BTN | 4 3 6—Dxanhydro—a—n-glucopyranose (1) ‘was. formed together w1th 1 6-

_ anhydro—-3 4»d1deoxy—B-D-glycero—hex—3—enopyranos-2—ulose (levoglucosenone, 2) and -
levoglucosan @), on acrd—cata.lyzed pyrolysis of D—glucose amylopectm and cellulose. :
<. _Pyrolysxs of 1 in the presence of: acid. prov1ded sxgmﬁcant quantmes of 2, mdlcatmg t
that 1.can act-as a pyrolytic precursor-of 2.. A pyrolysis. product from cellulose
- prevrously considered to be 1 6—anhydro-3—deoxy-ﬁ-D~eryt]1ro-hex-3-enopyranose (12)
was shown to be the dlanhydnde 1 Cee ST . o -

‘INTRODUCTION

I 4 3 6-Dlanhydro-a-n glucopyranosef (1) was ﬁrst fouud as'a by product in
the gas:ﬁcatlon .of wood'. Subsequently, it.was reported as a minor product in the
.pyrolysxs of cellulose, p-glucose, and. a variety of- D-glucose—contaxmng oligo- and
poly-sacchandes, and as a major productin. the pyrolysis of 3 6-anhydro-D-glucose2 T4,
' More recently, it has been detected in the pyrolyzate from cellulose treated with
sodium’ dlhydrogenphosphate and in the water-soluble fraction of tobacco smoke®.

In this laboratory we have been. investigating the acxd-catalyzed pyrolysis of
.cellulosm _materials for producnon of levoglucosenone [¢! 6-anhydro—3 4-dideoxy-
4 ﬁ-D-egcero-hex-3-enopyranos-z-ulose, 2)7-8, This .article reports the 1solatxon of 1
-asa by-product and its roIe as a pyrolytlc mtermedxate. : S :

’ RFSULTS AND DISCUSSION

o Isolatzon and characterzzatxon of I 4: 36—dzanhydra-a—D-qucopyranase (1) —

v.f;Analysm by g.l c. and t.lc. of the condensates obtained. from’ pyrolysxs of cellulose,v
- D-glucose, - and amylopecnn conta.lmng 0. 5—10% of phosphorxc acid: revea.led the
0 presenoe of levoglucosenone (2) and a smaller amount of a les' ‘ moblle component A;-

; “Dedxeated to v'l;rofssor Dexter- French on the oceaslon of lns 60th bnrthday.
T ?Altemauvely, thxs compound may be named 1,5 3 6-dxanh)dro-,8 D-glucofuranose




crystalhne sample of thls component Was obtamed by :so ven_ ﬁ'act(on
column chromatography of the condensate formed on pyrolysm of cellulose conta_tmng -
'1.5% of phosphoric acid. Themeltmgpomt spemﬁcrotatlon;u
_ spectrum obtained for this. crystalline: ‘product .were in close: agrv’v _
previously reported for 1,4:3,6-dianhydro- az-D-glucopy:rauose1 9:(1) Furthermore,
hydrolysis of the product with acidic ron-exchange resin gaVe-3 6—anhydro-D—g1ucose,

which crystallized in 73% yleld Also, acetylatxon ylelded a syrupy monoacétate
(single acetoxyl resonance in the nim.r. spectrum) which, a.fter vacuum-dxstdlatxo -
-gluco-h

gave an acceptable elemeutal analyses for’ 2-0-acetyl-1 4 3 6-d1anhydro._
pyranose (3). : A
_Quantitative analysis of the products. Ana]ysxs by g I .C. of the ac1d-catalyzedf "
pyrolyzates after trimethylsilylation revealed the presence of an addmonal component”
identified as 1,6- anhydro-ﬁ-D-glucopyranose (levoglucosan, 4). The y1e1ds -obtained
for this compound, and those for 1 and 2, are listed in’ Table 1. These data show that-
product yields were dependent upon both the substrate and the: pyrolysls condltlons g
employed. Amylopectin gave a highér yield:of the d1anhydr1de 1-than- dld D—glucose "
or cellulose. This observation: parallels that made by Gardmer ‘on the uncatalyzedA
pyrolysis of various D-glucose denvatlves.v Pyrolysis under - “vacuum- decreased ‘the .
yield. of 1, but increased the yield of levoglucosan @), as’ prevmusly observed in- the
pyrolysis of untreated cellulose!®. Increasing the scale of pyrolyszs from 1 gto'50.g
increased the portion of the condensate not accounted for by 1,2, and 4. The bulk of
this portion has been shown to be polymenc matenal ‘formed from' the monomeric.
products' %1, For laboratory preparations, cellulose is the- most smtable of these -
three substrates because it does not froth dunng pyrolysis.. .. s e :
Interconversion of the pyrolysis products. — Pyrolysis of carbohydrates mvolves
a series -of concurrent and consecutive  reactions, including transglycosylatron ‘and -,
dehydratxon. The latter reaction may produce both unsaturated and ether denvatwes. .

TABLE I

PYROLYTIC PRODUC‘I'ION OF 1 4 3, 6—DIANHYDRO—LZ—GLUCOPYRANOSE (l), nzvocr.ucosmonn (2),
LEVOGI.UCOSAN(4)UNDERN1TROGENAT350° B Lo e L PR

vSabsIrate 'H2PO, Pressure Sample Ckar vCon-‘ Percentage of . Yxeld ﬁ'an‘z‘,'.‘“f _

%)= . weight (A,)“ densate condensaté - - .. substrate (%)=.... . -
(g) ) %) 1 2z 4 ".:'."1 o2 4
Celluloser 1.5 ‘latm. = 1. 39~ -,'15; T
Cellulose® 15 1S5torr 1 742 140 5
Cellulose? S tatm-. 4500 038 w10 08
Amylopectm 1 o latme; o 100 38 21

Glucose 15 1 atm. - .1 ¥ S b B §

uPercent wexght based on’ the’ welght of substrate in the ongmal sampl
: of the boat. °Av10el mxcrocrystalhne. "Whatman CF-11 powder



S - £k ) G-Dlanhydro-oc-D—glucopyranose (l)_; is formed» by a combmatlon of -
jmtramolecular transglycosylatlon and’ etherification Teactions;” "possmly ‘via ‘15 4—>'
' anhydro-oc—n—glucopyranose O which;, together with 1; _’anhydro-oz-D-glucopyranose*
'4'(6) and. levoglucosan @, has been proposed asa possrble xmtral depolymenzatron—
product from* D-glucose—contarmng polymers3:19 The fact that 1 has been isolated;’
»:‘"whereas 5and’6’ remain undetected, is probably due to its hxgh volatility - (see later), -
and also ‘to ‘the relatlve pyrolytlc stabrhty conferred by its 3,6-ether lmkage The
s stabxhty of such Imkages is substantlated by the previous ﬁndmg of 3 6-a.nhydro-D-,
glucose and polymenc materlal conta1mng 3,6-anhydro groups in the condensates
v produced on the. pyrolysxs of cellulose in the presence of acrds11 ' -
- . The pyrolysrs of 1,4: 3 6-d1anhydro-a—D-glucopyranose (1) was exammed in-
order to clanfy its roIe in the sequence of: pyrolytlc transformatrons In the absence
~of an acid cata.lyst, heatmg at 500° resulted mercly in the evaporation of 1. Thermal
, analysxs (Fig. 1) showed that 1 startcd to sutlime at ~100°, ‘melted sharply at'127°
" (d.t.a.), and continued to vaponze untxl ~ 190° leaving httle or no residue. However,-_‘
‘thermal analysis of 1 in the presence of dlphenyl phosphate* (Fig. 2) showed initial
meltmg of the catalyst at ~60°and of the substrate Q). at:~115°, followed by-endo-
.therxmc and: then cxothermxc processes between 125 and 250° Fmally, chamng took
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F;g 17 Thermal analysxs of i, 4 3 6-dlanhydto-¢-b~glucopyranose (l)
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Fig. 2. Thermal analy51s ofa9: 1 mxxture of l 4 3 G-dxanhydro-a-D-qucopyranose (1) and dxphenyl
phosphate ) _ .

place and left '-25 % Of residue at 350°. As the endotherm 'is associated with cons'ider-
able weight-loss, it is most likely-due to volatilization of 1and its degradation' products.
Isothermal melt-pyrolysis expenments performed at 200° showed the exotherm to
be associated with polymerization involving opening of the 1 4—anhydr0 linkage’ of 1.
In the initial stages of the isothermal pyrolysis (1 to 5 mm), 1 was.shown by til.c. to -
form both 3,6-anhydro-p-glucose and a mixture of ohgo- and polysacchandes These
components were gradually converted into water-insoluble char, the conversion being
essentially complete after 40 min. Pyrolyzates . obtained after 1 and 5 min ‘were
hydrolyzed, and the hydrolyzates were shown to contain 3 Ganhydro-n-glucose as .
the only detectable carbohydrate component, conﬁrmmg that the ponmenc matenal
was composed largely of 3 6-anhydro-D-g1ucose residues.

When 1 was pyrolyzed through glass-wool coated with phosphorxc ac1d
significantamounts of levoglucosenone ), 2—ﬁ.u'aldehyde, and 5-methyl-2—furaldehyde, :
as well as unchanged 1, were detected in the pyrolyzate- (Fig. 3) Determmatxon of
the yields of the pyrolysis products was:difficult because. of variations in the' extent
of degradation of 1, but in eight expenments the ylelds of 2 -and’ Z-ﬁu'aldehyde -
exceeded 10 % each, whereas that of 5-methy1-2—ﬁ1raldehyde was l&ss than'2 Y- “These:
results show that the dlanhydro sugar I'.canactasa precursor of levoglucosenone @
and its subsequent decomposmon-products in the acxd-catalyzed pyrolyses "Agiven
pyrolysis product may be formed by . more. than one routem however, and the relatlve' .
importance of the foregomg pathwayin the productlon of l is'not. knowh e S
- As shown previously; 3 6-anhydro rmg-formatlon IS - catalyzed by: a01d1c7-=
1:eagents11 Inthe case of ac1d-catalyzed productlon of the dxanhydrxde l th1s enhanced-; -
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Min.

, .Fxg 3. Chromatogram ﬁ-om darect pyrolysis~g.l.c. of 1 ,4:3 Manhydro—a-n—glucopyranose ) .in
the presence of phosphonc acid: 2, unknown mixture; b, 2- furaldehyde 'S, S-methyl-z-furaldehyde,‘ :
_-d, levoglucosenone (2), €1 4 3,6-d1anhydro-a-n—glucopyranose (1) L L . )

formatlon must be oﬁ‘set by enhanced decomposmon in the presence of acrd, as the
ylelds of 1 (T able I) are similar to those reported from uncatalyzed pyrolyses¥.. .- .-
'" Productlou and’ subsequent ‘degradation-. of . 1,4:3 6—d1anhydro-a-n~gluco-
, pyranose (l) adds a new. dlmenswn to the 'complexity of pyrolytxc reactlons of carbo-
’-hydrates “This: complexrty is mot. unexpected as-at the lngh temperatures prevaxhng' ’
- _durmg pyrolysxs, sufficient energy is.available to: overcome: normal energy-barriers
vf.to chémical: reaction and rearrangement. Thus, ‘while conversion: of 1to levoglucose-
“none(2): would appear to berather unusual in terms of normal carbohydrate reactions,
- the two routes shown.in Scheme I are ‘plausible: under: pyrolytxc condmons. Path a
‘involves. 1mt1a.1 hydrolysis 10 3, 6~anhydro-D—glucose (shown as the aldehydo form:7),
2, 3-ehmmatlon of the: anhydro ring to the conjugated enol 8, and: dehydratlon to 9
in ‘a’ manper-: :well -documented for’ aldohexosee“ and finally °1,6-anhydro- ring-
" formatlon from the pyranose tautomer of 9. Path b mvolves du'ect 2, 3—ehmmatlon of
~ the 3,6- anhydro xing to give’ ‘the enolic’ mtermedlate 10, followed by a (4 = 6) intra--
»-,;molecular transglycosylauon and an ehmmatlon mvolvmg :the - hydroxyl group at
-.C-4, The formation of 2—furaldehyde and: 5-methyl-2-furaldehyde in the pyrolysis of1-
- Gould: proceed, at least in part; via 2; as'it has been shown’ that these two a.ldehydes '
;-‘are produced on acid-catalyzed: pyrolysis of 2. -
- Recently, a product isolated from. the pyrolysxs of oellulose and shown to’ be a.
'»gfprecursor of: levoglucosenone15 %13 (2) was 1denuﬁed as 1 6—anhydro-3-deoxy-ﬁ-n-
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Scheme I

erythro-hex-3-enopyranose* (12) based on its molecular formula. and spectral
characteristics. In our study, it was found that 1,4:3,6-dianhydro-a-D-glucopyranose
(1) has identical molecular formula, i.r. and mass spectra, and similar n.m.r., m.p.,
and optical rotation to those reported for 12, suggestmg that these two matenals are
identical. ) : : :

- Our mterpretatlon of the n.m.r. pecn'um of 1 in Mest-ds is in- accord Wlth
those reported? for 1'in D,0, and for its D-manno and 2-deoxy—D-arabmo .analogs.
A feature common to all three dlanhydrldes is:the unusual . deshreldmg of H-4; the
resonance at é 5.29 thus corresponds to.this. proton rather than to a vinylic proton as
assigned'>-1¢ for structure 12. Also, the- c2 hydroxyl signal (6°5.3) of 1-was largely
obscured by H-1.and H4 resonances, but'its. presence was.confirmed: by- an.appro-- .
priate one-proton decrease in the integrated peak-area of a’ deuterated sample of 1
(prepared by dissolving 1 in D, 0, evaporating the solution, and drssolvmg ‘the residue -
in Me,SO-d;). The difficulties caused by these unusual circumstances have. apparently g
been compounded by the presence of .water.in the MeZSO-ds, whlch gives.a- ‘broad
absorption at & 3.4.-This resonance, which consxderably overlaps the H-2, smglet
(6 3.55) of 1, had been: attributed to: the carbohydrate hydroxyl protons of- 12 :

Finally, mixed m.p., t.I.c., and g.lc. evidence obtamed for 1 and a'sa ’ple of :
the putatlve 12 conﬁrmed that these two products were xdentxca.l e

*Named 1,6-anhydro-3-deoxy-f-D-glucopyranosen in refs. 15-17;




'd—D-GLUOOPYRANOSE :

Acid-substrate - mixtures , C solution “of - the
.req ired ,,ainount of phosphonc acrd in methanol the solvent was evapora d-under
‘diminished pressure ‘at 40°,;:and. the resrdue was dried.in vacuo at-50°. A 9:m1xture:f'
“of’ dxphenyl phosphate and 1,4:3 6-d1anhydro-a-D-glucopyranose (1) was obtamedi'
by gnndmg these compounds together in a mortar L
- Pyrolysis_conditions. —: Samples (1. g) ‘were pyrolyzed at 350° m ‘a 1 X '7-cm
_alummum-fml boat m51de a 1.5:cm (i.d.) pyrex-glass tube;: whereas 50-g samples_
were pyrolyzed ina4 X 13-cm alummum boat inside a 4 S-cm (i.d.) pyrex-glass tube.
“The’ pyrolysrs tube was. swept either by a 200 ml.min~ mtrogen ﬂow at atmosphenc
'pressure or by a gentle stream of nitrogen maintained at a pressure of 1.5 torr:by a
high-vacuum' pump. After. compleuon of pyrolysns ¢ mm for 1 g, 30 min for 50-g),
the-distillate that collected in:a water—cooled condenser was. dlssolved in methanol,
and the ‘mixture was filtered. The filtrate was: evaporated to:a syrup,” and the resrdue
‘was taken up in’ abs ethanol and the soluuon nnally evaporated in- vacuo at 40°
toasyrup T Lo R : S T
S Gle. of the pyrolyszs condensates — Undenvauzed condensates were analyzedj
ona stamless-steel column [1.1 m X: 43 ‘mm - (i.d.)]. packed ‘with 5% Carbowax
20M (TPA).on:80-100 mesh Gas—Chrom Q, using phenyl' tetra~0-methyl-ﬂ-n-gluco-
pyranosrde as an internal standard, with the ‘injector: at-230°, and’ the‘column pro--
grammed from 100 to. 235° at. 8°/min. Tnmethylsﬂylated condensates (prepared by
using TriSil reagent, Pierce Chemcal Co.) were: analyzed on'a stainless-steel column
[1.8 m X 2.2 mm (i d. )] packed with 3% of SE-52. on 100—-120 ‘mesh Gas—Chrom Q,
using. myo-mosrtol as an internal standard, with the mjector at 255° and: the column-
programmed from 100 to 275° at 8 °/min: Both analytical methods employed hydrogen
flame-ionization detectlon, digital integration, and pitrogen as the carrier. gas.: Com-"
pounds were identified by comparison of their retentlon t:mes and g l c. -mass spectral '
charactenstlcs with those of authentic. samples . ; _
. -T.l.c. ‘of the pyrolysis condensates. — Analyses were: performed on sihca gel
eluted with'solvent 4 (3:2 ethyl acetate—drchloroethane) or solvent B (5:4 3) acetone—
ethyl acetate—water), carbohydrates were detected by usmg an 3:5:95 amsaldehyde—
A sulﬁmc ac1d—ethanol spray—reagent and: heatmg at 120°. :
Thermal analyszs . The t g d t.g and d t.a. data were obtamed as prevmusly,
reported" Ve . . ,
v Phenyl tetra-0~methyl ﬂ-D-glucapyranoszde (g l c: mtema! standard) : Purdle
..methylatlon19 ‘of- phenyl p-D-glucopyranoside : (Slgma Chem._Co.): y]elded a_Syrup
l'that crysta]hzed from- acetic acid=water. and was. recrystalhzed from petroleum ether_'
at —10° toyield the. tetramethyl ctheér as'white needles mip.- 765772 [1it:2° m.p.77°}:
<1, 4 3, 6—Dzanhydro-a—D-qucopyranase (1) AL mlxture ¥ f. “cellulose. (Avxcel'-
-_mxcrocrystalhne, 215g) and phosphonc acid (1 5% by welght) was pyrolyzed in four-
batches at 360-385° at 1.5 torr: The condensate (35 g)-was' partltroned between water’
'and dlchloromethane, and the aqueous fracuon was evaporated to__;_: dark-brown
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syrup (15 £): ThlS syrup was extracted thh ethyl acetate (200 ml) and the extract}
evaporated toa hght-brown syrup (10 g) that was partltloned ona column of silica
gel (150 g) eluted with:1:2 ethyl acetate—llght petroleum ether. Fractxons judged by
t.l.c: (solvent: A) to contain. Iargely the dianhydro sugarl (RF 0. 25 red-brown) were'
combined ‘and €vaporated to-a syrup (1. .8.8)" that crvstalhzed from: ethyl acetate——f
hexane: (0.66 g).. A -further crop (0.25 g) was ‘obtained after further. chromatographxc .
fractionation of the mother liquors, affording an overall yield of 0.5 % from cellizlose. -
The combined crops were treated with activated.charcoal in- ‘hot: ethyl acetate ‘and
recrystallized from eéthyl acetate-hexane to- yield the dianhydro sugar 1- as: white
crystals, m.p. 127.5-128°, [alp +77° (c 1.4, ethanol), [a], +67° (¢ 1.6, water)
[lit.“.3 m.p. 127-128°, 122-123°, 126°, [e]p +65.7° (c 1.2, water)}.(Found: C, 49.8;
H, 5.6. C¢HgOQ, calc: C, 50.0; H, 5.6 9%); mfe 144 (7 %, M*), 115 (1), 114 (4), 99 (15),
98 (15), 97 (4), 96 (8), 95 (6), 86 (11), 85 (11), 73 13),: 71'(1'5), 70:(25), 69 .(100);
60 (15),57 (42), and 55 (10 %); vEEr 3365, 3020, 2980, 2960, 2930, 2895, 2870 (shoulder),_
and 1065 cm™!; n.m.r. (5, Me,SO-d;) 34 (H,0), 355 (s; -1H, H-2),-3.88 (d; 2H;
H-6,6', J 1.3 Hz), 3.98 (dd, 1H, H-3, J; 5 1.2, J5 4 4.5 Hz), 4.18 (m, 1H, width 6 Hz,
H-5), 5.3 (broad, 1H, OH), 5.29 (dd, 1H, H-4, J, s 3.7 Hz), and 5.37 (d, 1H, H-1).
A sample of the compound.reported*>~*7 as 12 had t.lc. (solvent 4) and gl.c.
(Carbowax 20M TPA) characteristics identical to those of 1, and mixed m. p w1th 1 ,
128-129° [1it.'*~*7 m.p. 130-131°, [a]p +86° (c 0.6; ethanol)]. S
2-0-Acetyl-1,4:3,6-dianhydro-a-D-glucopyranose (3). — Compound 1 (O 16 g)
was dissolved in pyridine (2 ml) and acetic anhydride (2 ml) and kept overnight
at room temperature, after which time t.l.c. indicated its complete convérsion'i into a
more-mobile product. After addition of methanol (5 ml), the solvent was evaporated
in vacuo at 50°, residual pyridine being removed by azeotropic distillation with toluene,
yielding monoacetate 3 as a thin, light-yellow syrup. Vacuum distillation (0.7 torr,
oil bath at 120°) yielded a colorless syrup [e]p +92° (¢ 1, chloroform) (Found:
C, 51.4; H, 5.2. CgH,,05 calc.: C, 51.6; H, 5.4%); mfe 186.(9%; M¥), 156 (3),
144 (2), 143 (12), 141 (2), 127 (1), 126 (1), 115 (5); 114 (9), 99 (2), 98 (17), 97 (7), and
69 (100%); n.m.r. (3, CDCl;) 5.56 (s, 1H, H-1), 5.21 (dd, 1H, J5,4 ~J, 5 ~4 Hz,
H-4), 4.60 (s, 1H, H-2), 4.27 (m, 2H H-3. 5) 4.06 (broad s, 2H, H-6 6’), and.2. 12 (s,
3H, OAc). :
Hydrolysis of 1,4:3 6—dzanhydra-a—D—glucopyranose (1) to 3 6-anhydro-D-glucose
— Compound 1 (0.153 g) in water (7 ml) was stirred with Dowex S50W-X8 cation-
exchange resin (H*, ~1 cm?) at 97°. After 4 h, t.l.c. indicated complete conversion
into a less-mobile product. The mixture -was -filtered, taken to- dryness,: ‘and the
residue was crystallized from 1:1 ethanol—ethyl acetate with hexane added to mclplent
turbidity, yielding 3,6-anhydro-p-glucose as white needles (0.125 g, 73 %)- Recrystal-
lized from the same solvent, it had: m.p:.120-121°, [a]y +50°%(c 0.9, water). [1it.2*,
m.p. 1227, [alp +55 °{e 2 9, water)] Thxs product dxd not depress the ‘m.p. of an
authentic. sample?2, : : e
~Pyrolysis of 1,4: 36—dzanhydro-a—D—qucopyrmose (1) ~,-—';A:; Melt pymes:s'
Samples (2. mg) ofa.1:9 dehenyl phosphate—l mlxture -were heated at. 200° for 1+ 5
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34 5—, 10-“'20- and 40-1mn penods The resxdu&e ‘were then dlssolved m water (0 15 ml)»f-
_and‘analyzed by t.lc. with' solvents ‘A and B Quahtatlvely 1dent1cal 'results were‘
’obtamed, whether the samples ‘were heatea in-open. aluml_ um: pan oi‘_, in caplllary;
_,tubes (elther sealed or open). Samples from 1~ and’5-min pyrolyses were: hydrolyzedj,
in 0.6M sulfuric acid for 3 b at 97°; neutrahze wlth,banum carbo _te,’ céntrifuged,
and the resulting’ solutlon was analyzed by t.l c. »Components were assigned as'1 or
3, 6—anhydro-D-glucose by companson of thexr RF values with those of authentlc
.-samples. ]

B. Direct pyrolyszs—g le. Crystallme samples of 1 (1—2 mg) were pyrolyzed in
1 5 X -10 mm capillary tubes i m a pyrolysis apparatus interfaced directly with the inlet .
. port of a gas chromatograph “In the experiments mvolvmg acid ‘catalysis, a small
glass—wool plug was placed in the open end of the capillary and coated with 1-2 ul of
857 phosphoric acid. The capillary was heated by a surrounding wire coil to 500°
in approximately- 10 sec, the temperature being monitored with a thermocouple. The
pyrolysis effluent was swept by the nitrogen carrier gas directly into the stainless-steel
glc. column [2m X 2.2 mm (i.d.)] packed with 3%, Silar 5CP on 80-100 mesh
Gas-Chrom Q, with injector at 255°, and column programmed from 100 to 250° at
10°/min. The eluted components were identified by comparison of their retennon
tlmes and g.l.c.-mass spectral characteristics with those of authentic samples.
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