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ABSTRACT 

The role of the maJor variables m the pyrolytic production of levoglucosenone 
from acid-treated cellulose and paper has been estabhshed Reduction, oxldatlon, 
acid- and base-catalyzed addltlon, acetolyas, and rearrangement reactlons of this 
product have been mvestlgated These reactlons proceed with conslderable stereo- 
selectlvlty to give a variety of novel compounds Nucleophlhc addition to the double 
bond provides a facile method for the synthesis of 4-thlo and other 4-substituted 
sugar derivatives 

INTRODUCTION 

The tremendous amount of mumclpal, and lndustrlal, solld waste In this 

country contains mainly containers, newsprint, wrappings, disposable items, and 
other materials produced from pulp and paper ’ This colossal waste challenges the 
ingenuity of carbohydrate chemists to find a better method for management of 
natural resources Development of the thermal, catalytic, and hydrocrackmg processes 
by petroleum chemrsts’ provides a lead for utlhzatlon of these and other wasted 
cellulosic materials 

This article mdlcates some of the technical posslblhtles for catalytic pyrolysis 
of celluloslc materials to levoglucosenone (1,6-anhydro-3,4-dldeoxy+-D-g&cero- 
hex-3-enopyranos-2-=ulose, l), which can be converted mto a vanety of potentially 
useful compounds Production of these compounds from 1 mvolves mterestmg 
reactions, mcludmg selective reduction, addition to the double bond and the carbonyl 
group, and rmg contractlon and openmg 

RE3JLTS AND DISCUSSION 

PJrolytrc productton of levogkosenone (1) - Pyrolysis of cellulose mvolves a 
complex series of concurrent and consecutive reactlons that provide a varxety of 
products dlscussed m previous reports from this laboratory3-” Among these 
products, levoglucosenone (1) and 1,4 3,6-dlanhydro-a-D-glucopyranose (2) are 
formed by a combmatlon of transglycosylatlon and dehydration reactlons of the 
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OH 

TABLE I 

PYROLYI-IC PRODUCTION OF LEVOGLUCOSENONE (I), 1.4 3,6-DIANHYDRO-CZ-D-GLUCOPYRAhOSE (2), AND 
LEVOGLUCOSAN (3) 

Substrate &PO4 Sample Oven Pressare Percent yreld from substrate 
(%) w erght temp (torr) 

i-g) (“C) Char Tar 1 2 3 

Efect of pressare 
Cellulose 15 1 

15 
1 
5 

Effect of oken temperatare 
1 1 

Efiect of acrd concentration 
05 1 
1 
5 

10 

Eflect of scale 
5 0005 
1 1 
I 10 
1 20 
1 50 

Productron from paper 
Kraft paper 17 05 

29 05 
56 05 

340 760 39 15 7 12 05 
15 42 14 4 07 45 

150 45 16 6 08 
15 44 5 17 02 

275 760 52 8 4 04 
300 47 11 7 06 
325 43 13 8 08 
350 42 14 7 06 
400 35 20 8 11 
425 32 19 6 11 

360 760 36 26 7 08 
38 20 8 08 
43 10 5 03 
45 9 25 01 

350 
350 

-370 
N 370 
N 370 

345 

760 - - II 1 - 
41 16 8 08 
35 14 22 10 
37 11 20 07 
38 10 20 08 

760 43 21 6 09 
45 15 6 07 
46 11 5 04 

D-glucosyl residues in cellulose, and are partly converted mto other products, or 
charred by ensuing reactIons - 6 In order to obtam optimal yxelds, it IS necessary 
to determme the condrtlons that promote the deslrable reactlons and mimmize 
degradation of the product 
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High yields of levoglucosan (I ,6-anhydro-p-D-glucopyranose, 3) are obtamed 
on vacuum pyrolysis at 300-500° m the absence of any catalyst’. Under these condt- 
ttons, transglycosylatton reacttons dominate over dehydration and fisston reacttons, 
and rapid evaporatton and removal of levoglucosan and other anhydro sugars hmtt 
thetr further converston mto ohgosacchandes, or decompositron to other volattle 
compounds and char However, the presence of an acid catalyst promotes the de- 
hydration and charrmg reactions that produce 1, other unsaturated compounds, 
and char, at the expense of 3 and related, transglycosylatton products” The effects 
of pressure, temperature, acid concentration, and the scale of productton, which are 
conceived as the prmctple variables m the productton of 1, have been mvesttgated 
and are summarized m Table I. 

These data indicate that better yteIds of 1 are obtained on acid-catalyzed 
pyrolysis at atmospheric pressure, m contrast to the production of 3, which IS en- 
hanced under vacuum The pressure, however, has little or no effect on the total 
amount of tar and char, so that the increased production of 1 under atmospheric 
condtttons 1s at the expense of 3 Moreover, tt is seen that mcreasmg the acid con- 
centration from 1 5 to 5% further decreases the yield of 1 on vacuum pyrolysis, 
and that the use of an intermediate vacuum (150 torr) 1s of no advantage Thus, the 
rest of the pyrolysis experiments were conducted at atmospheric pressure, which is 
preferred over vacuum for the productton of 1 

Increasing the oven temperature from 300 to 400” decreases the yreld of char 
and increases the yield of tar and of 2, but has little effect on the yield of 1, which 
is consistently wtthm the range of 7 to S o/0 Thus, tt appears that, at lgher tempera- 
tures, any increased synthesis of 1 IS offset by its mcreased degradation and converston 
mto char and other tar components The acid-catalyzed pyrolysis and evaporatton 
of the volatile products 1s highly endothermic Therefore, mcreased oven temperature, 
as noted before’ ‘, seems to increase the rate of heat transfer rather than the tempera- 
ture of the reacting substrate It was noted that the pyrolysis of small samples at 
temperatures above 300” was always complete withm 10 mm, therefore, the exact 
pyrolysts ttme was not determined 

It has already been shown 4 I1 that Arrhemus acids are preferable as catalysts, 
because such Lewis acids as zmc chloride could enhance further decomposmon and 
charring of levoglucosenone (1) In these experiments, phosphoric acid was used as 
a standard catalyst, because of its lower volatthty than that of sulfurtc acid or hydro- 
chlorlc actd Increasmg the phosphoric acid concentration from 0 5 to 10 oA by weight 
results m increased formatton of char and decreased yrelds of tar Better yields 
(7-8 %) of 1 are obtained with acid concentrattons of 0 5-l Ok, whereas pyrolysis m 
the presence of 10 oA of actd provides only a 2 5 ‘4 yield An intermediate concentra- 
tton of actd (N 5 %) was found to be advantageous, because of the high concentratton 
of 1 m the tar traction 

As noted before’**, heat transfer 1s an important factor m pyrolysrs experiments 
In prewous expenments4 using S-mg samples, - 11% yields of 1 were recorded by 
direct pyrolysts-g 1 c methods In this study, the yields obtained from l-g samples 
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TABLE II 

RELATIVE FROPORTIONS OF LEVOGLUCOSENONE (I), %FURALDEHYDE, 1,4 3,6-DIANHYDRO-Q-D-GLUCO- 
PYRAbOSE (2), AND s-(HYDROWhlEl-HYL)-2-FURALD EI-WDE (4) IN PYROLYSIS TARS 

Substratea ff3PO‘l C I c peak area ratlo r 

(%/ 1 2-Furaldehyde 2 4 

CeUuIose 
Kraft paper 
Newsprmt 

2 100 12 9 4 
20 100 23 7 4 
32 100 20b 8 3 

~Pyrolys~s of 0 5-g samples at 350” and 1 atm *Includes area for a mmor component mcompleteIy 
separated from 2-furaldehyde 

m a 1 5-cm diameter tube-furnace were -S%, and samples of 10-50 g m a 4 5-cm 
tube-furnace gave much iower ytelds, -2%. The Inverse relationship between the 
yield and sample size IS apparently due to the poor heat-transfer m the substrate, 
resulting m more pyrolysis at lower temperatures, where the charrmg reaction 
dominates 

These data mdlcate that high yields of levoglucosenone (1) could be obtained 
through the apphcation of fluidrzed-bed and other engineering technology for 
handling the problems of heat transfer. For the laboratory-scale preparation of 1, 
however, the stmphctty and low cost of batch operatton compensates for lower yreids 
The foregoing experiments with pure cellulose indicated the optimum pyrolytic 
condrttons, but, for both mdustrial and laboratory preparation, waste paper is the 
preferred substrate, because tt is readtly available and easily processed 

Paper products m genera1 contam some hemicelluloses, hgnm, and sizing and 
other additives, m addrtron to cellulose, whrch forms the bulk of the fibrous material 

G 1 c analysis of the pyrolyzates obtained from Kraft paper, newsprint, and pure 
cellulose (see Table II) showed only minor differences m the relative proporttons of 1 
and the minor products, 2 and S-(hydroxymethyl)-2-furaldehyde (4), m the tar 
There IS, however, an increased proportion of 2-furaldehyde in the tar from the paper 
substrates, which apparently originates from the hemrcellulose component of the 
paper. The pyrolyzate from white paper and newsprint contained a wax-like or oily 
substance that could have originated from the srzmg materials 

Despite the complexity of IQ-aft paper as a pyroIytic substrate, this material 
treated wrth 1 7-5 6 % of phosphoric acid gave 5-6x yields of 1. Based on these 
data, the followmg metGod, which constitutes an improvement over the prevrously 
described preparatron4, was developed for laboratory productron of 1 from waste 
paper (mcludmg newsprint, or Kraft or wlute paper) 

A large quantity of the substrate was readily prepared by soakmg shredded 
waste-paper m aqueous phosphonc acrd solutton and an-drying The desired concen- 
tration of acid in the substrate (determined by pH trtratron) was obtained by ad- 
lustmg the concentration of the aqueous acid Soaking of newspnnt m 1 y0 phosphorrc 
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acid gave a substrate contammg 3 2 % of phosphoric acid, this was pyrolyzed m 20-g 

batches. Extractron of a chloroform solution of the accumulated pyrolyzate with 
aqueous sodmm hydrogencarbonate removed acldlc and water-soluble lmpurmes 
which were found to cause degradation of 1 m an attempted, direct dlstllIatlon of 
the tar The largely hydrocarbon component, which IS presumably derrved from the 
slzmg m the paper, was found to co-dlstll with 1 Therefore, the extracted pyroiyzate 
was dissolved m methanol-water, and the lmpunty was removed by preclpltatlon 

(product from white paper) or by extraction with hght petroleum ether (product 
from newspnnt) FractIonal, vacuum dlstdlatlon of the rest gave complete separation 

of 1 from 2-furaldehyde, thereby avoldm g the use of dlmedone to remove aldehydlc 
rmpurltles by preclpltatlon4 

The levoglucosenone fraction, obtamed m - 2 % yield from waste paper, was 
-90-95 % pure, and contamed 2-fury1 hydroxymethyl ketone (5) as the major 
lmpurlty This product was sultable for most synthetxc preparations, although further 

purification was achieved by column chromatography, which provided 5as a crystallme 
compound m 0 02 oA yield Compound 5 has prevlousIy been found m pyrolyzates 

from untreated cellulose”, and IS known as a product of the acid-catalyzed degrada- 
tron of hexoses In aqueous solution’3 

Acid- aud base-catalyzed reactlolzs of ler~oglrrcoseuorre (1) - There are three 
reactive functIona groups m 1 the carbon-carbon double bond, the ketone group, 
and the glycosldlc anhydro lmkage Each of these groups can react selectively, 

dependmg on the condltlons employed 

When 1 was heated m aqueous mmeral acid, 5-(hydroxymethyl)-2-furaldehyde 
(4) was produced The antlclpated hydrolysis of the 1,6-anhydro hnkage m 1 to give 
3,4-dideoxy-D-g1_J,cero-hex-3-enopyranos-2-ulose (6) accounts for the appearance of 

4, as 6 has been shown’” to be an mtermedlate m the acrd-catalyzed dehydration 

of hexoses to 4 The reactlon gave an apparent “mtermedlate” compound that 
was detected by t 1 c as a green spot, and heatmg of 1 m aqueous acetlc acid gave the 
same compound as the sole product, m equdlbrmm with 1 This compound was 

Isolated m 77 o/0 yield, and was shown to be 1,6-anhydro-3-deoxy-/?-D-eryrizt-o-hexo- 
pyranos-Zulose (7), produced by addltlon of water to the double bond, instead of 

hydrolysis of the anhydro hnkage 
Compound 7 was readdy separated from unreacted 1 by extractIon of the 

latter into chloroform The high solubdrty of 7 in water IS due to hydration of the 

ketone group to form the gerzz-dlol 12, as demonstrated by n m r spectroscopy On 
gradual addrtron of D,O to a soIutlon of 7 m (CD&CO, the resonances for 7 were 
gradually replaced by those of 12 (see Table III) In D,O solution, 12 and 7 formed 

an -5 1 equrhbrrum mixture, as estimated from the ratio of their H-l smglets 
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6 

H,C-0 

0 

- Iti’ 

RO 

X 

7X=OH 

8X=H 

9 X = OMe 

10X = SPh 

11 x = S (re ,sulflde) 

dR 

12 X = 0H.R = H 

13X=OMe.R = H 

14X=OMe,R = Me 

Hydration of 7 1s also reflected m the marked difference between the specific rotation 
of a carefully dried sample m chloroform (-255 “) and m aqueous solution (- 143 “) 
Compound 8, the Cdeoxy analog of 7, also forms a hydrate15, and it has a much 
larger, negative specific rotation m aprotic solvents than m water Hydrogen bonding 
between the 2-hydroxyl groups and the two ring-oxygen atoms has been postulated 
as the reason for the facile hydration of the 1,6-anhydro-hexos-2-ulose structure 

The structure of 7, m particular the stereochemlstry at C-4, was confirmed by 
reduction with sodium borohydnde, which yielded 1,6-anhydro-3-deoxy-/3-D-a, abzzzo- 

hexopyranose (15) as the maJor product, characterized as Its known dlacetate (16) 
and dlbenzoate (17) A small proportion of the D-z-zbo Isomer 18 was also produced 
m the reduction Chromatographlc fractionation of the crude, acetylated, reduction 
product ylelded the crystalline, isomeric D-arabzno and D-rzbo dlacetates 16 and 19, 
m 7 1 and 15 % yield, respectively 

Attempts to benzoylate the 4-hydroxyl group of 7 with benzoyl chloride III 
pyndme resulted in sequential enohzatlon and benzoylatlon of the 2-ketone group, 
yielding 1,6-anhydro-2,4-dl-0-benzoyl-3-deoxy-B_D (20) 
This compound was characterized by elemental analysis, and its n m r spectrum, 
which revealed resonances for two benzoate groups, and an olefimc proton (H-3) 
havmg long-range couphng to H-l and H-5. 

Acid-catalyzed addltlon of methanol to the 3,4 double bond m 1 by use of 
methanohc hydrogen chloride mltlally produced the 4-0-methyl-2-ulose 9, which 
was rapidly converted mto its dlmethyl acetal (14) m almost quantitative yield The 
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/ 
15R = H 

16 R = AC 
7 

\ 
17 R = 82 

+ 

Rcj 

18 R = H 

19 R = AC 

20 

mass-spectral fragmentatron-pattern of 14 appeared to be very slmriar to those 
reported for other permeG,lated, anhydro sugars’ 6_ There was no molecular ion, 
but fragment ions formed from It by the loss of CH, , CHsO , CH,OH, and HCOO 
were present 

EIydroIysis of 14 under acrdic conditions regenerated 9, which was Isolated 
m 56% yield by chromatographrc fractionation, along wrth unchanged 14 (20x), 
and 1 (3 ‘A) The 4-O-methyl-2-ulose 9 dtsplayed properties srmrlar to those of its 
4-hydroxy analog 7 It had a much higher specific rotatron m chloroform (--214O, 
carefully dried sample) than m water (- 130 “), and n m r spectroscopy (see Table 
III) showed that, in DzO solution, it formed an - 5 1 equrhbrmm mixture of hydrate 
13 and 9. 

The 1,Qanhydro rmg of 1 was cieaved under acetolyzmg condrtrons usmg 
boron trrfluorrde diethyl etherate as the catalyst, this reaction gave the dracetate 21 
as the maJor product Anomerrc tetraacetates 22 and 23 were formed m Iesser pro- 
portions by further acetylatron of the enone function Fractronatron of the reaction 
mixture by hqurd chromatography gave small quantitres of 21 and a mixture of 
22 and 23 Presence of the enone functron m 21 was confirmed by characterlstrc u v 

(1 IIILX 223 nm, .smhf - 10 00) and I r (1707 and 1635 cm-‘) spectral data The small 
value of J4 5 (- 1 5 Hz) m the n m r spectrum of 21 mdrcated the a stereochemrstry 
at C-l, because studies with related hex-3-enopyranos-2-uloses’7, have shown that 

CH,OAc 

Q 

CH,OAc 

0 0 

‘I- + 

OAc 

0 
e 

OAc 

AcO 
OAc 

21 22 tco + 23 ‘p’ 
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J4,s IS charactensttcaily smaller for c( anomers (~2 Hz) than for p anomers (~3 O- 
3 5 Hz), as they adopt drfferent conformatrons The p anomer of 21 could not be 
detected by n m r spectroscopy, although at least a small proportion of It would 
be expected m the reaction product 

Addmon reactions of the 3,4 double bond m 1 were also catalyzed by base 
In the presence of a small proportron of tnethylamme, 7 and 9 were the sole products 
from the reactron of 1 m water, and anhydrous methanol, respectively Interestmgly, 
base-catalyzed addmon of methanol proceeded faster m aqueous than m dry methanol, 
without competttlve addition of water, demonstratlog the greater methoxlde nucleo- 
phlhclty of this system 

Sulfur nucleophrles also add to 1 under basic condltror= Renzenethlol m 
chloroform contammg tnethylamme reacted rapidly with 1, to yreld th% crystallme 
4-S-phenyl compound 10, Isolated m 85 % yield In an attempt to prepare the parent 
Cthro sugar, hydrogen sulfide was passed mto a solutron of 1 and tnethylamme m 
chloroform The mam product was, however, the symmetrical sulfide 11 (contammg 
two sugar uruts), which crystalhzed duectly from the reaction mixture m 42% yrcld 
Evrdently, the 4-thro sugar mmally produced adds rapidly to another umt of 1 to 
yreld 11 

As expected for nucleophrhc addition to the carbonyl group of an 1,jGun- 
saturated ketone, regrospecllic attack occurs at the p-carbon atom In addrtron, the 
1,6-anhydro bridge must provrde sufficrent stenc hindrance that reagents tend to 
approach from “below” the plane of the pyranose ring, to produce 3-deoxy-CC- 
substituted compounds having the D-erythr o configuration Adducts having the 
alternative, D-three configuration were not detected 

Redrtctron of ievoglrtcosenone (1) - It has already been shown that the double 
bond and ketone group of Ievogiucosenone can be reduced selectrveiyS I8 I9 Re- 
duction of the ketone group with sodmm borohydrrde (NaBH,) or hthmm alummum 
hydride (LrAIH,) gives the allyhc alcohol 24 as the maJor product In a prevrous 
study made m this Iaboratory, thrs compound was obtained as a syrup by reduction 
of 1 with LrA1H4 and was assigned the o-erJy?/zro configuration, based on the absence 
of spm-spin couphng between H-l and H-2 m the n m r spectrum In this study, the 
major product from the reduction of 1, both with LIAIH, and with NaBHA, was 
Isolated as a crystaihne compound that gave the couphng constants 1, 2 N J1 3 = 

“J2.3 = -2 Hz reported” 2o for the D-the0 Isomer 24 Thts product gave a 3,5- 
dnutrobenzoyl derivative (25) that was the same as that prevrously obtained m this 
laboratory, and Its structure was confirmed by sequential hydrolyses and reduction, 
wnh NaBH,, provldmg the known’l crystalline compound (Z)-3,4-dideoxy-D-t/n eo- 
hex-3-enltoi (31) The D-erythro compound 27 was synthesized from Its isomer 24 
as discussed later 

Reduction of 1 wrth NaBH, also produced small proportions of the D-erythro 

allyllc alcohol 27, the saturated D-three alcohol 29, and an umdentrfied component 
(posably the D-erythro Isomer of 29) Reduction of ConJugated ketones frequently 
leads to saturated alcohol product? 23, evidently through 1,4- followed by 1,2- 
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TABLE IV 

PRODUCT FROM REDUCI-ION OF LEVOGLUCOSEKONE (1) 

Redcmng 
agent 

Solvent Relatwe, g I c peak-areas ( %) a 

24 27 29 Unrdentrfied 

NaBHa 

LAlHG 

Hz0 
1 1 EtOH-HCO 
EtOH 
Et%0 

95 
84 
67 
87 

2 
4 
4 
4 

3 
11 
26 

1 

trace 
1 
3 
trace 

=Retentlon times 17 8 (24), 20 7 (27), 20 3 (29), and 19 0 mm (umdentlfied, possibly the C-2 eplmer 
of 29) *Product mixture contams an addItIona component, at 13 1 mm (8 “/o) 

reductton of the enone functton, thus mechamsm also accounts for the productron 
of 29 The results summanzed m Table IV show the mfluence of solvent on the course 
of these reacttons In water. 1,2-reductton predommated, and 24 was formed m 95 % 
yreld In aqueous ethanol, l,&eductton became more competrtrve, and, m absolute 
ethanol, a 2 5 - I ratro of 24 to 29 was obtained Such a solvent effect does not appear 
to have been observed before. Thus, for production of 24 from 1, reductton wtth 
NaBH, in water 1s preferred, whereas reductton m ethanol gtves the hrghest yreld 
of 29 as the secondary product Reductron wrth LIAIHQ provrdes, m addrtron to 
smaII proportions of 27 and 29, another compound, m N 8 ‘/., yteld, that, as reported 
prevrousIy4, does not form a trimethylsrlyl denvatrve, mdrcatmg the absence of a 
hydroxyl group. 

The use of pyndme or brs(2-methoxyethyl) ether as the solvent m the reduction 
of enones with NaBH4 has been reportedZ3 to favor 1 ,Preductlon Therefore, 
attempts were mlde to emplcy these condittons for the productron of 29 from 1 
Although low yields of 24 and 29 were obtamed, the maJonty of 1 was converted 
mto an unidentified mixture of water-soluble products, this approach was therefore 
abandoned m favor of chromatographrc fracttonatron of the product formed by 
reductron of 1 wrth NaBHa m aqueous ethanol, whrch yrelded a syrupy mrxture 
(N 15 1) of 29 and the umdentlfied component (see Table IV) Thus mixture provided 
a crystalline 3,5-dmltrobenzoate (30), Identical with a compound prepared previously4 
from 1 through hydrogenation over Pd-BaSO, followed by reductron wrth LrAlH, 
(1+8429), or vzce versa (l-+24+29) The latter reactton determmed that the stereo- 
chemrstry of 29 IS D-three, as m the allylrc alcohol 24, not D-erytjzro 

Reductron of the ketone groups of 1, 7, and 8 1s SubJect to a stereochemrcal 
control srmtlar to that observed for addmon to the double bond m 1 The 1,Qanhydro 
bridge hmders the approach of reagents from “above” the plane of the pyranose nng, 
consequently, D-erythro compounds are formed m addrtron reactions, and D-t!Zreo 
compounds are favored m the reduction 

Reactions of tlze allylzc alcohol derivatzve (24) - A syntheses of the D-etJh-0 

allyhc alcohol 27 was undertaken so that Its presence m the reductron products of 1 
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Hz’=-0 

0 
l- d RO 

+ H@ + b@ 

RO 
24 R = H 27 R = H 29 R = H 

25 R = 3.5-dmtrobenzoyl 28 Fi = BZ 30 R = 3,5- 

26R = Ts dlnltrobenzoyl 

CH OH I 2 

could be confirmed The simplest route appeared to be mversron of the stereochemrstry 
at C-2 of 24, mvolvmg tosylatron (to grve 26), displacement of the tosyloxy group 
by using sodrum benzoate m N,N-drmethyiformamrde (to give 28), and debenzoylatron 
of 28 to afford 27 This approach gave a reactron mixture which, on separatron by 
column chromatography, gave the expected product 27 m 24% yreld, aiong wrth 
the known compound 1,6-anhydro-2,3-dldeoxy-8_D-e~~~~z~~-hex-2-enopyranose (32, 
22 o/0 yreld) and a low-meltmg, crystalline aldehyde considered to be (SS)4,5:drhydro- 
5-(hydroxymethyl)-2-furaldehyde (34, 10% yield) The structure of 34 was assrgned 
on the basis of Its n m r spectrum, whrch mcluded a singlet for an aldehydlc proton 
(S 9 13), and a tnplet for a vmyhc proton (S 5 87) coupled to an adlacent methylene 
group, and Its u v (A,,, 257 nm, E,,,*~ 8 40) and 1 r (v,,, 1690 and 1640 cm-‘) data, 
whrch Indicated an c&unsaturated aldehyde 

Productron of 32 instead of Its C-4 eprmer indicated that 26 reacts partly by 
drssocratron to an allyhc carbomum ion, whrch 1s attacked, at either C-2 or C-4, 
by benzoate amon, from the side unhindered by the anhydro bridge 

To determine the orrgm of 34, the displacement reaction was repeated, and the 
products were subjected to chromatographrc fractionation prror to debenzoylatron 
In addrtron to the expected benzoate 33, (lR)-2-(benzoyloxy)-3&droxabrcyclo- 
[3 2 l]oct-6-ene (35) was isolated as a crystalhne material, and characterized by 
elemental analysis and n m r spectroscopy Compound 35 1s evidently a rmg-con- 
traction product, formed as shown by the proposed mechamsm Srmrlar rmg-con- 
tractions have been observed m the deammatron of 2-ammo-2-deoxy-pyranosrdes 
where the nag-oxygen atom and the leaving groups are antrperrplanar’“, as IS the 
case m 26 The small values J1 ,z - 1, J4,5 -2, and J, 5 -c 1 Hz m the n m r spectrum 
of 35 are consistent wrth adoption of a chair conformatron by the droxane ring, but 
do not allow defimte assrgnment of the stereochemistry at C-2 

Conversron of 35 mto 34 m methanol contammg a catalytrc amount of sodmm 
methoxrde mdrcated the mecharusm for productron of the unusual compound 34 



180 F SHAFIZADEH,R H.FURNEAUX,T T.STEvENSON 

CH20H 

26 - 'q + .' + bCHo 

RO 

27R = H 32R= H 34 

28 R = BZ 33 R = BZ 

- [ =&CHO] - 34 

6 7 

26 35 36 

37a 37 b 

This mechamsm mvolves conventronal debenzoylatron to produce the correspondmg 
brcychc hemracetal, whrch IS converted mto the UnCOuJUgated aldehyde 36, this 1s 
tsomerized under the basrc condntons to the ConJugated aldehyde %I 

O_wYatron of lewglucosetzorze (1). - Treatment of 1 (C,H,O,) wrth m-chloro- 
peroxybenzorc acrd m drchloromethane yrelded the syrupy oxrdatton product 37 

(C,H,O,) m 37% yreld Such reactron condrtions can, m prmctple, result e&her m 
Baeyer-Vdhger oxidatron, where an oxygen atom 1s inserted on either side of the 

ketone group, or m epoxrdatron of the double bond 25. The presence of vmyhc protons 
(S 6 34 and 7 15) m the n m r. spectrum of 37 shows that epoxrdatron had not occurred 
The alternattve structures for 37 are thus the enol-lactone 37a and the a&unsaturated 
lactone 37b Most frequently, such oxrdatron reactions have led to enol-lactones as 

the primary products25 
At thus stage, rt 1s not posstble to drfferentrate between the two alternatives 

onthebazrsofnmr-,~r-, and u V.-spectral data, because of the unusual conforma- 
trons available for thus unsaturated, trroxabrcyclo[4 2 llnonane system The H-l 

singlet (6 8 17) m the n m r spectrum of 37 IS surprrsmgly deshrelded relatrve to the 
C-2 protons m the model compounds 2-(methoxycarbonyl)-1,Zdroxolane (S 5 22)26 
and 2-acetoxy-I,3-dtoxolane (S 6 80) ” The u v - and 1 r -spectral maxima of the 

ConJugatedlactone 37b mtght bepredxtedto occuratwavelengthslongerthanthose 

of 37a However, inspection of molecular models showed that the enone functron 

In 37b cannot attam planarity, and, hence, coqugatlon would be restncted 
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The aforementioned, blcychc, seven-membered-rmg lactone, and the other 
anhydro, deoxy, keto, thro, unsaturated, and furan compounds drscussed m thus 
artrcle, mdrcate the wade range of mterestmg, and potentrally useful chemrcal com- 
pounds that could be produced through catalytrc pyrolysrs of paper products whrch 
constrtute the maJor component of mdustrral and mumclpal sohd waste m thus 
country 

EXPERIMENTAL 

General metlrods - The following solvents were used for chromatography 
A, 3 2 dichioroethane-ethyl acetate, B, 8 2 1 dtchloroethane-ethyl acetate-methanol, 
C, D, E, and F, 1 4, 1 3, 1 2, and 1 1 ethyl acetate-hght petroleum ether, G and I+, 
1 1 and 1 2 tetrahydrofuran-hght petroleum ether, I, 1 3 tetrahydrofuran-2,2,4- 
tnmethylpentane, and J, 5 4 1 acetone-ethyl acetate-water Acetomtrrle (l-2%) 
was added to solvents used for column chromatography T 1 c was performed on 
Baker-flex srhca gel IB2-F, carbohydrates were detected by usmg a 3 5 95 amsal- 
dehyde-sulfurrc acrd-ethanol spray-reagent and heatmg at 120” N m r spectra 
were recorded wrth a Varran EM 360 60-MHz Instrument wrth tetramethylsrlane or 
sodium 2,2-dtmethyl-2-sllapentaned-sulfonate as the Internal standard, and were 
interpreted with the aid of spin-spin decouplmg experiments Pyrolysrs and g 1 c 
analysis of the tarry products was conducted as prevrously described’ Other g 1 c 
analyses were performed on a mckel column 12 m x 2 2 mm (1 d )] packed with 
5% of Carbowax 20M (TPA) on 80-100 mesh Gas-Chrom Q Unless otherwise 
noted, optrcal rotations were measured m chloroform and wrthm the concentratron 
range of 0 4-I 8 g/l00 ml of solutron 

Acrd-subsr, ate mr 1 twes - For analytrcal studres of pyrolysrs, cellulosrc 
substrates contammg known proportrons of phosphorrc acrd were prepared as a 
slurry m methanol, and the solvent was evaporated III tacuo at 50” Paper samples 
were first ground to t20 mesh m a Wrley ml11 For preparatrve pyrolysrs, paper was 
shredded mto 0 5-cm strips, and soaked m an aqueous solution of phosphorrc acrd 
The paper was then squeezed to remove the excess of the solutron, and spread out 

to au-dry 
The concentratron of phosphoric acrd remammg m the paper could be deter- 

mined by pH trtratron A convement procedure mvolved grmdmg of acid-treated 
paper m a Wiley mrll, suspendmg 1 5 to 3 g of the ground sample m 0 5er sodium 
chlonde (50 ml), and trtratmg with 0 05&r sodmm hydroxide Because a portton of 
the base was neutrahzed by acrdrc residues m the polymer (e g , glucuromc acrd 

groups), rt was necessary to correct the trtratron figures with blank values determined 
for a Wiley-milled sample of the untreated paper The method was checked by usmg 
known mrxtures of paper and phosphorrc acrd, and the second end-point was found 

to gave reliable values for concentration of acid (lrmlts of error, +5 %), whereas 
the first end-pomt was often somewhat high The use of aqueous phosphorrc acid 
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solutrons havmg concentratrons of 1.0, 0 27, and 0 13 y0 was thus shown to provide 
newsprint samples containing 3 2, 1 0, and 0 5% of acid, respectively 

Laborator)-scale preparatzon of Ievoglucosenone (1) - Shredded newsprmt 
containing -3 2% of phosphorrc acid was pyrolyzed in 20-g batches m alummum 
boats (4 x 13 cm) msrde a Pyrex-glass tube (4.5 cm, 1-d ) prehested to 360-385” 
by a tube furnace (30 cm long) and swept by a mtrogen flow of 800 ml mm-’ Each 
pyrolysts was complete wrthm -20 mm The tarry products were collected m a water- 
cooled condenser, and were allowed to accumulate durmg 15-20 runs The crude 
pyrolyzate was then partrttoned between chloroform and aqueous sodmm hydrogen- 
carbonate solutton, wrth considerable evolutton of carbon droxtde The orgamc 
phase was evaporated, and the residue parttttoned between hght petroleum ether 
and 4 1 methanol-water The aqueous alcoholic phase yrelded a dark syrup (3-5 % 
of 1, by werght) which was dtstllled at 0 7 torr Early fractions, b p 30-50”, contained 
largely 2-furaldehyde and a varrety of mmor products, and a hght-yellow syrup having 
b p 68-72” contained 1 (-2 % yreld, > 90 % purity based on g 1 c analysts) The 
restdue contamed mostly polymeric material, together with I,4 3,6-dtanhydro-a-D- 
glucose (2) and 5-(hydroxymethyl)-2-furaldehyde (4) Redrsttllatton of 1 gave a 
product ctintammg - 5-10% of impurity as judged by n m r and g 1 c evidence, 
and havmg [aID -490”, and I~~~E’oH 218 nm (.e,*r 7 90) Levoglucosenone (l), 
[& -530”, contammg neghgtble rmpurttles (n m r , t 1 c , and g 1 c evidence), was 
obtained by the chromatographrc fractronatton descrrbed next, and was used as the 
starting material for the synthettc experiments Samples of 1 prepared prevrously by 
pyrolyttc methods4 ” had [aID -460 and -458 O, and 2.FzEtoH 218 nm (.smhr 7_60), 

whereas 1 obtained by chemical syntheses” had [a&, -518 0 The solvent fracttona- 
trons and vacuum drstrllatron used m the foregomg procedure were shown (by t 1 c 
and g 1 c analysts) to result m httle loss of 1 

The light petroleum ether extract of the methanol-water solution of the 
pyroIyzate from newsprmt yielded a dark 011 whrch was shown by n m r. (CDCl,) 

to contain mainly saturated hydrocarbon residues showmg resonances centered at 
6 0 90 and 1 27 When white paper was used as the substrate for acid-catalyzed 
pyrolysis, the hydrocarbon by-product precipitated from the methanol-water solutton 
of the pyrolyzate as a waxy solid having a smgle n m r absorption, at 6 1 30 

~-FM yl /zyi.ro~~mrthyZ ketone (5) - T I c (solvent A) of crude distillate 
prepared as just described indicated the presence of a mrsleadmgly Intense, u v - 
detectable, component (RF 0 45, red-brown, then blue) m addttton to 1 (RF 0 52, 

greenish-black) Chromatographtc fractronatron of drstllled levoglucosenone (25 g) 

on a column of srhca gel eluted with solvent E yrelded thus minor component (5) 
as a syrup that crystallized spontaneously Recrystalhzatton from ether-hght petro- 
leum ether at -20” provided needles (0 25 g, lx), m p 80-81 o [ht l3 m p 80-81 “I_ 
The n m r , u v _ and mass spectral charactensttcs of thrs product were rdenttcal 
to those prevrously reportedL3 29 for 5 

Anal Calc for C,H,O, C, 57 1, H, 4 8 Found C, 56 9, H, 4 7 
G 1 c analyses of 5 on Carbowax 20M (TPA), Solar 5CP, and ECNSS-M 
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packmgs m mckel tubmg all resulted m poor peak-shapes, mdlcatmg the relative 
mstablhty of 5 under g 1 c condltlons Moreover, the presence of 5 m the crude 
levoglucosenone could not be detected, even under conditions where the retention 
times of 5 and 1 were different 

H~&ol~~rs oflevogl~cosenorze (1) - A solution of 1 (0 51 g) m 0 5~ hydro- 
chlorlc acid (50 ml) was heated m a bollmg-water bath, and the reaction was mom- 
tored by t 1 c (solvent B) Durmg the first few minutes, 1 (RF 0 70) was partly 
converted mto a less mobile component (RF 0 40, green) with the same moblhty as 
7 (see later) These two components were then gradually replaced by a third com- 
ponent (RF 0 50, blue) The reaction was complete within 2 5 h, the solution was then 
dark yellow, and a tarry material had precipitated The solution was made neutral 
with a basic resin, and evaporated to dryness, and the residue was purified by chro- 
matography on a column of slhca gel eluted with solvent D 5-(Hydroxymethyl)-2- 
furaldehyde (4) was thus obtained as a hght-yellow syrup (0 08 g, !6%) that had the 
same t I c and n m r - and I r -spectral characteristics as an authentic sample 

I,6-Anhydj o-3-deo_\p/3-D-erythro-he_xopyranos-2-ulose (7) - (a) Acid-catalyzed 
/zldratzorz of levoglrtcosetrone (1) A mixture of 1 (0 70 2) and 2 Ohf aqueous acetlc 
acid (3 ml) was heated m a bollmg-water bath for 4 h, with swlrhng, the mixture 
became homogeneous within a few minutes The solution was kept overmght at 
room temperature, and the acetic acid was then removed by azeotroplc dlstlllatlon 
with four portions of water under dlmmished pressure, and, finally, evaporation at 
50”/1 tour The yellow, syrupy product was then partitioned between water and 
dlchloromethane The organic phase ylelded a light-yellow syrup (0 OS g) contammg 
mostly unreacted levoglucosenone (l), and the aqueous phase gave compound 7 as a 
light-yellow syrup (0 6 1 g, 77 %), single component m t 1 c (green, RF 0 40, solvent B) 
Purlficatlon by chromatography on slhca gel eluted with solvents varied from D to E 
gave a colorless syrup (0 48 g) which, after careful drying at 50”/1 torr, had [cL]~ 
-255” (chloroform), [cz]~ -143” (water) {ht 3o [a],, -217” (chloroform)), 1::: 
3430 (OH), 2975, 2900, 1735 (C=O), 1485, 1405, 1245, 1115, 1055, 1010, 965, 910. 
870, and 780 cm-‘. m/e 145 (0 S%, M + l), 144 (1 8, M+), 126 (5, M - HzO), 
116 (26, M - CO), !Ol (8), 99 (9), 98 (25), 97 (S), 96 (6), 95 (7), 85 (9), 73 (S), 72 (8), 
71 (15), 70 (38). 69 (16), 58 (9), 57 (52), 56 (19), 55 (19), 53 (S), and 43 (100%) 
The n m r spectrum of 7 m CDCl, was in agreement with that previously reported3’ 

Anal Calc for C,H*O, C, 50 0, H, 5 6 Found C, 50 2, H, 5 7 
(b) Base-catallied hydration of levoglmosenone (1) Trlethylamme (0 1 ml) 

was added to a solution of 1 (0 10 g) m water (10 ml), and the solution was kept 
for 1 h at room temperature, t 1 c then mdlcated complete converslon of 1 into a 
less-mobde, carbohydrate product Evaporation of the solvent UI vacrto yielded 7 
as a yellow syrup (0 10 g, 93 ‘%) that had the same 1 r spectrum and t 1 c charac- 
teristics as the product from (a) 

Redztctrorz of 7 - Compound 7 (0 35 g) was reduced with sodium borohydrlde 
m water as previously described”, to yield a yellow syrup (0 33 g) shown by t 1 c 
(solvent A) to contam a major (RF 0 04,15) and a mmor (RF 0 09, 18) component 
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The maJor component was characterrzed as Its acetyl and benzoyl denvatrves. Half 
of the syrup was acetylated wrth acetrc anhydnde-pyrrdme m the usual way” 2,4-DI- 
O-acetyl-l,6-anhydro-3-deoxy-j3-D-arabIno-hexopyranose (16) crystalhzed from drethyl 
ether at -20°, and was recrystalhzed from 95 ok ethanol as white needles, m p 
100-101 O, [aID -136” {ht 31 32 m p 99 5-lOlo and 99-lOl”, [aID -139” and 
-140’; lit 33 m p_ loo”, [aID +(3)139O), n m r. data (CD&) 6 1 9-2 2 (m, 8, 2 
OAc and H-3,3’), 3 9 (m, 2, H-6,6’), 4 65 ( m, I, H-5), 4 8-5 I5 (m, 2, H-2,4), and 
5 50 (s, broad, 1, H-l) 

Anal Calc. for C10Hr406 C, 52 2, H, 6 1 Found C, 52 1, H, 6 1 
The other half of the reductron product was benzoylated wrth benzoyl chlorrde- 

pyrrdme m the usual way” 1,6-Anhydro-2,4-dr-O-benzoyl-3-deoxy-~-D-arabziro- 
hexopyranose (17) crystallized upon evaporatron of the solvent, and was recrystallized 
from 95% ethanol as white needles, m p 120 5-121”, [a] -204” {lit 31 m p 120- 
121 So, [aID -204”); n m r data (CDCl,) 6 2 2-2 5 (m, 2, H-3,3’), 3 8-4 2 (m, 
2, H-6,6’), 4 8 (m, 1, H-5), 5 2-5 6 (m, 2, H-2,4), 5 72 (s, broad, 1, H-l), 7 5-7 7 
(m, 6, m- and p-benzoate), and 8 1-8 35 (m, 4, o-benzoate) 

Azzal Calc for CZOH1s06 C, 67 8, H, 5 1 Found C, 67.9, H, 5 2 
To determme the stereospecrfictty of the reductron reactron, compound 7 

(0 10 g) was reduced and the product acetylated as already described,, to yield a 
colorless or1 (0 15 g) shown by t 1 c (solvent A) to contam a maJor (RF 0 50) and a 
mmor (RF 0 44) component The two components were separated on a column of 
srhca gel, eluted with solvent C, both crystallized upon removal of the solvent The 
maJor component (0 11 g, 71 OX,) was shown to be 16 by mixed melting point, the 
minor component (0 22 g, 14%) was recrystalhzed from drethyl ether-hght petroleum 
ether, and found to be 2,4-dr-O-acetyl-l,6-anhydro-3-deoxy-j’?-D-rrbo-hexopyranose 
(19), m p 118-l 19”, [aID -74” (In 31 32 m p 114-l 16”, [a],, -74”) 

1,6-A1zlz~d1 o-2,4-dz-O-be~zzo~I-3-deo_~~~-~-D-erythro-he~-2-enop~~t atzose (20) - 
Compound 7 (0 102 g) was drssolved m pyrrdme (1 ml), and benzoyl chloride (1 ml) 
was added After 4 h at room temperature, the mixture was processed m the usual 
waylo, to yield a yellow syrup which was shown by t 1 c (solvent E) to contain 
largely a single carbohydrate component Chromatographtc fractronatron on a column 
of srhca gel eluted wrth solvent E yielded 20 as 2 colorless syrup (65 mg, 26 %), [a] D 

- f50” (c 0 2), n m r data (CDCl,) 6 8 O-S 3 (m, 4, o-benzoate), 7 3-7 7 (m, 6, 
JIZ- and p-benzoate), 5 93 (dt, 1, H-3, J1 3 - 1 5, J3 4 -5, J3 s - 1 5 Hz), 5 70 (d, I, 

H-l), 5 32 (dd, 1, H-4, J4 5 - 1 Hz), 4 93 (dm, 1, H-5), 4 07 (dd, 1, H-6,,, J, 6_, 

-6, Jbendo,bexo - 8 Hz), and 3 73 (dd, 1, H-6,,d,, J, 6endo - 2 Hz) 
Anal Calc for C,,H,,06 C, 68 2, H, 4 6 Found C, 68 1; H, 4 7 
I,6-AJzlz~dro-4-O-inetlzyl-B-D-erthro-/zeuopyraJzos- 2-zdose dzmetlzyl acetal (14) 

- Levoglucosenone (1,O 37 g) was drssolved m methanohc hydrogen chlorrde (7 ml, 
3 %) The reaction was momtored by t 1 c (solvent A), 1 (Rf 0 52) was converted, 
by way of an Intermediate component (RF 0 43), mto a single product (RF 0 20) 
wrthm 4 h at room temperature The mixture was made neutral wrth sohd sodmm 
hydrogencarbonate, and partitioned between chloroform and water The orgamc 
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phase was washed with water, and evaporated to a yellow syrup (0 46 g, 100x), 
[a]n -78 “, shown by g 1 c (programmed from 70 to 340” at 6”/mm) to be a 49 1 
mixture of compound 14 and a mmor product (retention times 21 4 and 22 2 mm, 
respectively) Dlstdlattlon of this syrup at lOO’/O 2 torr yielded a colorless syrup, 

C& --85”, which had no I r absorption m the 2000-1550-cm-1 region Chromato- 
graphic fractionation of this dlstdlate on silica gel removed a small, less-moblle 
component, and redlstlllatlon gave pure 14, [r~]n -S6”, m/e 189 (M - CH,, I%), 
173 (M - CH,O, 13), 172 (M - CH,OH, 6), 159 (M - HCOO, 15), 145 (3), 
143 (5), 141 (3), 131 (25), 129 (25), 127 (M - HCOO - CH,OH, 29), 117 (6), 
113 (6), 111 (20), 103 (4), 101 (14), 98 (S), 97 (7), 96 (S), 95 (5), 89 (8), 88 (M - 
HCOO - CH, CHCHOCH,, IOO), 87 (5), 85 (6), 81 (lo), 75 (II), 71 (39), 58 (19), 
and 43 (27 %) 

Anal Calc for C9H1605 C, 52 9, H, 7 9 Found C, 52 7, H, 7 7 
I,6-Anb_vdt o-3-deo ~~~-4-O-metfzyl-~-D-erythro-he~op_vrattos-2-ltlose (9) - (a) 

Hydrolvsrs of dnnetbyi acetal 14 Compound 14 (1 0 g) was dissolved m acetone 
(10 ml) plus 5b1 hydrochloric acid (10 ml) After 40 mm at room temperature, the 
mixture was made neutral with solid sodium hydrogencarbonate, and evaporated 
to dryness, the residue was extracted with chloroform, and the extract was evaporated 
to a red syrup (0 83 g) T 1 c (solvent A) revealed components at RF 0 52 (minor), 
0 43 (mqor), and 0 20 (secondary), these were isolated by column chromatography 
on slhca gel, eluted with solvent E The maJor component was the title compound (9), 
Isolated as a coiorless syrup (0 43 g, 56x), k]n -214” (chloroform), b]n - 130” 
(water), v::; 1750 cm-’ (C=O) 

Anal Calc for C,H,,O, C, 53 2, H, 6 4 Found C, 53 3, H, 6 6 
The mmor and secondary components were determmed by n m r spectroscopy 

and t 1 c to be levoglucosenone (1,O 025 g, 3 %) and the starting material 14 (0 20 g, 
20 %), respectively 

(6) Base-catalyzed addrtron of methanol to Ievogkosenone (1) Trlethylamme 
(0 I ml) was added to a solution of 1 (0 16 g) m dry methanol (10 ml) T 1 c (solvent 
A) revealed that, after 45 mm at room temperature, a slgnlficant amount of 1 (R, 
0 52) remained, but that, after 3 h, It had been completely converted mto 9 (RF 0 43), 
this was isolated as a yellow syrup (0 21 g, 100°/O) by removal of the solvent 112 vacua, 

and shown by n m r - and I r -spectral and t 1 c evidence to be ldentlcal to that ob- 
tamed m part (a) 

This reaction was repeated, but usm, = 1 1 methanol-water as the solvent 
Under these condltlons, 1 was completely converted into 9 wlthm 15 mm Attempted 
vacuum dlstlllatlon of 9 ylelded a colorless syrup contaming largely 9 and a !lttle 
of 1 (t 1 c evidence) 

Acetolyszs of Zevogkosetzone (1) - Boron trlfluorlde dlethyl etherate (95 mg) 
was added to a solution of 1 (0 25 g) m acetic anhydride (3 ml) The solutlon lmmedl- 
ately became dark and slightly warm, and t 1 c (solvent G) mdlcated complete 
conversion of 1 (& 0 45) mto a major (RF 0 50, blue-green) and a mmor (Rf 0 57, 
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Redzcctzon of levoglucoserzone (1) - (a) Wztiz sodztmz bo~olzydrzde uz water. 

To a solution of 1 (1 69 g) m water (25 ml) was added a solution of sodium boro- 
hj dnde (0 85 g, 1 6 mol equlv ) m water (10 ml) After 5 mm, acetone (2 ml) was 
added to decompose the excess of the reagent Although t I c (solvent A) Indicated 
complete conversion of 1 mto two less-mobile components, R, 0 32 (brown) and 
0 21 (pink), the high intensity of the second spot was mlsleadmg, as g 1 c analysis 
revealed mainly one product [see (e)] The solution was 5 times extracted with 
chloroform, and the extracts were evaporated to a syrup that spontaneously crystallized 
(1 54 g) Recrystallization from ether-light petroleum ether gave needles, m p 
68 5-69 O, whrch were stdl contaminated by traces ofthe minor product (t 1 c evidence) 
This product was purified by chromatography on a column of slhca gel eluted with 
solvent E, to yield 1,6-anhydro-3,4-dldeoxy-8-~-t~zreo-hex-3-enopyranose (24), m p 
70-70 5”, [a],, -30” {ht I8 m p 65-66 5”, [aID -35 3”, ht I9 m p 67-69”, [aID 

-34”) The n m r spectrum of this product was ldentlcal to those reported by other 
workers18D20 for 24 

Anal Calc for C6Hs03 C, 56 3, H, 6 3 Found C, 56 4, H, 6 5 
A further sample (0 29 g) was derlvatlzed by using 3,5-duutrobenzoyl chloride 

(0 43 g, I 2 mol equlv.) m pyrldme (4 ml) overnight at room temperature The mixture 
was partitioned between chloroform and 5w hydrochloric acid, and the organic phase 
washed successively with aqueous acid, aqueous sodmm hydrogencarbonate, and 
water, and evaporated to dryness On crystallization from ethanol-2-butanone, the 
residue yielded 1,6-anhydro-3,4-d~deoxy-2-0-(3,5-d~n1trobenzoyl)-~-~-thr eo-hex-3- 
enopyranose (25) as pale-yellow needles (0 45 g, 79 %), m p 158-I 59”, n m r data 
(CDCI,) S 9 25 (m, 3, aromatic), 6 42 (m, 1, H-4), 5 65-5 95 (m, 3, H-1,2,3), 4 SO 

(t, 1, H-5, J4 5 = -J5,6exo = ~4 Hz), 4 08 (d, 1, H-6,,5,, J5 6endo small, JGendo 6rro 
-6 5 Hz), and 3 85 (dd, 1, H-6,,,) This derivative was Identical (t 1 c and mlxed 
m p evidence) to the material isolated previously ’ followmg reduction of 1 wtth 
hthmm aluminum hydride, but incorrectly asslgned as the erJ?rhlo Isomer of 24 
(ht s m p 158-160”) 

Attempts to process reduction mixtures m the usual way” (m which the crude 
mixture 1s made neutral with an acldlc resin, and evaporated to a residue which IS 
several times dissolved m methanol and dlstllled to remove boric acid as Its methyl 
ester) were repeatedly unsuccessful The resultmg residues were insoluble m ether, 
but soluble m methanol or dimethyl sulfoxlde The n m r spectrum of such a residue 
In Me,SO-d, revealed, m addition to the resonances expected for 24, certain as-yet- 
unexplamed peaks However, synthetic mixtures of 24 and boric acid m Me,SO-d, 

showed no anomalous resonances, mdlcatmg the absence of complex-formatlon 

under these condltlons 
(b) Wztlz sodzzmz borolzydrrde zn aqrreozrs etharzol A solution of crude levoglucos- 

enone (1, estimated to be 80 o/o pure by g 1 c ,20 g) m ethanol (50 ml) and water (20 ml) 
was stirred and cooled m an Ice-bath, and a solution of sodium borohydrlde (1 9 g, 
o 4 mol equlv ) m water (25 ml) was added dropwlse, while the reaction temperature 
was kept below 15” After evaporation of the ethanol from the mMure, the solution 
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was processed as m (a), to yield a syrup that was fractionated by column chromato- 
graphy on silica gel eluted with solvent E The allyhc alcohol 24 was eluted first, 
and lt crystalhzed on evaporation of the solvent (8 8 g, 95 % pure by g I c ,51x) 

The next fi-actlon ylelded a syrup (0.51 g. 3 %> that contained 1,6-anhydro-3,4- 
dxdeoxy-j&D-three-hexopyranose (29) and a component assumed to be the C-2 
eplmer of 29, m the ratlo of 15 1 as shown by g 1 c [as m (P)] A portion of this syrup 
(0 18 g) was dissolved m pyrldme (3 ml), 3,5-dmdrobenzoyl chloride (0 35 g, 1 1 mol 
equlv ) was added, and the solution was kept overnight at room temperature The 
solvent was then evaporated ZH vacua, and a solution of the residue m acetone was 
poured mto ice-water The browmsh solid preclpltated was purdied by elutlon through 
a short column of slhca gel, and recrystalhzed twice from 95 oA ethanol, to yield 1,6- 
anhydro-3,4-dldeoxy-2-O-(3,5-dlnitrobenzoyl~-8-D-tlzreo-hexopyranose (30) as pale- 
yellow needles, m p 165 5-167 5”, [M]~ -94” This derlvatlve was identical (t 1 c 
and mlxed m p evidence) to the material obtained prevlously4 followmg reduction 
with hthmm alummum hydride and catalytic hydrogenation, of 1, but Incorrectly 
assigned as the e~yt/zro Isomer of 30 {lit 4 m p 165-167”, [U]~ -90 2” (c 5 32)) 

(c) Wrtlt sodrrttzt boroltJdrrde it1 orher solvents. Reduction of 1 m anhydrous 
pyrldme as the solvent led to a red-brown reaction solution which was added to an 
excess of lO0/o aqueous potassium lodate solution, to decompose the pyrldmeborme 
formed during the reactlon The resulting solution was exhaustively extracted with 
chloroform Analysis by t 1 c and g 1 c showed that the organic phase contained 
24 and 29, but fractlonatlon by column chromatography on silica gel provided these 
m yields of only 1 and 7%, respectively The aqueous phase was shown (t 1 c ) to 
retam a variety of umdentlfied, carbohydrate components No improvement m the 
yields of 24 and 29 was observed when this procedure was varied by (a) addition of 
waIer to the pyrldme (either initially, or during the reaction), (b) direct, chromato- 
graphic fractlonatlon of the product to avoid using the lodate reagent, or (c) re- 
placmg pyrldme with b@-methoxyl)ether as the solvent 

(d) CVtth hthrrrrn a~mm~mt h~drlde Reduction of 1 was conducted m ether as 
described prevlously5, to provide a yellow syrup that yielded allyhc alcohol 24 m 
52% yield on crystalhzatlon from ether-light petroleum ether This product had the 
same t I c. and g I c_ characteristics as the product from method (a) 

(e) Product atrulyszs b-v g I c Samples of 1 were reduced with sodmm boro- 
hydride, and the products were isolated as m method (b) as yellow syrups which were 
analyzed by g 1 c (E”/mm from 70 to 230”) The crude product from method (d) 

was slmllarly analyzed Care was taken to mmlmlze losses of the readily volatlhzed 
24 during evaporation of reaction mixtures Components were identified from their 
retention times and by co-chromatography with authentic samples The results are 
summarized m Table IV 

(Z)-3,4-Dzdeo_y-D-threo-lte~-3-enrfol (31) - A solution of allyhc alcohol 
24 (0 21 g) m 0 5~ hydrochloric acid (2 ml) was heated for 40 mm m a bollmg-water 
bath, t 1 c (solvent .7) then indicated conversion of all but a trace of 24 (RF 0 62) 
into a new component (RF 0 39) The solution was made neutral with an acidic 
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resin, and filtered, and the filtrate was treated wrth sodmm borohydrrde (0 10 g) m 
the usual waylo. A solutton of the resultmg syrup m water was extracted wtth chloro- 
form (to remove unreacted 24), and the aqueous phase was evaporated, to yield 31 
as a colorless syrup (0 I5 g, 65%) that crystallized from 95% ethanol-ethyl acetate 
at -20” Recrystallized from 2-propanol, It had m p 76 5-77 5 O, p]b + lZa (water) 
{ht 21 m p 72-74”, [a]u f 13 3” (CO 18, water)), n m r data (C,D,N) 6 6 15 (sextet, 
2, H-3,4), 5 20 (act, 2, H-2,5), and 4 10 (apparent d, 4, H-1,6, wrdth -6 Hz) 

1,6-Anhydro-3,4-d~deo~-J-2-O-tos)tZ-~-D-threo-/ze~-3-eno~yra~~ose (26) - Allyhc 
alcohol 24 (3 2 g) was added to a solutron ofp-toluenesulfonyl chloride (5 7 g, 1 2 mol 
eqmv ) m dry pyrrdme (10 ml) After 3 h at room temperature, the reaction was 
complete (t 1 c ) A few drops of water were added, and the solutron was partrtroned 
between chloroform and 0 05~ sulfurrc acid The organic phase was washed succes- 
sively wrth aqueous acid, aqueous sodmm hydrogencarbonate solution, and water, 
and evaporated to a thm, yeliow syrup whrch crystalhzed from ether to yreld 26 
(5 8 g, 83 %) Recrystalhzed twrce from ether at --2O”, rt had m p 81 5-83”, [~]o 
-28’ {lit rg m p 7475’, [a]o -+I”), n m r data (CD&) 6 7 95 and 7 46 (2 d, 
2, aromatrc, J82 Hz), 626 (0, 1, H-4,Js4 -107, fbs -4, ftLt -1 3 Hz), 553 
(dt, 1, H-3, J1,3 =I -J, 3 = -2 Hz), 5 47 (1, H-2, merged w&h H-3), 5 25 (m, 1, 

H-l), 4 70 0, 1, H-5, J, 6exo -4 Hz), 3 98 Cd, 1, H-L,,, J5.6endo small, JGendo 6ero 
-7 Hz), and 3 77 (dd, 1, H-6,,,) 

_4nal Calc for Cr3H1405S C, 55 3, H, 5 0, S, 114 Found C, 55 4, H, 5 1, 
s, 11 3 

Reaction of 1,6-anllydro-3,4-drdeoq ~-2-O-to.syl-j3-D-threo-J~e_~-3-enopyrar 

(26) I$ ItIt sodrum bexoate - Tosylate 26 (3 0 g) and soarurn benzoate (1 68 g, 1 I 
mol eqmv ) were stirred and heated m dry NJ-drmethylformamrde (50 ml) under 
gentle refiux for 2 h, durmg whrch trme, the mrxture became homogeneous and dark- 
brown T 1 c (solvent C) indicated complete conversron of 26 mto two, more-mobile, 
u V.-detectable components, accompanied by traces of two less-mobde components 
(presumably hydrolyses products) The solvent was removed at 50”/1 torr, the resrdue 
was partmoned between chloroform and water, and the orgamc phase was evaporated 
to dryness Column-chromatographrc fractronatron of thrs product on a column of 
srhca gel eluted wrth solvent C ytelded a rmxture of benzoylated derrvatrves (n m r 
evrdence) as a hght-yellow syrup (1 87 g, 76%) This syrup was debenzoylated wrth 
a catalytic amount of sodmm methoxrde m methanol, and the solutron was made 
neutral with an acrdrc resm Fractronatron of the product on a column of srllca gel 
eluted wrth solvents varred from C to F yrelded the followmg products m order 
of elutron (z) 1,6-Anhydro-3,4-drdeouy-B-~-eryr/lro-hex-3-enopyranose (27, 0 33 g, 
24x), recrystalhzed twrce from ether, rt had m p 58 5-60 5”, [a]n -238” (ht 35 
m p. 67-68” (or_ rsomers), lit l8 m p 54-55”, [uJD -236”) The n m r spectrum 
was rdentrcal to those reported prevrousIy 18*35 for 27 (n) I$-Anhydro-2,3-drdeoxy- 
P-D-eryt/lro-hex-2-enopyranose (32, 0 3 1 g, 22 %), crystalhzed from ether, and then 
recrystallned from ether-hght petroleum ether, It had m p 50-52”, [a]b f200” 
(lit? m p. 58-59”, [a],, f214O) The n m r spectrum was rdentrcal to that reported 
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prevrously r8 for 32 (zzz) ( 5s 4,5-Drhydro-5-(hydroxymethyl)-2-furaldehyde )- (34, 
0 135 g, lo%), rt crystalhzed from ether-acetone-hght petroleum as needles, m p 
-39”, [a-Jr, +35” (ethanol), v:z 3460 br (hydroxyl), 1690 and 1640 cm-l (C=C- 
C=O), A~~~E’oH 257 nm (E,~ SAO), n m r data (CDCI,) S 9 13 (s, 1, CliO), 5 87 
(t, 1, H-3, J3 4 = wJ~,~ = -4 Hz), 3 8-4 4 (m, 3, H-5 and CH,OH), 3 45 (br s, 1, 
OH), and 2 50 (m, 2, H-4,4’) 

The reaction was repeated with 26 (1 60 g) and sodmm benzoate (0 9 g, 1 1 mol 
equrv.) m dry N,N-drmethylformamide (25 ml) When the crude mrxture of benzoyla- 
tron products was chromatographed on a column of srhca gel eluted wrth solvent H, 

It was partrally separated mto two components (t 1 c , solvent G), RP 0 63 (blue) 
and 0 57 (brown) The more-mobde component was shown by n m r to be 1,6- 
anhydro-2,3-dldeoxy-4-O-benzoyl-B_D-e,vfhvo-hex-3-enopyranose (33), crystalhzed 
from ether-hght petroleum ether, rt had m p 90-92”, Ca]u +210”, n m r data 
(CDCI,) S 9 O-8 4 (m, 2, o-benzoate), 7 4-7 8 (m, 3, m- and p-benzotte), 6 33 (dd, 

1, H-2, J1.2 -3 3, Jz.3 - 10 Hz), 5 96 (comphcated dd, 1, H-3, JBs4 -4 Hz), 5 69 
(d, 1, H-l), 5 09 (comphcated d, 1, H-4, J4,5 -0 8 Hz), 4 91 (dm, 1, H-5, J, 6exo 

-6 5 Hz), 4 05 (dd, 1, H-6,,,, JSexo 6endo - 8 Hz), and 3 64 (dd, 1, H-6,,d,, JS.Bendo 
~22Hz) 

Atzal Calc for C, ,H,,O, C, 67 2, H, 5 2 Found. C, 67.3, H, 5.2. 
The less-mobrle component was shown by n m r. to be a mrxture, from whrch 

(lR)-2-(benzoyloxy)-3,8-droxabrcyclo[3 2 1 loct-6-ene (35) crystalhzed from ether- 
light petroleum ether at -20” Recrystallized from the same solvent, rt had m p 
97-98”, [aID +61”, n m r data (CDCl,). 6 8 O-8.4 (m, 2, o-benzoate), 7 3-7 8 
(m, 3, m- and p-benzoate), 5 66 (m, 1, H-6,7), 5 98 (narrow d, 1, H-2, J1 z - 1 Hz), 
4 65 (m, 2, H-1,5), 441 (dd, 1, H-4, J4 5 ~2, J,,, -8 5 Hz), and 3 46 (d, 1, H-4’, 
J .t. ,5 < 1 -1 

Anal Calc for C,,Hr20, C, 67 2, H, 5 2 Found C, 67-5, H, 5 4. 
Debenzoylatron of 35 wrth a catalytrc amount of sodmm methoxtde m methanol 

yielded 34, as Judged by n m r and t 1 c evrdence 
Oxidation of levoghtcosenorze (I) - To a solutron of compound 1 (0 53 g) 

m drchloromethane (5 ml) was added a solutron of m-chloroperoxybenzoic acrd 
(1 02 g, 85 % pure, 1 2 mol eqmv.) m dichloromethane (15 ml) The mixture was 
kept for three days at room temperature, and then concentrated to a small volume 
under vacuum, whereupon most of the m-chlorobenzorc acrd precrprtated The 
sohttion remamrng was chromatographed on a column of slhca gel eluted wrth 
solvents varied from D to E Fractions shown by t 1 c to contam largely one com- 
pound (I& 0 48, solvent A, hght-green) were combined, and evaporated, to yield 37 
as a yellow syrup (0 22 g, 37 o/0 yreld) Vacuum drstdlatron gave a thm, colorless 
syrup, ny 1476, [-aID - 139 O, A~~~EtoH 212 nm (E,~ 4 90), vzz 3095,2945,1750 
and 1710 (strong, broad, and merged), 1595, 1450, 1370, 1340 (shoulder), 1320, 
1260, 1155 (strong and broad), 1105, 1090 (shoulder), 1050, 955, 915,895,865, and 
815 (strong) cm-‘, n m r. data (CDCI,) 6 8 17 (s, 1, H-l), 7.60 (dd, 1, H-5, J4,5 - 6, 
J 5.6 - 1 8 Hz), 6 32 (dd, 1, H-4, J4,6 -2 0 Hz), 5 33 (m, width 13 Hz, 1, H-6), and 
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4 52 (apparent d, 2, H-7,7’, separation 4 5 Hz), m/e 98 (0 7x), 97 (5), 96 (loo), 
69 (5), 68 (91), 55 (5), 54 (60), 53 (13), 51 (14), 50 (20), 49 (9), 42 (92), and 40 (39), 
and metastable at -48 4 (talc 48 2, m/e 96-68) 

Anal Calc for CsH60, C, 50 7, H, 4 3 Found C, 51 0, H, 4 3 c 
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