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ABSTRACT 

Low molecular weight products  from t h e  degradat ion of pure  c e l l u l o s e  

i n  0.6-1.3N a l k a l i  a t  300°C have been i d e n t i f i e d  by gas chromatography/mass 

spectrometry (GC/MS). Both t h e  aqueous r e s i d u a l  phase and t h e  f l o a t i n g  o i l  

' product phase w e r e  examined, and found t o  con ta in  e s s e n t i a l l y  t h e  same 

compounds. D e r i v a t i z a t i o n  by t r i f l u o r o a c e t i c  anhydride was used a s  an 

a n c i l l a r y  method t o  a i d  i d e n t i f i c a t i o n  of these  compounds, which cons i s t ed  

p r imar i ly  of unsatura ted  a l i p h a t i c  and a l i c y c l i c  hydrocarbons, aldehydes, 

ketones,  a l coho l s ,  and furans .  Many isomers were p resen t .  S p e c i f i c  com- 

pounds i d e n t i f i e d  wi th  a high l e v e l  of confidence w e r e  cyclopentanone, 

cyclohexanone, phenol, c r e s o l s ,  2-ethylcyclopentanone, 2- o r  3-methylcyclo- 

pentanone, 2,5-dimethyl-2-cylopentenone, acrole . in ,  2,5-dimethyl-2,4-hexadiene, 

and octene. Compounds i d e n t i f i e d  w i t h  a lower l e v e l  of confidence include 

2, 4-d&nethylf uran,  2,5-diethylf uran,  ethylmethylf  uran,  4-octyne, and decyne. 

The formation of t h e s e  compounds from c e l l u l o s e  under a l k a l i n e  cond i t ions  dem- 

o n s t r a t e s  not  on ly  t h e  degradat ion of c e l l u l o s e ,  b u t  t h e  r e s y n t h e s i s  of 
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molecules with carbon chain lengths greater than 6 atoms (the chain length 

of glucose). Such resynthesis must occur to a great extent in the formation 

of insoluble high molecular weight oils from cellulose by heating in aqueous 

alkali. 

INTRODUCTION 

The production of fuel and,chemicals from carbonaceous materials other 

than coal and oil ('biomass') has been a subject of serious study for well 

over a century. Pyrolytic oils were obtained by Hoppe-Seyler in 1871 (I), 

and by numerous other authors since then (2). It was quickly determined 

that pyrolysis of carbonaceous material yields an oil, but in addition it 

yields a large amount of residual charcoal. In fact, originally it was the 

charcoal which was the major 'product and the oil which was considered as a 

less valuable by-product. 

A modification of the pyrolysis process involved the addition of water 

and/or alkali to biomass. On heating under pressure, the biomass was 

converted to oil, gas, charcoal, and water-soluble organic compounds. The 

classical work on these process.variations was performed in 1926-1932 (3-6). 

Again, there have been many reports of the production of various materials 

including oil from biomass, using the aqueous alkaline or 'thermochemical' 

route (7). 

Further variations in which hydrogen and/or carbon monoxide are used 

as reducing gases for biomass and coal conversion into oil have been studied, 

beginning in 1921 - 1924 (8,9) and with a resurgence of interest within the 
last 20 years (10-12). 
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The fundamental chemistry of these processes is still very poorly 

understood. The mechanism of the pyrolysis process has received most 

I attention, and some of the initial steps in the conversion of cellulose 

into its pyrolysis products have been elucidated, notably by Shafizadeh 

(13-15), Broido (16,17), and others. The thermochemical digestion process 

has been but little studied, and the mechanism of.conversion of simple 

products derived from cellulose into higher molecular weight oils has been 

virtually ignored. There is.also no data on. the conversion of other biomass 

components such as lignin and hemi-cellulose in any of these processes. 

The purpose of the present paper is to report initial results of an 

on-going study into the fundamental chemical mechanisms involved in the 

conversion of pure cellulose into an oil through thermochemical digestion 

in aqueous sodium carbonate or bicarbonate at temperatures in excess of 

300°C. 

( 

EXPERIMENTAL 

Generation of oil and aqueous phase samples - The experiments reported 
here were performed with an oil sample and aqueous sample derived from 2 of 

a series of 130 autoclave experiments.. The samples were'prepared as follows: 

A free-floating oil. product was obtained from experiment #104, in which 

pure cellulose (Solkafloc, Brown Co., Berlin, NH, 5.7 Kg) was mixed with 

distilled water (17.7 2 )  and anhydrous sodium carbonate (0.56 Kg) in a 

10 gallon autoclave, which was then sealed and brought up to 304OC over a 

period of 3.5 hr. The autoclave was maintained at this temperature for 1 hr 

and cooled to room temperature over a period of 2.5 hr. The free-floating oil 
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product was separa ted  from t h e  aqueous.phase and acetone-extracted i n  a 

Soxhlet appara tus  u n t i l  no more colored m a t e r i a l  was ex t rac ted  (3  days).  

The acetone was then removed under reduced p ressure  and t h e  product o i l  was 

a i r - d r i e d  a t  20°C f o r  one day before  being used f o r  GCIMS a n a l y s i s .  

An aqueous phase w a s  obtained from experiment 1103, i n  which c e l l u l o s e  
b 

(1.7 Kg) d i s t i l l e d  water  (5.45, &), and anhydrous sodium carbonate (0.342 Kg) 

were heated i n  a 2-gallon au toc lave  t o  307OC i n  2.5 h r ,  maintained a t  t h i s  

temperature f o r  20 mini and then cooled t o  room temperature over 2.5 h r .  

The aqueous phase w a s  separa ted  from any o i l  and then ex t rac ted  d i r e c t l y  

wi th  d i e t h y l  e t h e r .  After removal of t h e  e t h e r ,  t h e  product was analyzed 

d i r e c t l y  by GC and GCIMS. This aqueous product a t  no time came i n t o  con tac t  

wi th  acetone. 

A l l  f u r t h e r  r e fe rences  t o  ' o i l '  and 'aqueous e x t r a c t '  r e f e r  t o  t h e  mate- 

rials obta ined as descr ibed above. 

Sample a n a l y s i s  - G a s  chromatography/mass spectrometry (GCIMS) was t h e  

p r i n c i p a l  a n a l y t i c a l  t o o l  used f o r  i d e n t i f i c a t i o n  of components of t h e  samples. 

Attempts t o  o b t a i n  good s e p a r a t i o n  of components by d i r e c t  GC of t h e  ucderiv- 

a t i z e d  o i l  w e r e  unsuccessful ,  al though d i r e c t  GC.of t h e  e t h e r  e x t r a c t  of t h e  

aqueous phase d i d  g ive  good s e p a r a t i o n .  I n  consequence, va r ious  ways of 

d e r i v a t i z i n g  t h e  o i l  were examined. Of t h e  3 approaches t r i e d  (BF /methanol 
3 

methylat ion,  s i l y l a t i o n ,  t r i f l u o r o a c e t y l a t i o n ) ,  t r i f l u o r o a c e t y l a t i o n  wi th  

t r i f l u o r o a c e t i c  anhydride gave t h e  c l e a n e s t  d e r i v a t i v e  wi th  t h e  b e s t  separa- 

t ion.  of components. However, t h e  t r i f  l u o r o a c e t a t  e d e r i v a t i v e  (TFA-derivative) 

was somewhat l a b i l e  i n  t h a t  'keeping a t  20°C f o r  per iods  of over a week i e d  t o  

rearrangement of peaks i n  t h e  chromatogram. .Consequently,  a'.freshly-made 
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d e r i v a t i v e  w a s  used ( I ) ,  and compared wi th  a d e r i v a t i v e  which had been kept  

f o r  a  week a t  20°C ( 2 ) ,  and wi th  t h e  under ivat ized e t h e r  e x t r a c t  (A) (Fig.  1 ) .  

A l l  GC work was performed on a Perkin-Elmer model 900 chromatograph, operated 

wi th  a 50 f t  x 0.02 i n .  s t a i n l e s s  s t e e l  column. Deta i led  opera t ing  cond i t ions  

a r e  descr ibed i n  t h e  Resu l t s  s e c t i o n .  Combined GC/MS was performed wi th  a 

Perkin-Elmer mass spectrometer  us ing t h e  same column and cond i t ions  as f o r  

t h e  a n a l y t i c a l  GC runs. 

RESULTS J 

The t o t a l  i o n  monitor (TIM) t r a c e s  f o r  t h e  GC/MS runs  on samples A,1,2.  

a r e  shown i n  Fig. 1, toge the r  wi th  probable i d e n t i t i e s  of some of t h e  compon- 

ents .  The use  of 3 s e p a r a t e  samples of s i m i l a r  composi t ion~al lowed us  t o  

o b t a i n  up t o  3 mass s p e c t r a  f o r  some of t h e  compounds, inc reas ing  t h e . r e l i a -  , 

b i l i t y  of t h e  s t r u c t u r a l  assignments. I n  Table 1 w e  show t h e  assignments 

obtained by i n t e r p r e t a t i o n  of t h e  mass s p e c t r a .  There a r e  3 l e v e l s  ass igned 

. t o  t h e  p r o b a b i l i t y  of a  c o r r e c t  assignment f o r  any compound - high ly  probzble 

(H) w i th  e x c e l l e n t  agreement of an  experimental  mass spectrum wi th  p u b l i s h e d .  

da ta ;  probable (P) ,  where good agreement w a s  obta ined,  bu t  t h e r e  is a l s o  a 

chance t h a t  t h e  compound assigned may i n  f a c t  be an isomer; and t e n t a t i v e  (T),  

where i n  most cases  a good l i t e r a t u r e  mass spectrum does not  e x i s t  and an 

assignment w a s  made on t h e  b a s i s  of t h e  breakdown p a t t e r n  observed i n  t h e  

experimental  mass spectrum. Published s p e c t r a  were compared wi th  observed 

s p e c t r a ,  us ing t h e  8-peak Index of Mass Spect ra  (18). It should be pointed  

o u t  he re  t h a t  even t h e  b e s t  p u b l i c a t i o n  a v a i l a b l e  (18) f requen t ly  con ta ins  

m u l t i p l e  r epor ted  s p e c t r a  f o r ' a  s i n g l e  compound, with cons ide rab le  d i f f e r e n c e s  
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between these spectra. This makes identification difficult in cases where 

synthesis of a pure standard compound would be tedious - unfortunately 
including many of the degradation products of cellulose. However, we have 

assigned structures to some 23 of the major components in the volatile 

fraction of the cellulose thermochemical degradation products obtained in 

our autoclave experiments.. 

DISCUSSION 

The thermochemical liquefaction of pure cellulose as described in 

I this report is part of a larger program to assess the potential of biomass 

as a source of chemical feedstocks and fuel oil. Little work has been done 

previously on pure cellulose, most.of tbe previous work being performed on 

substrates such as sugar cane (19), peat, (20), sewage sludge (21), and 

similar ill-defined substrates. By use of a pure, well-defined substrate 

for our experiments we hope to be able to determine a degradation mechanism 

for cellulose, and to understand how degradation products are re-synthesized 

into the product oils and water-soluble organic materials. 

To date, the most comprehensive work relevant to the mechanism of 
t 

cellulose degradation in aqueous alkali was reported in a series of articles 

by Machell, Richards, - et. &. (22-25), wherein it was found that cellulose 

and related carbohydrates were converted through a series of saccharinic 

acid derivatives to glycolic '.and dihydroxybutyric acids. Beyond this stage 

no further work has been done, either on the further degradation or the 

resynthesis of these compounds into higher molecular weight products. 
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The pyrolytic reaction with cell~lose involves a dry, perhaps acid- 

catalyzed degradation leading to the formation of levoglucosan'(f3-D- - 
glucopyranose-1,6-anhydride), and subsequently to levoglucosenone (1,6-anhydro-3,4- 

dideoxy-~~-&D-~~ranosen-2-one) . - , 1, 6-anydro-fi-~-glucof uranose ,' 3-deoxy: 

D-erythro-hexoseulose, and other products (15). The mechanism of cellulose 

pyrolysis is either of the acid-catalyzed (carbonium ion) or free radical 

variety'(26). In sharp contrast, the most active ion in thermochemical 

alkaline digestion 'is the hydroxyl ion, which tends to favor carbanion 

reactions rather than carbonium ion or free radical reactions. In other 

words, the thermochemical alkaline digestion reaction mechanism would be 

expected to involve reactions such as the Aldol, Claisen, and Diechann 

condensations. 

The products identified by GC/MS and reported here support this conclusion, 

since they are capable of being formed during carbanion reactions more 

readily than from carbonium ion or free radical reactions. 

For convenience, although the compounds identified are listed in 

Table 1, together with the mass spectral evidence supporting their identifica- 

tion, Table 2 gives a list of these same compounds but arranged in chemical 

class. It can be seen that the primary groups of compounds found are 

furans, ketones, alcohols, phenols, alkenes and alkynes. Cyclic compounds 

figure prominently. It is also apparent (Fig. 2) that there is much struc- 

tural similarity and even homology between different products, suggesting a 

consistency of mechanism in their formation. The isomerism between many of 

the products (Fig. 3) also suggests formation of different isomers through a 

common intermediate. As examples, the structural similarity between the 

observed products cyclohexanone and phenol, the isomerism between cyclo- 

hexanone and 2-methylcyclopentanone, and the homology between phenol and 
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t h e  c r e so l s  may be c i t ed .  Any attempt t o  l i n k  these  products through a 

r eac t i on  mechanism f o r  t h e i r  formation must the re fore  provide f o r  mul t ip le  

r eac t i on  products by d i f f e r e n t  ways of carrying out t he  same r .eaction between 

t he  same molecules. A s  an =ample of such a reac t ion  we c i t e  t he  Aldol con- 

densat ion between acetaldehyde (e thanal)  .and propanal, where carbanions may 

be generated a t  t h e  - a-carbon atoms of e i t h e r  aldehyde, which may then con- 

dense with another molecule of e i t h e r  aldehyde, g iving rise t o  4 products. 

- 
CH2-CH=O + CH -CH -CH=O 

3 '  2 
OH- C H ~ - C H ~ - C A  (OH) CH2-CH=O 

- 
CH(CH3)CH=0 + CH3-CH2-CH=O OH CH3-CH2-CH (OH) CH (CH3) CH=O 

- OH- 
CH (CH,) CH=O + CH3-CH=O - CH3-CH (OH) CH (CH3) -CH=O 

This and r e l a t e d  types of carbanion condensation r eac t i on  can read i ly  

explain  the  formation of s eve ra l  products from a smaller  number of i n t e r -  

mediates, moreover generating t h e  observed types of products (a lcohols ,  

aldehydes, ketones, furans ,  e t c . ) .  Fur ther  reac t ions  involving reduct ion 

and e l iminat ion of water,  hydroxyl-ion cata lyzed rearrangements, and o thers ,  ' 

can a l s o  be invoked t o  explain  a m u l t i p l i c i t y  of r e l a t e d  products. 

To f u r t h e r  r a t i o n a l i z e  t he  observed spectrum of products from ce l l u lo se  

thermochemical l iquefac t ion ,  it is necessary t o  take a step-by-step approach, 

working backwards from observed products t o  hypothet ical  in termediates ,  and 

from these  back t o  compounds which might reasonably be expected t o  form 

during t he  degradation of ce l lu lose .  The cycle  is closed when a known 

product can be formed from previously i d e n t i f i e d  ce l l u lo se  degradation 
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products such as glycolic acid or dihydroxybutyric acid. However, the 

proposed mechanisms may only be confimed when the hypothetical intermediates 

are isolated and identified directly in the oil products. 

Formation of cyclopentane and cyclohexane derivatives - The occurrence 
of these compounds together in the cellulose digestion products leads intui- 

tively to the conclusion that they were formed from similar intermediates, 

since.they are structurally related. Also all but one of these compounds 

have been identified .with high probability and so are a good starting point 

from which to attempt to deduce the mechanism of cellulose conversion to 

oils from simple degradation products. 

The carbanion intermediate is probably a poor assumption to make for 

formation of these particular compounds, as such an intermediate would have 

to cyclize by nucleophilic substitution with loss of a leaving group such as 

hydroxyl, aldehyde, alkoxide, and so on, all of which are very poor leaving 

groups in alkaline conditions. Also, it is difficult to see how multiple 

products could be formed in such a direct reaction (Fig. 4a). The leaving 

group 'X' could not be substituted for with a double bond - this could 
explain the formation of multiple products, but attack of a carbanion on an 

electron-dense double bond is extremely rare. However, if the attacking 

group were a double bond, and the aldehyde group were the electron acceptor, 

there is a possible mechanism for formation of all of the observed cyclo- 

pentanone and cyclohexanone products, through a 6-membered ring intermediate 

ring-closure reaction, followed by a dehydrogenation. For instance, cyclo- 

hexanol - and 2-methylcyclopentanol - could be formed by internal cyclization of 

5-hexenal and 4-hexenal, respectively (Fig. 4b). Both 5- and 4-hexenal 
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could be derived by dehydration of 5-hydroxyhexanal, but no other isomer. 

Hence, as a first step we postulate the f&nation of 5-hydroxyhexanal as an 

intermediate in formation of cyclohexanone and 2-methylcyclopentanal and 

4-hydroxypentanal as an intermediate in the formation of cyclopentanone. 

In the case of cyclopentanone formation the intermediate alkenals 

formed by loss'of water from the hydroxyl group would have been 3- and 4- 

pentenals; 4-pentenal could cyclize to cyclopentano'ne, an obsenred product. 

However, 3-pentenal would not cyclize to cyclobutanone due to steric stress 

effects in the resulting 4-membered ring, and would thus be expected as 

another product. Isolation and identification of 3-pentenal from the reaction 

products of cellulose conversion would be good evidence in favor of this 

mechanism. 

2-Ethylcyclopentanone could similarly have been formed from a 2-ethyl- 

4-pentenal intermediate, perhaps itself derived from 4- or 5-hydroxyhep tanal . 
If from the 4-hydroxyheptanal, we would also expect to find some of the 

other unsaturated dehydration product, 3-heptenal, which again for steric 

reasons would not be expected to cyclize to a 4-membered ring ketone. 

Similar reactions could have led to the formation of the remaining 

cyclopentanone and cyclopentane derivatives (Fig. 4b). In the case of 2,5- 

dimethyl-2-cyclopentenol, dehydration of intermediate 2-methyl-5-hydroxy-2- 
\ 

hexenal is necessary to form an intermediate which then cyclizes by the 

mechanism outlined above. Rearrangement to the corresponding ketone would 

complete the sequence (Fig. 4c). 

Formation of phenol (also identified in cellulose reaction products) 

from cyclohexanol is a possibility, but is unlikely in a reducing atmosphere 
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which would strongly favor the reverse reaction - formation of cyclohexanol 

from phenol. Cyclohexanol may be dehydrogenated to cyclohexanone (the 

observed product) in a reducing atmosphere at high teqerature, but this is 

not as unlikely as phenol formation since it involves loss of only 2 hydrogen 

atoms rather than 8. 

Furans, 4-methylpent-3-en-2-one, and 4-hydroxy-4-methyl-2-pentanone - 

Of the products identified from cellulose conversion in alkali, furans and 

tetrahydrofurans figure prominently. One conventional method for furan 

synthesis in the laboratory involves the dehydration of a diketone, which 

may be crudely represented as shown in Fig. 5a. In actuality, the mechanism 

is rather more complicated than this would indicate, and involves formation 

of an ene-diol tautomer, the enolate ion form of which performs a nucleophilic 

attack on the adjacent carbonyl carbon atom, closing the ring (Fig. 6). 

Proton rearrangement of this and elimination of a molecule of water completes 

the change to a furan. 

As an example of the conversion envisaged, we take the example of 2,4- 

dimethylfuran. The intermediate dicarbonyl compound required for the cycliza- 

tion is 4-keto-2-methylpentanal, which cyclizes in the manner shown in 

Fig. 6. (R=H; R'=Rtt=CH3) . An indication that this mechanism may in fact 

take place is given by the observation of closely related compounds in the 

cellulose decomposition products, namely 4-methyl-3-pent-en-?-one and 

4-hydroxy-4-methyl-2-pentanone. This relationship is brought.out more 

clearly by formulas than by chemical names, and so the formulas are shown in 

Fig. 5b. A facile dehydration of 4-hydroxy-4-methyl-2-pent anone would yield 

the second observed product, 4-methyl-3-penten-2-one. The hypothetical 
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intermediate in 2,4-dimethyldimethylfuran formation, 4-keto-2-methylpentanal, 

cannot be formed easily from either of these intermediates in any direct 

1 reaction. However, addition of water across a double bond in another inter- 

mediate, 4-methyl-4-penten-2-one (isomesityl oxide) followed by dehydrogena- 

tion, would lead to both the observed 4-hydroxy-4-methyl-2-pentanone (major 

product), together with a small amount of the primary alcohol 5-hydroxy-4- 

methyl-2-pentanone. Oxidation or dehydrogenation of the latter compound 

could yield the 4-keto-2-methylpentanal as a product. (Fig. 5c). An alterna- 

tive sequence of reactions which could lead to the formation of 4-ketob2- 

methylpentanal involves the condensation between one molecule of acetone and 

one molecule of pyruvaldehyde, another likely (but as yet unidentified) 

intermediate in this class of reactions. The carbanion derived from acetone 

by the action of base would attack the keto carbonyl of pyruvaldehyde in a 

nucleophilic reaction, leading eventually to 2-hydroxy-4-keto-2-methy.lpentana1; 

dehydration and hydrogenation of the resulting double bond would yield the 

required 4-keto-2-methylpentanal (Fig. 5d). 

It is worth noting at this point that these mechanisms represent pos- 

sible, and in some cases probable ways for formation of observed products 

from cellulose aqueous alkaline digestion at high temperature and pressure; 
. 

they are in no sense intended to be definitive, and in fact in each case 

will require extensive further experimentation before. they may be regarded 

as. proven. They are a guide from which a pattern 'for directing further 

experimentation may be derived. 

For the moment, it will suffice that all of the observed furan and 

tetrahydrofuran products observed can be made from a series of chemically 

similar dicarbonyl compounds. 2,5-Dimethyltetrahydrofuran may be made by 
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condensation of 2,5-hexadione and addition of hydrogen ' across the double I , .  . . , .  

.bond .of the resulting f uran (Fig. 6a) . 2-Hydroxy-2-methyl- tetrahydrof uran 

may be formed through condensation of 2-ketopentanal, addition of hydrogen 

taking place .to the resulting dihydrofuran alcohol without loss of water 

(which would lead to another hypothetical product, 2-methylfuran. (Fig. 6, 

R=RM=H; R1=CH3) . 
Using the same reaction sequence, other observed products may be formed. 

Thus, 5-ethyl-2-methylfuran could be formed from 2,5-heptadione, and 

2,5-diethylfuran from 3,Goctadione (the alternative identification for this 

latter compound is 2,5-dimethyl-3-ethylf uran, which could be formed by the 

same route from 3-ethyl-2,5-hexadione). It is of interest to note that 

3-octadienone has been tentatively identified in the cellulose conversion 

products, a compo'und structurally very similar to one of the intermediates 

postulated above (3,6-octadione) . 
Unsaturated hydrocarbons - A number of aliphatic unsaturated hydrocarbons 

have been tentatively identified in cellulose thermochemical conversion 

products. The identities of these are tentative because of the great numbers 

of possible isomers with closely similar mass spectra. These unsaturated 

compounds could conceivably have been formed by dehydration of intermediate 

alcohols, perhaps formed from ketones by reduction; 'alternatively, the 

unsaturated compounds could be precursors of alcohols through a hydration 

step, and of ketones through an oxidation of the alcohols. Work is in 

progress to attempt to resolve this sequence in the correct direction. 

~espite the difficulty inherent in deciding whether the unsaturated 

hydrocarbons were the precursors of the alcohols and ketones observed, or 
\ 
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vice versa it is worthwhile for the present to assume that the unsaturated -- -9 

compounds were formed by elimination of water from intermediate compounds 

formed by reactions of simple aldehydes and ketones. As an example, we take 

the condensation of two molecules of acetone. Under alkaline conditions, 

condensation takes place with the formation of 4-hydroxy-4-methyl-2-pentanone 

(commonly called diacetone alcohol). This latter compound has been identified 

in this work as a product of cellulose conversion, 

The mechanism for the reaction is shown in Fig. 7a. Apart from explaining 

the formation of 4-hydroxy-4-methyl-2-pentanone, this mechanism may be 

extended by dehydration and reduction of the above intermediate, yielding 

2-methylpentadiene. Although this compound was not observed, a related compound 

(2,s-dimethylhexa-2,4-diene) - was observed. This could have been formed 

through the identical mechanism from condensation of acetone with methyl 

isopropyl ketone (3-methyl-2-butanone) to form 5-hydroxy-2, 5-dimethyl-3-hebone. 

Reduction of this and elimination of' two molecules of water would yield the 

observed 2,s-dimethylhexa-2,4-diene, as shown in Fig. 7b. 

I Alternative products of this condensation, not yet identified, are 

2,3-dimethyl-2,4-pentadiene and 2,3,3-trimethyl-4-penten-2-01, obtained by 

formation of intermediate carbanions at the two 'other available 2-carbon 

atoms. 

The remaining 3 unsaturated straight-chain hydrocarbons tentatively 

identified as 3-heptene,. 3-decyne, and octyne, could not be formed by Aldol 

or similar condensations involving a carbanion at the 2-carbon atom of an 

aldehyde or ketone, as this would result in branching in the hydrocarbon 
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eventually formed. It is of course possible that the compounds tentatively 

identified as straight-chain unsaturated hydrocarbons could in fact be 

branched-chain isomers, but there is no evidence for this at present. One 

way out of this impasse is to suppose that two molecules of the same or 

different aldehydes condenses to form a long-chain aldehydic alcohol which 

then by some mechanism loses the active group responsible for the condensa- 

tion. This,is made clearer by giving an example, where, for instance, 

pentandial reacts with propanal. (Fig. 8). .The interinediate branched 

hydroxydial could then undergo an internal Cannizzaro reaction, for which it 

is well set up to form a 6-membered transition state. Decarboxylation of 

the resulting - a-hydroxycarboxylic acid followed by further dehydrations to 
an unsaturated hydrocarbon would finally yield 1,3,5-heptatriene. 

/' 

Although the Canizzaro reaction is well-known, and is a type of reaction 

requently.observed in cellulose reactions, where one group is oxidized at 

the same time as anot,her is reduced, there is an alternative reaction which 

is possible, in this case, involving an intermediate 4-membered transition 

state. This is unstable and difficult to form, but results in a direct loss 

of a molecule of formic acid from the intermediate branched hydroxydial, 

with a total number of reaction steps less than that required by the Cannizzaro 

reaction, where the carboxylic acid must first be formed and then decarboxy- 

lated separately. This hypothetical sequence is shown in Fig. 9, and leads 

to 1,4-heptadiene - as a final product. 

Thus, there .are possible routes to unsaturated straight-chain hydro- 

carbons - via cellulose decomposition products, notably aldehydes and ketones. 

However, further speculation on the formation route of these compounds is 

premature, since their exact structures have yet to be established. 
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Phenol and Cresols  - The formation of aromatic s t r u c t u r e s  from t h e  

decomposition of pure  c e l l u l o s e  i s  not  unexpected, s i n c e  similar compounds 

have been i d e n t i f i e d  i n  t h e  p y r o l y t i c  t a r s  from paper (27) .  Normally, they 

a r e  assumed t o  come e n t i r e l y  from t h e  l i g n i n  component of biomass, an assump- 

t i o n  which may now be considered disproven. The exact  r o u t e  f o r  aromatic 

phenol and c r e s o l  formation from c e l l u l o s e  is r a t h e r  a problem, s i n c e  al though 

they could be  der ived from cyclohexanone and methylcyclohexanones by l o s s  of 

hydrogen, t h e  dehydrogenation r e a c t i o n  would have t o  occur in  a reducing 

atmosphere which would favor  t h e  r e v e r s e  reac t ion .  .This po in t  w i l l  not  be 

c l e a r e d .  up u n t i l  r a d i o a c t i v e  tracer experiments w i t h  pure  cyclohexanone and 

methylcyc~ohexanones can be c a r r i e d  ou t ,  and a sea rch  f o r  r a d i o a c t i v e  t r a c e r  

i n  t h e  phenol ic  products  performed. 

An a l t e r n a t i v e  r o u t e  f o r  phenol and c r e s o l  formation would be  2 

dehydration of a polyol  in te rmedia te  der ived from glucose,  coupled wi th  

c y c l i z a t i o n  t o  form a six-membered r i n g .  Again, t h e  exact r o u t e  f o r  t h i s  is 

n o t  known. 

Acrolein - Acrolein (propenal)  has  been i d e n t i f i e d  p rev ious ly  i n  c e l l u l o s e  

pyro lysa tes  (281, and it is no t  a t  a l l  u n l i k e l y  a s  a product of aqueous 

degradat ion of c e l l u l o s e  a l so .  However, a c r o l e i n  w a s  t e n t a t i v e l y  i d e n t i f i e d  

i n  t h e  c u r r e n t  work a s  t h e  monotr i f luoroaceta te  ester of its hydrate. This 

i d e n t i f i c a t i o n  r e q u i r e s  some f u r t h e r  explanation.  A GC peak a t  9.9 min i n  

t h e  o i l  which had been reac ted  wi th  t r i f l u o r o a c e t i c  anhydride w a s  shown t o  

.. , have a mass spectrum wi th  molecular i o n  a t  170, and wi th  c h a r a c t e r i s t i c  ions  

+ + 
due t o  f l u o r o a c e t a t e  a t  m / e  69 and 97 (CF and CF3C0 , r e s p e c t i v e l y ) .  The 

3 

r e s i d u a l  mass due t o  t h e  a lcoho l  fragment w a s  t h e r e f o r e  m / e  170-97, o r  73. 
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P a r t  of t h i s  was t h e  a l c o h o l i c  oxygen atom, mass 1 6 ,  . leaving a r e s i d u e  of 

57. The only r a t i o n 1  way of a ss ign ing  t h i s  fragment a s t r u c t u r e  was t o  

+ 
a s s i g n  i t  a s  CH - C H H  (m/e = 57), s i n c e  t h e  a l t e r n a t i v e  (butanal )  would 2- 

have had a much lower r e t e n t i o n  time on t h e  GC. The assignment a s  a c r o l e i n  

hydra te  t r i f l u o r o a c e t a t e  is made more reasonable  by no t ing  t h e  e lec t ron-  

withdrawing e f f e c t  of t h e  CF3-COO group i n  s t a b l i z i n g  t h e  hydrate.  

Formation of aldehyde and ketone in te rmedia tes  - The preceding discus-  

s i o n  provided a s t r u c t u r e  f o r  c o r r e l a t i n g  t h e  va r ious  compoimds which have 

been i d e n t i f i e d  by GC/MS of t h e  c e l l u l o s e  a l k a l i n e  d i g e s t i o n  products ,  by 

genera t ing  a series of h y p o t h e t i c a l  in te rmedia tes  us ing well-known mechanisms. 

With t h e  exception of d iacetone a lcoho l  (4-hydroxy-4-methyl-2-pentanone), 

none of t h e s e  products  has  been i d e n t i f i e d .  However, i d e n t i f i c a t i o n  of 

d iace tone  a lcoho l  i n  t h e  observed products  is good evidence t h a t  t h e  postu- 

l a t e d  mechanisms a r e  reasonable.  

The hypo the t i ca l  iritermediatek c o n s i s t  of 12 aldehydes and ketones,  

which can be used t o  d e r i v e  a l l  of t h e  observed products  by simple r e a c t i o n s  

such a s  dehydrogenation, hydrogenation, dehydrat ion,  e t c . ,  wi th  t h e  except ion 

of t h e  unsatura ted  hydrocarbons, phenol, and c r e s o l s .  For reasons  a l ready  

explained,  these  products  r e q u i r e  t h e  opera t ion  of d i f f e r e n t  mechanisms than 

requ i red  f o r  formation of aldehydes and ketones,  fu rans ,  cycloalkanones, and 

a lcohols .  Also, t h e  i d e n t i f i c a t i o n s  of t h e  unsatura ted  hydrocarbons a r e  not 

s u f f i c i e n t l y  d e f i n i t e  t o  permit  much specu la t ion  on t h e i r  mode of formation. 

The twelve compounds pos tu la ted  a s  in te rmedia tes  a r e  l i s t e d  i n  Table 3 ,  

toge the r  wi th  t h e i r  s t r u c t u r e s .  Without exception,  they may be considered 

a s  having been der ived from simple aldehydes and ketones by one of 3 d i f f e r e z t  

condensation rou tes ,  a l l  well-known r e a c t i o c s .  These r e a c t i o n  r o u t e s  a r e  

i l l u s t r a t e d  f o r  r e p r e s e n t a t i v e  examples i n  Fig. 10. 
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The primary compounds required to condense to form all of the complex, 

ketones and aldehydes postulated as intermediates of the observed products 

are all simple aldehydes and ketones, which have in most cases already been 

observed as products oS cellulose pyrolysis or thermochemical digestion. 

They include acetone, acetaldehyde, propionaldehyde, acrolein, ethyl methyl 

ketone, propyl methyl ketones, formaldehyde, and methylpropenal. That all 

of the observed major products of cellulose conversion may be traced back to 

such simple and already observed intermediates is good circumstantial evidence 

for the correctness of the reaction sequences outlined. 

None of this discussion is intended to replace experimental data, but 

merely to serve as a structure on which further experiments can be based, to 

confirm or deny the predictions made. The overall general sequence of 

reactions from cellulose through simple carbonyl 'intermediates through to 

the identified products is illustrated in Fig. 11. Further work will extend 

this sequence in the direction of identification of some of the higher 

molecular weight components of the oils derived by thermochemical alkaline 

digestion of cellulose, and attempt to confirm some of the tentative identifica- 

tion already made. 

CONCLUSIONS 

The overall mechanism of cellulose conversion in hot aqueous alkali 

appears to be one of degradation through glucose to low molecular weight 

saccharinic acids, dihydroxybutyric acid, glycolic acid, and carbonyl products 

such as acetone, acetaldehyde, formaldehyde, and similar compounds. Although 

the products identified in the present report were fairly complex furans, 

carbocyclic ketones, unsaturated hydrocarbons, and aromatic compounds, 

18 
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never the less  i n  most cases  they could have been formed from s'imple carbonyl 

compounds through a s e r i e s  of condensations involving carbanion in te rmedia tes .  

'It is conceivable t h a t  r e s i d u a l  a l k a l i  i n  t h e  o i l  during acetone e x t r a c t i o n  

could have given rise t o  d iace tone  a lcoho l  a s  an a r t i f a c t .  . This is r e f u t e d  

by examination of an  aqueous r e s i d u e  which was. e x t r a c t e d  wi th  d i e t h y l  e t h e r  

and which w a s  never exposed t o  any acetone:  Compounds der ived from d iace tone  

a lcoho l  (such a s  m e s i t y l  oxide  o r  4-methyl-3-penten-2-one) w e r e  a l s o  i d e n t i f i e d  

i n  t h e  d i e t h y l  e t h e r  e x t r a c t  of t h e  aqueous phase. Furthermore, o t h e r  

compounds were i d e n t i f i e d  in t h e  o i l  ace tone e x t r a c t  which could not  have 

been der ived from acetone o r  d iace tone  a lcoho l ,  bu t  which could have been 

formed from o t h e r  carbonyl compounds by t h e  same mechanism. Hence, d iace tone  

a lcoho l  i s  a genuine product of c e l l u l o s e  conversion al though apparen t ly  not  

a n  in te rmedia te  i n  f u r t h e r  s y n t h e s i s  of o t h e r  products. 

The f u r t h e r  r e a c t i o n  of t h e  pos tu la ted  c y c l i c  in te rmedia tes ,  and t h e  

r o u t e  t o  formation of unsatura ted  hydrocarbons of h igh molecular weight is  

intended t o  be t h e  next  s u b j e c t  of i n v e s t i g a t i o n  in t h e  c u r r e n t  work. 

The fundamental d i f f e r e n c e  i n  t h e  mechanism of c e l l u l o s e  conversion t o  

o i l  by p y r o l y s i s  and by aqueous a l k a l i n e  d i g e s t i o n  p red ic ted  by theory  is 

t h e r e f o r e  confirmed. P y r o l y s i s  products  may be explained g e n e r a l l y  by 

carbonium i o n  and f r e e  r a d i c a l  r e a c t i o n s  (in f a c t ,  c e l l u l o s e  decomposition 

is acid-cata lyzed) ,  whi le  in aqueous a l k a l i ,  nuc leoph i l i c  carbanion r e a c t i o n s  

a r e  favored. 
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TABLE I1 

COMPOUNDS IDENTIFIED IN CELLULOSE DECOMPOSITION PRODUCTS IN A L W I  

TABLE I11 

FORMATION MECHANISMS FOR HYPOTHETICAL DIFUNCTIONAL INTERMEDIATES 
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TABLE I 

GC/MS . . IDENTIFICATION OF COMPOUNDS PRESENT IN CELLULOSE THERMOCHEMICU REACTION 

PRODUCTS 



* 
Compound Identified ~ o m u l a  ( simple t 

Cyclopentanone (sample) (to 3 

(Std . ) Kzx-qiT 
Phenol (s td . ) 

2,)-Dimethylfuran (Y) "a I A.2 
2.4-Dimethylfuran (std. ) 41 - 

Cyclohexanone (14) 

Cyclohexanone (std. ) 

3-Heptene 
tleptene iscm~er 

Heptene (std.) 

Rf (min) 

2 .o 

Major MS pe - -- - - - -- - - -- - 



Canpound Identified Formula Sample 

2,s-Dimethyltetrahydro- 
furan rn) CH3,10yCt'3 A 2,s-Dimethyltetrahydro - 
furan (Std.) - 
2-lIydmxy-2-methyl- 
tetrahydrofuran (T) ctla 1F 

2F 

2-Ifydraxy-2-methyl- 
tetrahydrofuran (Std.) 

p-Cresol (H) Q - 

1F 

p-Cresol (Std .) 

m- and/or p-Cmsol (H) A 

o-Cresol (11) c 1 I 3 6  
o-Cresol (Std.) - 

'4-0ctyne (T) 2 

4 -0ctyne (Std .) 

Octene + Octyne (T) A 

Oct-1-ene (Std.) - 

2 ,S-Dimethyl-2,4-hexa A 
-diene (PI 

2 ,S-Dimethyl-2 ,4-hexa- 
d i m  (Std.') 

\ 

M. Wt. 

100 
I 

100 

102 
102 

102 

108 
(204F) 
108 

108 

108 

108 

110 

110 

'lo 
112 
112 

110 
110 

110 

Rf(min) 

8.3 

- 

4.4F 
4.4F 

- 

4.2F 

- 

20.3 

18.5 

7.5 
- 

- 

9.3 
8 .O 

- 

Major MS Peaks -- 

56(100) ,8S (65) $41 (37) ,43 (32) ,57(20) ,lOO(ll) ,39 (7) 

56 (100) ,85(86) ,41(74) ,43(54) ,57(14) ,loo( 8) ,39 (10) 

71(100) ,43(43) ,69(42) 8 ,44(35) ,41(26) ,40(17) ,42(15) 
71 (100) ,43(36) ,69 (31) , 44 (12) ,41(21) ,40(5) ,42(12) 

71(100) ,43(51) , - , 44(8), 41 (25) , - ,42(11) 

107(100) ,204(64) ,90 (40) ,91137) ,77(37) ,69 (31)~ ,i1(20) . 
108(100) ,107 (99) ,79 (23) ,51(22) ,77(28) ,39(18) ,53 (17) 

108 (100) ,107 (89) ,79 (37) ,44 (24) ,77 (28) ,39 (22) ,41(17) 

108 (100) ,107 (88) ,79 (39) ,90 (27) ,77 (29) ,51(18) $89 (18) 

108(100) ,107(75) ,79(32) ,90(23) ,77(32) ,51(26) ,39(26) 

67 (100) ,130 (70) ,95 (28) ,109(19) ,81(18) ,68 (18) ,41(17) 

67 (100) ,ll0(97) ,95 (34) ,52(33) , 81(87) ,68(53) ,41(40) 

83 (100) ,55(80) ,67(63) ,56(59) ,41(50) ,112 (35) ,95 (32) , 
43 (100) ,55(83) ,42 (63) ,56 (64) ,41(78) ,70 (52) ,69 (30) 

95(100) ,67 (74) ,110(71) ,41(36) ,39(36) ,66(20) ,42 (19) 
95 (100) ,67(59) ,110 (83) ,41(33) ,39 (26) ,99 (26) ,42 (26) 

95(100) ,67(51) ,110(56) ,41(44) ,39(40) ,55(35) ,53(22) 

i 

d 



Compound Identified Formula 

-pentenone- (1.1) - 
2.5-Dimethyl-2-cyclo 
-pentenone (Std. ) 

.5-Ethyl-2-methylfuran C 
(Std.)' 

2-Ethylcyclopentanone 
01) 
2-Ethylcyclopentanone 
(Std .) - 
4-llydroxy-4-methyl-2- 
pentanone (T) 

I 

4-klydroxy-4-methyl-2- 
pentanone (Std .) ,. 
3-0ct adienone (T) /A 

1 2 ,5-Diethylfuran (Std.) n 
I w 
i 2.5-Dimethyl-3-ethyl 
-furan (alternative) 

i 2 !  

Sample Rf (min) 

5.1 

7.8 

- - . - - - - . - - . -. . - 
Major MS I'eaks ' -- . . -- ... . 

67(100) ,95(71) ,110(57) ,41(29) ,39(25).,53(22) ,82(20) 

43(100) ,69(22)8,58(19) ,55(8) ,99(7) ,9516) ,85(5) ,83(5) 

43(100), - , 58(31) ,42(7) ,39(5) ,38(2), - ,83(1) 

124(100) ,96(96) ,67(84) ,91(69) ,41(63) ,79(59) ,95(53) 

(No standad reported) 



* Sanple 'A '  - Underivatieed diethyl  ether extract  of aqueous phase f ran  cellulose reaction in aqueous a l k a l i ;  
san~ple '1' - derivatized o i l ;  smrple '2 '  - derivatized o i l ;  derivatization with t r i f luoroacet ic  anhydride. 
'F' suff ix  indicates tha t  the colapound was run as i t s  . t r if luoroacetate e s t e r  derivative. 

Compound Identified Formula 

bb thyl-n-Propylcyclo 
-penten; (7') CH~Q C3H7 

Decyne (T) 

3-Decyne (Std .) 

Acrolein hydrate mono- 

++ 
Major mass spectnml peaks, m/e (% of base peak). 

5 tl - Identif ication highly probable based on excellent agreement with l i t e r a t u r e  spectnnn. 
P - Identif ication probable based on good agreement with l i t e ra tu re  spectnmi, o r  close correlat ion between 

sample tr if luoroacetate e s t e r  with underivatized ( l i t e ra tu re )  compound spectrum. 
T - Idcn t i f i ca t im tenta t ive  based on poor agreement with reported spectra,  o r  lack of a rcported standard. 

tloa~ever, the sample compound is highly l ike ly  t o  be an isomer or  close s t ructura l  r e l a t ive  t o  thc 
tentat ivcly identif ied cornpound. 

Sanplc 

A 

2 

1F 

t 4 Mass s p e c t m  peak due t o  t r i f  luoroacctate fragments CF;? o r  CF3-CO- . A -' indicates peak b s c n t .  

t r i f  luoroacetate (T) 
b 

Rf (~nhl) 

9 .S 

14.9 

9.9F 

(No stnndard rcported) 

hl .lVt. 

124 

138 

138 

170 

* 

Major MS Pcaks 

67(100) ,110(69) ,95(22) ,109(17) ,54(19) ,41(18) ,43(14) 

(No standard reported) 
-a 

95(100) ,110(67) ,96(61) ,67 (34) ,138(32) ,53(32) ,82 (51) 

95(37), 109(67) ,41(57) ,67(100) ,68(40) ,39(34) ,55(30) - 
141(100) ,69(79)@ ,44(32) ,40(24) ,4701) ,4306)  ,!17(1 :!I@ 



- * 
H = Highly probable identification; P = prchble;  T = tentative. 

- 

Aliphatic hanocyclics 

Cyclopentanone (H) 

Cyclohexanone (H) 

2-Methylcyclopentanme (H) 

2,5-Dirrrethyl-2-cyclopentenone (H) 

2-Ethylcyclopentanme (H) 

Methyl-n-propylcyclopentene - (T) 

A r m t i c  hcmocyclics 

Phenol (H) 

2-Cresol (H) 

0-CZSO~ (H) - 
Heterocyclics 

2 ,4-dimethyl furan (P) 

2,5-Dimethyltetrahydrofuran (H) 

2-Hydroxy-2-methyltetrahydrofuran (T) 

Ethyhthylfuran (T) 

2,54iethylfuran (T) 

(or 2,5-Dirnethyl-3-ethylfuran) 

Aliphatic carbony1 canpounds 

44vkthylpent-3-en-2ae (Mesityl oxide) (H) 

4-Eiydraxy-4methyl-2-ptanane 
( ~ i a a t a n e  alcohol) (T) 

34ctadienone (T) 

Acrole in (as hydrate mmotrifluoroacetate XT) 
r. 

Aliphatic hydrocarbons 

3-Heptene (T) 

4-OCtyne (T) 

Octene + octyne (T) 

2,5-Di11ethyL'%I ; 4 -hexadiene (P) 

- hcyne (TI 



r 

N m  of Intermdiate 

4-Iiydraypentanal 

2,5-Hexadime 

4-ydraxy-4-methyl- 
2-pentanone 
(Diacetrme alcahol) 

2,5-Heptadime 

3-Ethy1-2,5-hexa- 
d ime  

S-yldraxy-2,5-di- 
methyl-3 -hexanme 

5-Hydxmxykxanal 

3,6-Octadione 

2 -Me thyl-S-hydrc~cy 
-2 -hexend 

2-Ketopentanal 

Structure of Intermediate t 

CH=O -" 0 
cd3 

4 
0 * 

CH3 & cH=o 

0 

CH=O 

Functimal 
Group 

Re lation 

1 1 4  

114 

113 

114 

114  

113 

115 

1 1 4  

11 5 

112 

Formed F m :  

1 + 2 

Amtaldehyde + 
acetane 

Acetme + acetime 

Acetme + acetone 

Ethyl methyl ketme 
+ acetcne 

Mthyl  n-propyl 
ketme T acetone 

Methyl iso-pmpyl 
ketane Gceme 

Acrolein + acetone 

~ t h y l  =thy1 ketme 
+ ethyl  methyl ketane 

Pyruvaldehyde + 
=thy1 vinyl ketme 

Acetaldehyde + 
pyruvaldehyde 

Reacticn 
mode* 

a 

a 

c 

a 

a 

c 

b 

a 

, 
b 

c 



* 
CoMespcmds to mchanisms outlined for simple intermediates in Figure 10. 

t Linkage points betwen the two carbonyl can-ds are indicated by a // 

$ Acrolein = acraldehyde = propenal; mthacraldehyde = nethylpmpenal 

kact icn 
mDde* 

b 

b 

Folmed fmm: 
, 1 + 2 

Methyl n-propyl ketnne 
+ methacraldehy4 

+ acrole 

Functional 
Group 

Relatian 

1 , s  

1 , s  

Name of Intermediate 

5-Hydrcgr-2mthyl- 
octanal 

5-Hydraxyheptanal 

Structure of Intermediate t 

OH 
H=O 

CH3 

H=C 



I 
P.M. Molton, R.K. Miller, J.M. Donovan, T.F. Demitt 

Fig. 1. Gas chromatography was performed using a Perkin-Elmer Series 900 gas 
Z 

chromatograph with helium carrier gas at a column gas flow rate of 4 mllmin, 

through a 50 ft x 0.02 in stainless steel support-coated open tubular column 

with LB 550X stationary phase. Operating conditions were, initial temp. 70°C, 

programmed at 4OC/min to 130°C, held at 130°C for 30 min. Attenuation used 

was x20 for a 0.5 p!2 injection, split 99:1, chart speed was 0.5 inlmin. 

(Attenuation was x80 for the diethyl ether extract of product aqueous phase.) 

Fig. 2. Structural similarity and homology in cellulose thermochemical 

reaction products. 

Fig. 3. Isomerism in cellulose thermochemical reaction products. 

Fig. 4. Hypothetical carbonyl intermediates in the formation of observed 

cyclopentanones and cyclohexanone. 

Fig. 5. Formation of intermediate dicarbonyl compounds required for cyclization 

to furans. 

Fig. 6. Formation of observed furan derivatives from dicarbonyl compounds. 

Fig. 7. Possible route to alkadienes from carbonyl intermediates. 

Fig. 8. Possible formation route for unsaturated hydrocarbons via the Aldol 

and Cannizzaro reactions. 

Fig. 9. Alternative route for unsaturated hydrocarbon formation by direct 

elimination of formic acid. 

Fig. 10. Formation mechanisms for hypothetical difunctional intermediates. 

Fig. 11. Summary of intermediate product classes in the formation of oils and 

tars from cellulose. 



-2f MYLCYCLOPEMTANOM or 
3- MEMOXY-Z-GYCLOPENTENONE 

ACROLEIN HYDRATE-TFA 

\ 

- 

- 

CYCLOPENTANONE 

2-0R 3-MElliYLCYCLOPENTANONE 

CYCLOHEXANONE 

2fTHnCYCLOPENTANONE 

\z.u-DIMEM~FURAN OR I-CYCLOPEUTENAL 

7 OCTENE + OCTYNE OR l SOMERS 

- 7 MIXTURE 
MrnlYLETIlYLFVRAN - 

2.5-DIMElHYLHEXA-2,4-DIENE 

7 NONADIENE OR ISOMER 

- PHENOL 

m- ANDIOR pCRESOL 



C yc lopen t anone 

2-tfydroxy-2-methyl 2,s -Dimethyltetra- 
-tetrahydrofuran hydrofuran 

Cyclohexanone 

2,s-Dimethyl-2- 
cyclopentenone 

Phenol 
OH 
I 

Ethylmethylf uran 

Cresol 



Heptene isomer 
(2.7,3.4) 

5-Ethyl - 2 -methyl 2,5-~inleEh~l-2- 
-furan cyclopentenone 
(7.8) (5 1) 

2,s -Dimethyl-2,4-hexa- 
diene 
(8.0,9.3) 

2,s-Diethylfuran . 2,5-Djinethyl-3-ethyl Methyl-n-propyl- 
-furan cyclopeKtene isomer 

(11.8) - (-1 (9.5) 

3-Octadienone isomer 

* 
R values (min). 

Y f 



' ~IinLinaticn of *wt&r and addition of hydmgen instead of reamang-t of the in-e -lo-. 

-? 

* 
Couble h d  formed toR1 carbcn. 

R1 

9 
-3 

C2H5 

c 3 9  

R2 

~ t l j  

n 

1 

2 

2 

2 

2 

Starting material 

4 - M  

5- 

5-yrdrc#yhexanal 
5-al 

5 + ~ = ~ ~ - 2 l l r e t h y ~ l  

Int=mdhte 

4 - ~ ~ *  

5-Ii3cmal 

4 4 b r e n d  

4- 
2+tfiyl+-octend~ 

~ i n a l  pnduc t  

CYCm-e 
Cyc-e 

2- t -kthy lcyc lapen~e  

2-Ethylcycb~en-e 

2*thyl-~~rgrylqclcpe1tene~ 

* 



(a + H20 reaction 

(b) 3 ~ ~ 3 7 ~  a3v Major intermediates 

CH3 CH3 CH3 
4-Keto-2lnethylpentanal 4-Methyl-3-penten-2- 4-wdraxy-4nethy1-2-pentanane 

k s i t y l  a i d e )  (Diacetme alcohol) 

(c) 
OH 

Isawsityl  oxide Diacebne alcahol + 4-&to-2- thyl- 
(major product) 2-pentanane pentanal 

6ninor product ) (required product) 

C 

A 
7 

-H 0 3 
H 

H? 

Are alternative routes to 4-keto-2-rnethylpentanal. 





R = R t  = H, product is 21nethyl-2,4-pentadiene; 

R = R' = CH3, product is 2,s-dimethyl-2,4-hexadiene. 







(a)  A d d i t i o n  between t h e  en01 forms o f  t w o  c a r b o n y l  compounds: 

( b )  N u c l e o p h i l i c  a t t a c k  o f  c a r b o n y l  compound d - c a r b a n i o n  - on t h e  o f  
a n  %,&-unsaturated c a r b o n y l  compound: 

(c) N u c l e o p h i l i c  a t t a c k  o f  c a r b o n y l  compound - d ' ca rbanion  on t h e  c a r b o n y l  f u n c t i o n  
o f  a second c a r b o n y l  compound: 



I 
: Primary Products 

ACID ACID &ID ACID 

; . Tertiary Products I I 
4-Hydrcucy-4-methyl-2-pentanone 

(Diacetone alcohol) 

Quaternary Products 

\ ~ I C S  EURANS '-Exlwmmms CYCLaALKANONES HM,RocmmNS 1 

Final Products OIL + TAR 
I 




