent with our other conclusions and 
remains to be explained. 

MS of the xanthene produced in the above reaction of 1,6-anhydro-/3-D-[U- 
a3c]glucose in [U-12C]phenol gave mainly ions with rn/z 181 and 182 (as did 
"natural" xanthene). However, unlike the unlabelled sample, the labelled com- 
pound also gave ions with m/z 186, 187, and 188 (Fig. 2a), which suggests that the 
uniformly labelled carbohydrate was converted into uniformly labelled phenol, that 
is, C 6 sugar chains became 6-membered aromatic rings without fragmentation. 
This possibility, as opposed to fragmentation and reassembly, was investigated 
further. 

Thus, a 1:1 mixture of methyl a-D-[U-13C]glucopyranoside and its unlabelled 
analogue was heated at 350°C for 1 h in aqueous zinc chloride. GLC-MS of the 
organic-solvent-soluble products revealed that phenol was a significant component, 
and cyclohexen-3-one, o-cresol, p-cresol, catechol, hydroquinone, and three meth- 
yldihydroxybenzenes were also identified. 
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Fig. 2. Region for molecular ions in the mass spectrum of (a) xanthene obtained by treatment of 
1,6-anhydro-/3-D-[U-t3C]glucopyranose [7% t3C] in [U-12C]phenol under liquefaction conditions, and 
(b) phenol obtained from the hydrothermolysis of methyl c~-D-[U-13C]glucopyranoside (50% 13C) at 
350°C for 1 h. 

If the phenol was formed from the hcxose moiety without carbon-chain cleav- 
age, two types of molecular ions would be present with m / z  94 (from unlabelled 

carbohydrate) and 100 (from the labelled carbohydrate), and, because of the 50% 
labelling, two molecular ions of equal intensity would be expected (assuming that 

no isotope effects occurred). Alternatively, had the hexose chains fragmented and 

recombined, then the isotope scrambling would have resulted in a cluster of 

molecular ions in the range m / z  94-100 symmetrically distributed about m / z  97. 

The pattern observed ( m / z  94-100 of 100 : 24 : 16 : 26 : 17 : 25 : 64) indicated that 

direct conversion of glucose into phenol had not occurred exclusively, but the 

higher intensities of the ions at m / z  94 and 100 showed that some direct 

conversion had occurred. The differences in intensities of the ions with m / z  94 

and 100 may reflect the occurrence of an isotope effect. 
No evidence was obtained to indicate how either a direct hexose-into-phenol 

conversion could occur or how a fragmentat ion/recombinat ion process could be 
involved, but chemical 14 and biochemical 15 precedents for the former can  be 

considered, and reactions such as the Michael addition of acetone to acrolein 
could account for the latter process 16. Miller and Saunders 17 showed that many of 

the aromatic products of the liquefaction of cellulose can be formed from possible 

fragments such as acetaldehyde, crotonaldehyde, acrolein, and hydroxypropanone. 

E X P E R I M E N T A L  

General methods. - -  The 13C NMR spectra were measured with a Varian FT 

80A instrument on solutions in CDC13 (internal Me4Si). Quantitative studies were 
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carried out using 1H-decoupled 13C NMR spectra obtained with full suppression of 
NOE effects (inverse gated) on 0.25 M solutions (internal dioxane) with 0.1 M 
tris(2,4-pentanedionate)chromium(III) added as a paramagnetic relaxation agentl~; 
1000 pulses and the pulse (5 × largest measured T 1 value 19) ensured complete 
nuclear relaxation 2°. The accuracy of the results, based on peak-height measure- 
ments, were assessed using phenyl tetra-O-acetyl-[3-D-[6-13C]glucopyranoside of 
known 13C content. EI (70 eV)-mass spectra were obtained with a Hewlett-Packard 
HP 5997OB instrument. 

D-[U- 13C]-, D-[1-13C]-, and D-[6-13C]-glucose, L~-[1-13C]mannose and [U- 12C]ben- 

zene were obtained from Merck, Sharp and Dohme (Quebec, Canada). D-[2- 
~3C]Glucose was prepared (53.5%, identified by a3C NMR characteristics 21) from 
D-[1-13C]mannose by application of the Bilik reaction 22 and was isolated on an 
ion-exchange column 23. 

13C-Labelled phenyl  fl-D-glucopyranosides. - -  Each 13C-labelled D-glucose (0.035 
g) was added separately to D-glucose (0.465 g) to give a mixture containing 7% of 
13C. The/3 anomers were prepared by an adaptation of the method of Pfeffer and 
Hicks 24. Water (50/xL) was added to each mixture (0.50 g) of glucoses which was 
heated at 100°C for 1 h then at 160°C to give melts. Acetic acid (0.5 mL) was added 
at 100°C, the solution was cooled at 10°C/h, and seed crystals of/3-D-glucose were 
added at 70°C. The crude products were washed with EtOH at 2°C (2 × 10 mL) to 
give/3-i>glucopyranose (0.37 g, 74%), mp 149-150°C, [c~] D + 20 ° ~ +53°; lit 25 mp 
148-150°C, [c~] D + 19 ° ~ +53 °. 

Acetylations were carried out using/3-D-glucopyranose (0,36 g), pyridine (2 mL), 
and acetic anhydride (2 mL) added dropwise at 0°C. Standard work-up procedures' 
gave the /3-penta-acetate (0.76 g, 97%), mp 134-135°C, [a]D + 3-8° (CHC13); 1it.26 
mp 132°C, [c~] D + 4 °. 

Penta-O-acetyl-/3-D-glucopyranose (0.1 g) and tributylphenoxystannane [0.11 g, 
1.1 mol equiv; prepared by heating phenol and bis(tributyltin)oxide in refluxing 
toluene] were added to a stirred suspension of anhyd zirconium tetrachloride (0.6 
g, 1.0 mol equiv) in CHC13 (5 mL). The mixture was heated at 70°C for 16 h, 
CHC13 (10 mL) was added, and the usual processing then gave phcnyl /3-D-gluco- 
pyranoside tetra-acetate (0.102 g, 92%), mp 124-125°C, [c~] D - 2 2  ° (CHC13); lit. 26 
mp 124-125°C, [a]D - 2 2  °. 

Standard O-deacetylation of the tetra-acetates (0.2 g) involved MeOH, trieth- 
ylamine, and water (8 : 2 : 1). Removal of the solvents and recrystallisation of the 
residues from water at 2°C gave the phenyl /3-D-glucopyranosides (0.095 g, 91%), 
mp 174-175°C, [c~] D - 7 2  ° (H20); lit. 27 mp 174-175°C, [a] D - 7 2  °. 

1,6-Anhydro-fi-D-[U-lSC]glucopyranose (cf. Coleman2S). - -  Phenyl tetra-O- 
acetyl-fi-D-[UL-13C6]glucopyranoside (0.5 g) was heated under reflux with 3.5 M 
NaOH (5 mL) for 20 h. The solution was cooled at 0°C, neutralised with HzSO4, 
and concentrated, and the residue was treated with pyridine (1 mL) and acetic 
anhydride (1 mL). Standard work-up procedures and column chromatography gave 
2,3,4-tri-O-acetyl-l,6-anhydro-/3-D-[U-13C]glucopyranose (0.38 g, 63%), mp 109- 
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ll0°C, [or] D -61 .5  ° (CHC13); lit. 29 mp 109-110°C, [c~] D - 6 2  °. Standard O-deacety- 
lation (MeOH, triethylamine, water) of the ester (0.38 g) and crystallisation of the 
product from E tOH gave the title compound (0.15 g, 97%), mp 183-184°C, [c~] D 
- 6 7  ° (H20);  lit. 29 mp 178-180°C, [c~] D - 6 6  °. 

M e t h y l  ~ - D - [ U - 1 3 C ] g l u c o p y r a n o s i d e .  - -  The glycoside was made from the la- 
belled free sugar (0.1 g) by heating under reflux for 29 h in methanolic 0.6 M HC1 
(7 mL). The solution was neutralised with anion-exchange ( H O )  resin, then 
concentrated, and the residue was recrystallised from MeO H  to give the title 
compound (0.08 g, 61%), mp 166-168°C, [c~] D + 159 ° (H20);  lit. 27 mp 165-166°C, 

[0g]D -}- 158 °. 
[ U - 1 2 C J P h e n o l .  - -  [U-12C]Benzene (1 g) was added to a solution of thallium 

tris(trifluoroacetate) (6.75 g, 1.1 tool equiv) in trifluoroacetic acid (15 mL), the 
mixture was stirred at 20°C for 48 h, and crystalline phenylthallium bis(trifluoro- 
acetate) ~3 (6.2 g, 95%) was collected and washed with CH2C12. A solution of this 
product (6.8 g) in trifluoroacetic acid (10 mL) at 0°C was stirred with a solution of 
lead tetra-acetate (6.6 g, 1.1 tool equiv) in trifluoroacetic acid (10 mL) for 30 min, 
then concentrated, 6 M HC1 (20 mL) was added, and the mixture was filtered and 
concentrated. The resulting oily phenyl trifluoroacetate was stirred with 2 M 
NaOH (20 mL) for 30 rain, the solution was neutralised and extracted with CH2C12 
(3 × 50 mL), and the combined extracts were washed with aq NaHCO 3 and water, 
dried, and concentrated to give [u-~BC6]phenol (0.31 g, 30%), mp 41°C; lit. 3° mp 
40.9°C. 

D e g r a d a t i o n  p r o c e d u r e s .  - -  Each aryl glycoside and 1,6-anhydro-/3-D-gluco- 
pyranose (each, 100 mg) was heated 1 for 1 h at 350°C in a thick-walled tube 
(8 × 100 mm, i.d. 4 ram) with the appropriate phenol (300 rag), zinc chloride (25 
mg), and water (100/zL). Prior to sealing the tubes, dissolved gases were removed 
by freezing and thawing the solutions under vacuum. On completion of the 
reactions, the neutral products were extracted into hexane from water as de- 
scribed 1. 

In the degradation experiment involving labelled methyl C~-D-glucopyranoside, 
the sample (50 rag) was heated in water (0.8 mL) containing zinc chloride (2.5 rag) 
for 1 h at 350°C. The CH2C12-soluble products were examined by GLC-MS.  
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