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A. A new, simnle 8nd efficient method has been devised for 

the hydrogenation ~t high pressures, of small quantities of plant 

material and for the analysis Rnd identification of the hy~ro-

genated products. 

B. The work of Harris, D 1 I~nni ana Adkins (73) on the hydro­

genation of metha.n\Jl lignin (a.s-~)en) has been confirmed by B.p)lica.­

tion of s~me procedure to ethanol lignin (maple). 

C. Each of the vnrious groups of ethanolysi€ )roducts obt~ined 

in the eth~nolysis of m~ple wood meRl, ~ni including (1) the 

di st i llPb le oils; ( 2) the non-di st i l1P b le ~morr:h·Jus fre et ion of the 

vr~ter-soluble oils; (3) the so-called 11 benzene-sh~kings 11 ; (4) the 

non-water-soluble tar; (5) the WPter-i:c-.~.s~luble eth~n:Jl li~?;nin and 

(6) the residu1l lignin in the wood, hRve been hydrogenrlted and the 

resulting products se-oPrAted, nn'=llyzed R.nd very 1R.r6ely identified. 

D. Based on these results, a.nd on the previously published 

d~ ta on hydrogenation, the type of linkRge ( -C-0- or -C-,J-0-) 

present in the indj_vidua.l fr8ctions a.nd the extent to which these 

Rre present, hRve been determined. 

E. The experimentRl dn.tR and theoretic1l consideration would 

seem to provide a. rRtional working theory of the mechrtnism of 

ethanolysis. 
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F. Contr~ry to genera.l belief, it wa.s found ··ossiole to 

obt~in sim-ole wP.ter-soluble lignin units by the meth~nolysis of 

mPple and 8Spen v~.~oods. The wa.ter-insoluble meth~.nol lignin 

(maple) h~s been hydrogena.ted and the )roducts shown to be 

identical with those obt~.ined by hydrogenation of the ethanol 

lignin (maple). 
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II. GENERAL INTRODUCTION 

!· Definition of Lignin 

In the early part of the nineteenth century various 

chemists and botanists discovered that woody plant tissue 

upon treatment with certain ohem1oal rea~nts could be 

separated into carbohydrate and non-oarbohydrate fractions. 

Schulze (1), for example, following the work of Payen (2), 

found that an aqueous solution containing nitric acid and 

potassium chlorate readily dissolved (at room temperature), 

that portion of the plant termed ''1ncrusta.nts" by contemporary 

botanists; this soluble fraction was richer 1n carbon tl~n 

cellulose and was named 11 11gn1n". 

Subsequent investigations showed that Schulze's lignin 

contained lar@B quantities of carbohydrate material, and the 

definition of lignin was modified to include only the non­

carbohydrate portion of the extracted material (3). At the 

same ttme it beoame apparent that the non-carbohydrate, ex­

tractable component of woody tissue was not necessarily a pure 

chemical compound but a mixture of substances of similar physical 

and chemical properties. As a consequence, the majority of 

chemists interested in the structural study or lignin concluded 

they were dealing with a class of substance capable, at that time, 

of being defined only by their chemical properties (4); that is 

to say, lignin was considered to be a chemical substance, or pos­

sibly, a mixture of closely related substances characterized by 
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chemical reactions and composition. 

The essential feature or this lignin definition 

was the assumed lack of ohemioal identity between lignin 

and oellulosio (cellulose, hemicellulose, and other poly­

saooharida plant constituents) materials with which the 

lignin was assumed to be closely associated or even 

chemically combined. As work progr-essed and new data 

accumulated concerning methods for lignin isolation two 

important problems arose concerning this terminology. It 

gradually became evident that the chemical reagents and 

conditions employed in the separation of lignin from the 

carbohydrates were so drastic that (a) the carbohydrates 

themselves under such treatment often underwent conversion 

to lignin-like materials and (b) ohan~s in the structure 

of the lignin were apparently oocurringo 

Since carbohydrate materials yield "hum1ns 11 upon 

treatment with concentrated acids under conditions cor­

responding to those employed in the isolation or acid 11gn1ns 

(42), and since these amorphous humins closely resemble acid 

11gnins in physical properties, H1lpert has maintained re­

cently (6) that the word "lignin" has no chemioa~ sign1f1oanoe 

and that all isolated 11gnins are derived from the carbo­

hydrates present in the plant tisaues. Hilpert's conception, 

however, has become untenable with the accumulation of data 

concerning the essentially aromatic nature of lignin. 

As a result of the apparent ohan~s taking place in 

the lignin during ita extraction from wood, Kon1g and Rump (5} 
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suggested that the term "protolignin" be applied to lignin 

as it exists in the plant. More recently the carbohydrate­

free products prepared by lignin isolation procedures have 

been designated as "isolated• or "derived" 11gnins and are 

generally classified by the mode ot isolation and wood 

source used, e.g., ethanol lignin (maple). 

various 1nvest1~tors, nevertheless, still firmly 

believe, though without adequate proof, that lignins isolated 

by their new p~ocesses have not been changed during extraction. 

Consequently, the literature contains such names as "genuinett 

(7), "primary" (8), and "native" (9) 11gn1no Fortunately, 

however, lignin terminology in recent years has become more 

uniform in being based upon the "protolignin" - ''isolated" 

lignin" system. 
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Bo Morphology of Wood Cells in 

Relation to Lignin Content 

The problem of the location of lignin in plant 

materials has been olosely examined by botanists and 

chemists (10), the work of I. w. Bailey on the morphology 

ot wood cells being of particular value. Examination of 

a transverse section of a wood fibre reveals the following 

structure: 

FIGURE I. 

Mature Xylem Cell 

r"///'l / 
/ 

/ 
/ 

//. 
1' .... 

(9.) (d) 

(a) Truly isotropic intercellular substance 
(b) Prtmary or cambial wall 
(c) outer layer or secondary wall 
(d) Central layer of secondary wall 
(e) Inner layer of secondary wall 

t 1' t' 
(c) (t,.) (~} 

All of the layers excepting the intercellular layer 

(a) are anisotropic and between crossed n1cols, under polarized 

light, they are visible with varying degrees of brilliance. 
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Apparently the intercellular layer is the only one in 

which cellulose is absent. 

\\There as no lignin is found in the more a 1mplif ied 

cambial cell, 11gn1fioat1on occurs to some extent in all 

ot the layers of the mature xylem cell. It has been known 

for some time that the so-called middle lamella ((a) and 

(b)) is higply lignified. By means of m1oro-d1ssect1on ot 

Douglas fir sections A. J. Bailey (lOd) isolated samples of 

the middle lamella which on analysis were found to contain 

71.3~ lignin and 14.21% pentosan (the pentosan content 

doubtlessly includes I. w. Bailey's polyuron1des). I. W. Bailey 

showed that when transverse wood sections are oolored with 

Haidenhain's hematoxylin stain (a typical one for lignin) 

the middle lamella appears very dark in comparison to the 

remainder of the cell. By treating wood sections (hard-

and softwoods) with '72% sultur1c acid (see page 12) the 

secondary wall may be dissolved (lOb), leaving only a 

residue or the middle lamella. In the latter at least three 

layers are pr~sent - the two aamb1al walls and the inter­

cellular material. Often five layers are discernible when 

the res1dues of heavily lignified outer layers of the 

secondary wall~- remain closely attached to the res1dues of 

the cambial cells. I. w. Bailey, at the same time presented 

evidence indicating the presence of polyuronidea in the lig-

nin ot the middle lamella. 

In addition to this study of the middle lamella, 

I. w. Bailey (lOe) has accomplished some excellent work on 



- 7 -

the structure or the secondary wall. He has shown that the 

lignin in the latter is not distributed uniformly but con­

centrated in elon~ted intercommunicating interstices ot the 

cellulose matrix. In heavily 11gn1f1ed forma either system 

may be dissolved without seriously modifying the structural 

pattern of the remaining system. The purified cellulose and 

the lignin residue thus reveal positive and negative 1ma~s 

ot the original structural pattern. \Vhen the lignin is dis­

solved the pattern remaining shows quite broad layers of 

compact material which is birefringent when viewed through 

crossed niools. The interstices in which the lignin had 

existed are narrower than the remaining cellulose lamellae. 

When the cellulose is dissolved, the remaining lamellae are 

compact sheets, thin in comparison to the broader, light 

portions and containing a low ratio or b1retr1ngent material. 

In the case of heavily 11gn1f1ed zones of the central layers 

both birefringent parts leave no structural residue. Recently 

(lOo) Bailey has devised a novel technique by which slender, 

elongated crystallne iodine aggregates are deposited in the 

elongated interstices of the cellulose matrix from which lig­

nin had been removed. The interstices were shown to be 

parallel to the fibre axis 1n general, but fluctuations in 

orientation (at right angles to fibre axis or even a ~elioal 

arrangement) existed. 

In addition to this data concerning the location of 

lignin in plant cells it is also of importance to observe (a) 

that the quantity of lignin (degree of 11gn1ficat1on) in a 
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given cell is dependent upon its age as is shown in Table 

I. (lOe); and (b) that the structure of the lignin (as 

would be expected in cell development) changes with age. 

The latter conclusion is exemplified by the increase in methoxyl 

content of young growing plants (11). 

TABLE I 

Lignin Content of Birches 

Cross-section 
Klason L1~1n (%) 

----~w-li-~1-t_e __ B~i~FCh -yellow ~iroh 
of' Trunk 

Innermost heartwood 

Heartwood l" radius 

Annulus from 2" to 4" 

Annulus from 4" to 6" 

Annulus from 6" to periphery 

( 29 £_1ngs). ( 101 r in as) 

37 .44· 

35.14 

23.08 

21.26 

19.54 

29.84 

29.14 

22.00 

21.28 

21.40 
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c. Isolation of L1~1n 

As can be seen from these cell wall studies, the 

isolation of lignin from woody material involves its sep­

aration trom closely associated polysaooharides either by 

selective dissolution ot the lignin or of the carbohydrate 

material. Sinoe one of the primary driving toroes behind 

investigations on lignin structure oonoarns the pulping of 

wood bo produce pure, undegraded cellulose it is obvious 

that the commercially important processes (b1sul£1te, 

alkali, and sultate) involve the dissolution of lignin. 

or these separation methods, the sulfite cooking 

process (patented by Tilghmann (12) in 1860) in which the 

wood is heated with an aqueous acid metallio bisulfite 

{calcium salt ~nerally) under pressure is the most import­

ant industrially. Under these conditions the lignin is 

dissolved as water-soluble lignin sulton1o acids (13). 

These are employed as such 1n lignin investigations, since 

reactions involving the removal ot sulphur from the lignin 

(13b) are so drastic as to change the structure of the 

lignin rad1oally. SUoh preparations, carefully purified 

by dialysis, have been employed extensively for the purposes 

ot lignin investigations, particularly by Klason (see p. 3g }, 

the first "lignin chemist•; Ha~glund (14); and Hibbert and 

eo-workers (see P• 2~ ). 

A second procedure ot industrial importance which 
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is also used as a laboratory souroe of lignin employs 

aqueous or aloohol1o alkaline solutions for the dis­

solution or lignin. The ease with which lignin oan be 

obtained by this method depends somewhat on the character 

ot the 11gn1tied material; in case of aereal straws (15) 

and oorn ooba {16) lignin fractions (not total lignin) 

can be obtained by treatment with aloohol1o or aqueous 

sodium hydroxide solutions at room temperature, whereas 

in the case of wood a more drastic treatment is required 

(17). Thus, in order to remove most of the lignin from 

woods, heating with a 3 to 5% aqueous sodium hydroxide 

solution at 160•180 °0 for 3-6 hours is necessary. 

The lignin is isolated from the "blaok liquortt solution 

by precipitation with acid. SUch lignin preparations, 

although only partially adaptable to laboratory investigat­

ions, due to the ooourrenoe of extensive degradation during 

the extractdon (18) have been used frequently because they 

are (a) easily prepared, (b) represent an industrial waste 

produot, and ( o l are generally soluble in most organ1o solvents. 

The application of a third process involving the 

isolation of lignin by heating wood with various hydroxyl1o 

solvents has become increasingly extensive 1n recent years 

thanks largely to the impetus given to such studies by 

Hibbert and eo-workers. A wide variety of mono - and poly­

hydroxy aloohols and phenols have been used and the extraction 

process considered on the following bases: 
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(a). The extent to which lignin removal and 

cellulose degradation occurs (obviously 

due to interest in pulping possibilities). 

(b). The effect or temperature, concentration 

and catalyst (H+and OH) on yields or amor-

phous lign1ns and more soluble partially 

distillable oils. 

(c). The significance ot concurrent alkylation 

ot the isolated lignin by the extractant 

under certain conditions. 

(d). The relationship between protolignin and 

the isolated lignin. 

Although "alcoholysis'' techniques vary with different in­

vestigators, the procedures, in general, involve a reflux­

temperature extraction of wood meal with an ao1d1t1ed 

alcohol followed by the concentration of the neutralized 

supernatant liquor. The amorphous lignin is then obtained 

by precipitation of the concentrate into a large volume of 

water. 

The alcoholysis reaction will be disaussed in 

detail later (see p. 53 ) • 

Whereas the three isolation methods mentioned 

above involve the solution of lignin, there are several 

important procedures whioh depend upon the removal, by 

hydrolysis, ot the cellulose and other wood components, 
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leaving the lignin as an insoluble residue. The essential 

feature of all such processes ( with the exception of 

Freudenberg's ouproxam lignin) is concerned with the hydro­

lysis of all of the wood polysacoharides and polyuronides 

with concentrated mineral acids such as (a) sulturio acid 

(64, 66 (19), and 70% (20)) to give"Klason" lignin; (b) 

hydroohlorio acid (42-43%) (21) yielding "W1llstatter" or 

hydrochloric acid lignin: and (o) a hydroohlor1o-phosphor1c 

aoid mixture (22). The dark-oolored lignin residue is 

insoluble in water and most organic solvents and is there­

fore readily freed from the water-soluble sugir hydrolysis 

products. 

Although Klason lignin is, at present, of no 

chemical importance since it is obtained by too drastic 

treatment, the isolation procedure is ot primary importance 

in the quantitative determination of the lignin content ot 

plant materials and wood pulp. This method for the deter­

mination of lignin varies slightly from laboratory to 

laboratory but it consists essentially of the following 

steps (23): Approximately two grams ot air-dried wood 

meal, dried to constant weight at 105 °C, is extracted 

tor 4 hours with benzene-alcohol; and, after removal of 

the solvent with water and drying, the wood meal is treated 

with 25 oo. ot 72/b sulfurio acid at 20°0 tor 2 hours. The 

resulting mixture is transferred to a large Erlenmeyer flask 

diluted with water to make a 3% solution and then boiled for 
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4 hours. The hydrolyzed residue is filtered on a tared 

crucible, washed with hot water, dried and weighed. 

Klason lignin content equals: 

Wt. hydrolysis residue 
X 100 

Wt. oven-dried sample 

Due to the ease of 11hum1n'' formation from polysacoharides 

this procedure has been carefully standardized to yie.ld 

reproducible results with little or no "huminw contamination. 

Possibly one of the most important results ot Hilpert's (6) 

theories concerning the carbohydrate origin or lignin was to 

emphasize the necessity or careful control in lignin analys1se 

Whereas Klason lignin has not been used extensively 

in lignin investigations, Willstatter - or hydrochloric acid 

lignin has been used tor structural studies and its mode of 

isolation is the basis tor an analytical method. Research on 

hydrochloric aoid lignin has tended toward the use of modified 

reagents such as a mixture of phosphor1o - and hydrochloric 

acids (22). The preparation or the various HCl lignins in­

volves procedures quite similar to that for Klason lignin 

isolation. 

One of the most useful and least modified of isolated 

11gn1ns of this class 1s Freudenbergts "ouproxamtt lignin, the 

preparation of which is based upon the solubility of cellulose 

in ouprammonium solution. In this prooes~resin-free (benzene-
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ethanol extracted) and gum-free (5% NaOH treatment) wood­

meal is first boiled with 1% H
2

so4 to remove pentosans 

and hemioelluloses followed by a 12 hour shaking with 

SChwe1tzerts reagent. The reaction mixture is centrifuged 

and the precipitate washed successively with Sohwe1tzer•s 

solution, concentrated ammonia, water, dilute hydrochlorio 

aoid and again with water. The complete operation is re­

peated three times to give a low yield (lignin being 

slightly soluble in cuprammonium solution (20b 1 25)) of 

purified lignin. 
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D. Composition and Physioial Properties of 

Isolated Lignins 

Tabulation of the data on elementary analyses of 

various isolated 11gn1ns for carbon, hydro89n and oxygen 

content shows that poor agreement exist~ due, according 

to Hagglund (14, p. 196) to incomplete purification of the 

isolated products. But even after rigorous purification 

procedures it is observed that a lack of agreement persists 

among analyses ot 11gn1ns tram different woods according to 

the method or extraction used, indicating that lignins vary 

from wood to wood and with the mode of isolation. 

Despite these discrepancies, however, all analytical 

results definitely indicate that these materials are entirely 

different from polymerized carbohydrate; the high carbon con­

tent (63•67%) and the considerable quantity.of tightly bound 

methoxyl groups (10-22%) prove this. Therefore, although the 

agreement 1s not perfect, it is fairly olear·~t lignin is as 

much a chemical entity as other classes of natural materials. 

In addition, the ratio ot carbon to hydro@Bn (approximately 

Cl H1.4) (26) makes it unlikely that lignin is composed en­

tirely of aliphatio or hydroaromat1o groupings; instead, 

since reactive ethylen1o bonds are not in ev1denoa, it would 

appear that benzene rings (or furane · or pyrane) (4b, P• 119) 

must be present. 

Of the subst1tuent groups 1n lignin, the methoxyl 
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group is probably the most important. This methoxyl con­

tent also suggests the presence or aromatic nuclei, since, 

similar to aromatic alkoxyl groups, the methoxyl groups 

in lignin are removed only at high temperatures by hydri­

od-ic acid (26). Apparently, however, all of the methoxyl 

groups in wood are not associated with the lignin, since, 

according to ~gglund's results (27), 0.56% of the 4.6% 

methoxyl content in spruce is attached to carbohydrate. 

Since, however, this estimation is based upon a slight 

decrease in methoxyl content upon extraction with hydro­

chloric acid and not upon isolation of methylated carbo­

hydrates; and, since other investi~tors have shown that 

a portion of the methoxyl oontent1 even in isolated 11gnins, 

is loosely bound {28)
1 

Hagglund 1 s conclusion is not decisive. 

At any rate over SO% of the methoxyl content of wood is 

associated with the lignin (29). 

The formation of small amounts (up to 1.2%) of 

formaldehyde from hydrochloric acid and Klason 11gn1ns (30), 

upon treatment with mineral aoids according to the method 

of Tollens, has been interpreted by Freudenberg (24a, 31) 

as an indication of the existence or a d1oxymethylene 

grouping in lignin present as a p1peronyl radical. Since, 

however, no d1oxymethylene compounds have been isolated 

(even from sassafras 11gn1n {32)) from the degradation 

products of lignin, and since formaldehyde has been shown 
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to probably arise from the carbohydrate content of certain 

isolated lignins (33) Hibbert has reasonably concluded that 

the presence of such a grouping is unlikely. 

There are free hydroxyl groups in isolated lignins 

and practically complete methylation of these groups can be 

attained by repeated treatment with dimethyl sulfate and 

alkali, while approximately 50% of the hydroxyl content is 

diazometbane methylatable (112). From the diazomethane 

data it seems logical to conclude that free phenolic hydroxyl 

groups are present. Although Freudenberg (24b) insists that 

hydrochloric ao1d and cuproxam 11gn1ns {spruoe) contain no 

tree phenolic hydroxyl groups, the observation that certain 

lignin preparations, particularly the alcohol 11gn1ns, oan 

be precipitated from aqueous alkaline solution with carbon 

dioxide {14, p. 199) certainly indicate their presence, as 

does the result obtained by Tomlinson and Hibbert, who found 

that alkaline cleava~ of methylated 11gn1nsulfon1o acid 

(spruce) yielded veratraldehyde whereas the unmethylated 

material gave vanillin only - (34). Apparently the al1-

phatio hydroxyl groups are seoondary and tertiary in type 

(4b, P• 122). 

The presence or absence of a free carbonyl group 

in lignin has long been a debatable issue. Although it is 

almost certain that the aldehyde group is absent, there is 

considerable evidence for the presence of a keto carbonyl 
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group. Hibbert and Wright (35) have shown the presence of 

non-enolizable carbonyl 1n formic acid lignin (spruce); 

Friedr1oh (8,36) has obtained condensation products of 

indefinite character from ethanol lignin with phenyl­

hydrazine; and Hagglund's investigations on aromat1o 

amine-11gn1nsulton1e acid compounds (37) suggest the 

existance or keto carbonyl groups. 

Ether oxygen, other than that included 1n methoxyl 

groups, is also present, as is evidenced by comparison of the 

elementary analytical data with the methoxyl and hydroxyl 

content of isolated lignins, and it seems quite likely that 

it is cyclic in part; in fact, Freudenberg (4b, p. 123) as­

sumes the oxygen-containing ring to be flanked by a benzene 

ring. 

The presence of the ethylenic bond in lignin l~s 

not been established. Bromination data are extremely con­

tradictory (38) and the Dimroth (39) method for ethylenio 

bond determination, when applied to different lignins in­

dicates varying amounts of C=C (40), which variation has 

been partially explained by the observation that a portion 

of the lead tetraaoetate addition occurs on aromatic nuolei 

(41,42). Apparently no positive conclusion oan be drawn 

concerning the presence of ethylenio bonds. 

Carboxyl groups are not present in lignin except in 

the case of certain alkali lignins (often called ••11gn1o 

acids">' formed when oxidation (air) occurs during the ex-



- 19 -

traction with hot alkaline solutions. 

It can readily be seen that evidence concerning 

the presence or absence of relatively simple constituent 

groups in lignin is oftimes conflicting. The explanation 

of these discrepancies is threefold in that the structure 

ot any isolated lignin is dependent upon the plant source, 

the mode of isolation, and the degree of hetero~neity of 

the product of extraction. It, therefore, seems reasonable 

to expect that the actual presence of any suoh active sub­

stituent as the carbonyl group, phenolic hydroxyl group or 

ethylenic bond, will be dependent upon the type of reagent 

used in the extraction. 

That various preparations differ from each other 

is shown moat clearly by a comparison of physical properties, 

especially that of solubility. Table II graphically 

exemplifies this fact. (7, ·p.66) 
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TABLE II 

Solubility of Lignin Preparations 

Hydrochloric Alkali Phenol Ethanol 
Solvent Acid Lignin Lignin Lignin Lignin { 157) 

Water 0 

Cold Sodium + + + 
Hydroxide 

Cold Hydro- - - - 0 -
ohloric Acid 

Ethanol - 0 + + 

Acetone 0 + + + 

Ether - - - 0 

Benzene - 0 

Phenol - + + + 

Key: + = soluble 
0 - partially soluble 
- = insoluble 

suoh pronounced variations in solubility cannot be explained 

entirely on a basis of degree of polymerization of a poly­

meric series. Apparently the type of condensation of the 

building unit is dependent upon the isolation technique. 

All isolated 11gn1ns are brown (light tan to black) 

amorphous substances of a colloidal character, which give no 

x-ray diffraction pattern. The colloidal nature or lignin 

preparations results in the typical discordancy observed in 

molecular weight determinations of maoromoleoular aggre~tes, 
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especially when such procedures as the freezing-point 

lowering, or boiling-point elevation methods are em­

ployed. Cryoscopic measurements for example, give 

results varying from 400 to 3000 tor the same preparat-

ion (44). Staudinser (43) has treated lignin prepar-

ations as typical, high polymeria materials and by 

utilizing viscometrio and osmotic methods has determined 

their particle size. Prom his findings which indicated 

a relatively low molecular ~ize for various phenol lign1ns 

and a lignin sulfonic acid(in comparison with cellulose 

and rubber) he concluded that the viscometrio data could 

have no meaning until more was known of the structure ot 

the lignin polymer or polymers. 

Application of absorption-spectrum analysis 

technique to several lignin preparations has indicated 

(a) that a similarity in basic structure exists for dif-
" ,, 

ferent alcohol 11gn1ns and lignin sulfon1c acid from 

spruoe (45~and (b) that the basic component or lignin 

contains at least one benzene ring. More specitically, 

Herzog and Hillmer (46) deduced that the aromatic com­

ponent of lign1nsulfon1c acid (spruce) has a guaiacyl 

nucleus. 

In summarizing it may be concluded from the 

available analytical data and physical properties that 

although isolated lign1ns vary in structure and molecular 
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,size according to the method of isolation and wood source, 

lignin is a chemical entity of the polymeric type derived 

from a baaio unit, probably aromatic in part, which 

definitely contains methoxyl and h~uroxyl groups and, in 

certain preparations, the carbonyl group and ethylenio 

bond. 
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E. Degradation Studies on Isolated Lignins 

In attempting to obtain evidence concerning the 

basic composition or lignin, 1nvest1~tors 1n this field 

next attacked the problem or its structure by character­

istic degradation experiments; namely, hydrolysis, pyrolysis, 

alkali fusion, oxidation and hydro@Snation. Early attempts 

employing mild hydrolytic reagents, instead of yielding 

fission products, appeared to catalyze condensation and 

polymerization reactions; and, as a result, chemists then 

proceeded to use more drastic conditions to obtain the 

stmple basic units or the more complex entities. 

1. Pyrolysis (Dry Distillation) of Lignin 

11 
Hagglund (47), for example, distilled hydrochloric 

acid lignin (spruoe) at temperatures around 500°0, and, in 

addition to a 45% yield of carbonaoeous residue, obtained 

9.6% ot an oily distillate, 0.1% acetone, o.e?% methanol 

and o.s4% acetic acid based on the weight or the lignin 

used. Although much similar additional work was accomplished 

at this time (48) and more exact determinat1ons made of the 

main fractions obtained in ~he vacuum distillation process 

(350°0) devised by Piotet and Gaulis (49)(whioh procedure 

gave 15% aqueous distillate, 20% tarry distillate, 52% 

residue, and 14% gas), Ph1111ps and Goss using alkali, hydro­

chloric acid, and Klason lignins(from corn cobs) were the 

first to isolate and identity certain simpler aromatic products (50~' 
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The following results (calculated on basis of 

dry alkali lignin (prepared from non-solvent extracted 

corn cobs) were obtained by dry distillation at 25 mm. 

pressure: aqueous distillate, 11.7%; oily distillate, 

28.3%; carbonized residue, 50.5%; gas, 9.3~. The aqueous 

distillate contained aoetio acid, oateohol (I), phenol, 

o-oresol, guaiacol (II), oreosolJ isoeugenol (III), -and 

n-propylgua1aool {IV); and the steam volatile "neutralt' 

fraction of the oil, after permanganate oxidation yielded 

an1s1o acid (V). 

OH 

I 

Somewhat 

guaila.ol, 

the same 

OH OMe 

OH 

II 

CH3 
I 
CH 
11 
GH 

III 

COOH 

Me OMe 

OH OMe 

IV V 

later, the same authors (50b) isolated oateohol, 

and n-propylguaiaool by Zn dust distillation ot 

lignin in a hydro~n atmosphere at 400°0. 

These results, although providing valuable support 

for the gua1aoyl nuoleus hypotheses, when taken alone tailed 
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to provide positive proof of aromat1o1ty due to the fact 

that the yields were very low and carbohydrates were known 

to yield benzene derivatives under certain pyrolytio oon-

dit ions (51). 

2. Alkali Fusion and Cleavage of Lignin 

The treatment of isolated 11gnina with fused 

potassium hydroxide, and of 11gninsulfonio acids with 

hot aqueous sodium hydroxide under pressure, yielded 

the first important positive contributions to a know­

ledge of the basic nature of lignin. 

F1sohar and Tropsch (52) fused hydroohlorio 

acid lignin (spruce) with KOH at 240-300°0 and obtained 

35.5% of humin-like material ( 1111gnin-aoid") and 14.9% 

of ether-soluble compounds of which protocatechuic aoid 

(VI) was one • 

Hb HO COOH 

VI 

Among others who identified protocatechuic aoid 1n the 

alkaline lignin malt were Klason (53) and HS.gglund {54). 

Heusar and eo-workers carried out extensive 

fusion studies on hydrochloric aoid 11gn1n(spruoe). 

Their results showed (a) that the volatile products 
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were composed ot protocatechuic ao1d 1 catechol, and 

oxalic ao1d; (b) that protocatechuic acid was the 

primary product of the combined oleavase and oxidation, 

the catechol being formed by elimination of carbon 

dioxide; and (o) that the oxalic acid resulted from 

secondary air oxidation of the two phenolic compounds (55). 

By employing an iron crucible (oatalyt1o activity) and 

an atmosphere of nitro~n a maximum yield of 26% catechol 

was claimed. 

Methylation of lignin and subsequent tusion had 

little effeot on the character and yield of aromatio sub­

stances (56). Under similar conditions, cellulose yielded 

negligible quantities of aromatics (55). 

Since only 5Q% ·of the protooatechuio acid recover­

able when treated with fused potassium hydroxide under the 

conditions employed for its isolation from lignin, it was 

suggested by Freudenberg that the true yield of this product 

is that represented by the use of an appropriate "working -

loss factor". Also, no improvement in 7ield over that found 

with hydrochloric acid lignin (spruce) is obtained from 

"polymeric coniferyl alcohol", VII, by potash fusion (64). 

MeJ--\ 
HO\_JCH=CH-CH20H 

X 

VII 
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It is of interest to note that the yields of 

phenols (predominantly catechol) and protooateohuio 

acid obtained from straw lignin vary appreciably with 

the means of isolation used (57a) (see Table 11!)• 

TABLE III 

Method of' L1S!!.in Isolation 

Cold Reflux NaOH in 
Product NaOH NaOH Me OH 

Protocatechuic s.o-7.6% 7.o-a.o 15.3 

Phenol a 2.2-3.3 0.6-1.5 s.o 

Potash fusion of' beech lignin at 210-215°0 yielded 

gallio acid, VIII, (4-5%) primarily (65). 

HDO 
HO 

HO 

VIII 

COOH 

An extremely important oleava~ prooesa, both from 

the theoretical and commercial viewpoint, has been the aque­

ous alkaline oleava~ of' ligninsulf'onio aoid (spruce) to 

produce vanillin, IX, (58) in yields up to 7%; (34). 

Me OD 
HO - CHO 

IX 
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This prooess has been investigated extensively by Hibbert 

and eo-workers and has provided valuable information con­

cerning the aronatic components of 11gn1nsulton1o acids. 

To date, no other lignin preparations have yielded more 

than 1-2% vanillin upon similar treatment (pressure cook 

of purified sultonio acid containing lOO g NaOH per 11ter 

liquor at 160-170°0 tor 8-10 hours, the vanillin being 

isolated by benzene extraction of the neutralized liquor). 

It has been found that the yield of vanillin increased 

with the sulfur content (34, 59). The s1gnif1oance of 

the gua1acyl ~oup1ng was emphasized further by the later 

isolation or guaiacol (6Q)and aoetovanillone, X, (61) 

rrom the same liquors. The latter compound established 

the existence of at least two carbon atoms in the side chain. 

Application of this technique to hardwood lignin­

sulfonic acids resulted in the isolation ot 3% syr1ngalde­

hyde, XI, (62); o.a% acetosyr1ngone, XII, (63); and 

pyrogallol-1,3 dimethyl ether, XIII, (63); as well as 

approximately equal amounts ot the corresponding gua1aoyl 

derivatives. The presence of both guaiaoyl and syr1ngyl 

derivatives in hardwoods and the absence ot the latter in 

softwoods led Hibbert to suggest this ditferenoe in behaviour 

as a ohemdoal d1st1not1on between these two wood classes (62). 
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3. Oxidation ot Lignin 

OMe M eo-

OH 

XIII 

-OMe 

Published results concerning the oxidation of lignin, 

were quite disappointing until recently in so far as their 

contributing to the knowled~ of the structure of this sub­

stance was concerned. Ozone (66a, b, g), hydro~n peroxide 

(66o, 30a), potassiam permangante (56, 66d) nitrio aoid (66e) 

and nitro~n tetroxide (66t) have been employed as oxidation 

rea~nts tor isolated 11gnins as well as for 11gpinsulfon1o 

acids, oxalic, suooinio and malon1o acids. Apparently poor 

choice of rea~nt and lack of reaction control had resulted 

in drastic degradation. 

As the investigators became more aware of the 

necessity tor caution and restraint in handling lignin 

preparations in the presence or oxidizing agsnts, mora 

successful attempts resulted. Cuproxam lignin (spruce) 

which had been methylated with diazomethane or dimethyl 

sultate, yielded 1-2% veratrio acid, XIV, on permanganate 
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oxidation; and powdered, diazomethane-methylated spruce 

wood upon similar treatment gave a 4% yield of the same 

acid (oaloulated on basis of Klason lignin content of 

the wood) (65). Finally, by combining the alkaline cleavage 

and oxidation techniques, Freudenberg found that the hydro­

chlor1o-phosphor1o acid lignin (spruce), or, better the 

wood itself, if methylated with d1azomethane, cooked for 

90 minutes at 170°0 with 70% potassium hydroxid~methy­

lated with dimethyl sultate and then oxidized with per­

manganate ~ve a yield of 10-14% veratrio aoid, 2-4% 

1sohemip1n1o acid, XV and 3% dehydrodiveratrio acid, XVI,(65-67). 

COOH COOH COOH 

MeO- HOOC- MeO- -MaO 

OMe OMe 

XIV XV XVI -
Inasmuch as in a control experiment with the free acids ap­

proximately one-third ot the veratrio - and two-thirds of 

the isohem1p1n1o acid were decomposed dur1ngsimilar treat-

ment (67) Freudanberg assumed the correct yields of these 
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compo~ds to be 20-21% veratrio - and 6-12% isohemipinio 

aoid; dehydrodiveratrio acid being formed by secondary 

oxidation during the treatment. 

In continuation of this trend toward milder, more 

apeoifio oxidizing agents, Freudenberg {68) obtained yields 

of 2Cffo vanillin from 11gn1naulton1o ao·id, hydrochloric acid 

l-ignin, and cuproxam lignin {all from spruce) and 25% from 

spruce wood meal by pressure treatment (160°0) with sodium 

hydroxide and nitrobenzene: An additional 10% yield of un-

identified phenols resulted from this procedure. These 

results from spruoe wood have been confirmed in these 

laboratories (96). In addition, as a result of an invest-

i~tion 1n which the variable conditions of this reaction 

were modified, the yield of the syr1ngaldehyde-vanill1n 

mixture obtained from maple wood has been increased to 43% 

(plus lo% phenols and aromat1o,,ac1da) of the Klason lignin 

content of the wood (97). 

4. Hydrogenation of Lignin 

As in the case of the application of oxidation re­

actions to the problem of the struoture of lignin, the early 

results of high-pressure catalytic hydrosenation methods were 

of little value. The hydrogenat 1on of hydrochloric aoid 

lignin (spruoe) by Fierz-David for example, produced a mixture 

of unidentified products containing some materials of a phen­

olic nature (69). Similarly the use of alumina and nickel 
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oxide as catalysts (70} gave unsatisfactory results. 

During the period from 1930 to 1937, however, 

Adkins (71) carried on an extensive investigation of 

high-pressure hydrogenation of or~nic compounds over 

CuCrO and Raney nickel catalysts; and he so successfully 

standardized apparatus design, catalyst preparation, and 

reaction conditions that high-pressure hydrogenation be­

came a practical laboratory tool. Recognizing the 

potential applicability of this knowledge to the problem 

of the structure of lignin preparations, Hibbert submitted 

a sample of acetic acid lignin (birch) to Adk1ns in 1937 

(72) for hydrogenation. Although this material underwent 

hydrogentaion over CuCrO in dioxane solution, the identific­

ation of the hydrogentaion products from lignin under such 

conditions was not accomplished until 1938 by Harris, 

D•Ianni and Adkins (73). 

These investigators subjected methanol lignin 

(aspen) in dioxane solution to hydroge~ at 250 atmospheres 

pressure at 250-260 °0 for 12-18 hours over cucro catalyst 

and isolated methanol (28%); 4-n-propyloyclohexanol, XVII, 

(11.5%); 4-n-propjcyolohexanediol .~1,2, XVIII, (3.8%}; 

3-( 4•hydro.xyoyclohexyl )propanol-1, XIX, (25%); and a high­

boiling resinous residue (32%) from the reaction mixture. 
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OH 

OH OH 

XVII XVIII XIX 

In this manner 40% of the lignin was converted 

into identifiable products which could be re~rded as the 

hydro~nated basic units of lignin. In addition to these 

products, propyloyclohexane has been isolated from the 

products of lignin hydrogenation over Raney nickel in 

aqueous alkaline solution (74). 

Not only have these conditions been suooesafully 

applied to isolated 11gnins, but also to wood. Godard (75) 

found that maple wood could be completely solubilized by 

hydrogenation of the suspended wood-meal in dioxane over 

CuCro at 260 atamospheres pressure for 18 hours at 2aooc. 

The oolorless liquid residue, which was composed ot prod­

ucts from carbohydrates as well as from protol16nin, was 

fractionally distilled and 4-n•propyloyolohexanol (19.5%) 
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and 3-(4-hydroxycyclohexyl)propanol•l (5.8%) were 

identified (the percentages being based upon the Klason 

lignin content of the maple wood). 

The hydro~nation of wood and lignin are dis-

cussed elsewhere in detail (see p. 118 ) • 

s. Ethanolysis of wood. 

Although the wood ethanolysis reaction 1a actually 

a lignin isolation process, on the assumption that proto­

lignin is a polymeric material, certain of the reaction 

products may be considered fission products of lignin. 

Hibbert and co-wprkers discovered that a considerable portion 

of the water-soluble components obtained by the ethanolysis 

of spruce and maple woods were non-carbohydrate, and after a 

rigorous rract1onation procedure the following compounds were 

isolated from ethanolysis oils (spruce); vanillin (77); 

a-etboxyprop1ovan1llone, XX, (78); and vanilloyl methyl 

ketone, XXI, (77). Using maple wood meal they were able 

to isolate syr1ngaldehyde (79); a•ethoxyprop~iovanillone (80); 

a-ethoxypropiosyringone, XXII, (80); and syringoyl methyl 

ketone, XXIII, (77, 79). 
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F. Theoretical Considerations on 

Lignin Structure 

1. The structure of Isolated Lignin 

The data in the previous section indicated that 

chemical knowled~ of lignin remained practically stationery 

from about 1890 until 1923, when suddenly a rapid accumulat­

ion of information from experimental investigations concerned 

with alkali f'us ion, oxidation, hydrogenation and ethanolys1s 

produced positive evidence (a) that at least 5o% of the 

lignin (protolignin and isolated lignin) was aromatic; (b) 

that probably all of the aromatic groups in spruce and other 

softwoods were guaiaayl derivatives while in maple, oak and 

other hardwoods both syringyl and guaiaoyl derivatives were 

present; (c) that probably all of the benzene nuclei con­

tained n-propyl side chains 1n the para position with respect 

to the phenolic hydroxyl group of the gua1acyl and syringyl 

residues; (d) and that at least two of the carbon atoms in 

the propyl side chain were attached to carbonyl or hydroxyl 

oxygen. 

The next important question, was the problem ot the 

state (simple or condensed) in which these phenylpropane 

nuole1 exist in protoligntn; their manner of association 

(chemical or mechanical) with polyuronides and cellulose; 
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and the mechanism by which the polymeric, amorphous 

isolated 11gn1ns are formed. Since approximately 90% 

or the work in this field has been concerned with the 

structure ot isolated 11gn1ns, the first two problems 

were neglected except in so far as incidental information 

could be gained from the reactions of wood and procedures 

for lignin extraction. As a consequence they will be 

discussed in the sections on alcoholysis and hydro~nation 

and in this section will be considered only the various 

theories or the structure or isolated 11gnins. 

The literature concerning the properties and 

reactions or lignin is now rather extensive and quite 

a number ot constitutional formulae have been proposed. 

It must be emphasized at the very outset that all of these 

formulae (with the possible exception of the most recent 

one by Freudenberg) are very speculative in character al­

though evidence of a fragmentary nature oan be mustered 

tor their support. ~he fact that at frequent intervals 

the proponents or structural formulae have found it 

necessary to ohan~ them is in itself an indication ot 

the very insecure foundation upon which they rest. In 

addition, it must be remembered that it was not until 

1935 that degradation experiments produced positive know­

led~ of the basic lignin units or monomers comprising 

the major portion of lignin. 
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Any one of the the many proposed structural 

formulae for lignin fi:ts into one of two classes; namely, 

those based upon a propylguaiacyl type repeating unit or 

those with no particular basis other than an empirical 

formula and a few chemical properties. Although xpa.ny 

structures of the latter type have been suggested (81) 

they have never been as popular as the former; and, now 

that it is known that they have no significance, they are 

only of historical interest. 

The apparent ease with which lignin polymerizes 

led Klason to compare it with polymerized coniferyl al­

cohol; and, since con1fer1n (the glucoside or coniferyl 

alcohol) was known to be present in the oamb1al sap of 

all woody species (89), he concluded that lignin also 

contained the same three-carbon side chain (82). Later, 

on the basis of a comparison of the properties of lignin­

sulfonio acids and sulfonic acids from pOlymeric coniteryl 

alcohol he concluded that lignin was a condensation product 

ot con1feryl and oxyooniteryl aloohols (83). Originally 

the repeating units were believed by him to be united 

through ether-oxy~n linkages (84); but later, after having 

conceived and discarded the possibility of a similarity 

exist 1ng between flavon~ .. ls and lignin ( 85), the following 

structure XXIV, Which was based upon a coniteryl aldehyde 

repeating unit, was proposed (86}. 
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Meo- -CH=CH-CHO 

XXIV 

This configuration was based upon the assumption that 

lignin was related to the tannins. 

As time passed and •v1denoe accumulated con­

cerning the variable sultur content of ligninsulfonio 

acids (66b) (tor the key to all proposals made by Klason 

depended upon the empirical formula ot spruce 11gnin­

sulfon1o""a.~f1d), it became apparent that a d1mer1o structure 

was unsatisfactory and Klason suggested first a paralde­

hydic polymer (87) and .finally a hemiacetal condensation 

mechanism (24b,88) in which compound XXV was the monomer. 

MeO 

HO~CHOH-CHg-GHO 
XXV -

The ooniteryl-aloohol-poly.mer hypothesis has also 

been advanoed by Kursohner (4a, P• 77) on the experimental 
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evidence that con1ter.tn and spruce lignin show an analogous 

behaviour in several chemical reactions suoh as action 

with bisult1tes and sulfurous ao1d, fusion with alkalis, 

and solubility in triohloraoetio acid. The following 
If 

structural formula, XXVI, was suggested by Kursohner: 

---

CH20H 
I 
CH 
11 
CH 

0 

CH 

•OMe 

-OMe 

CH20H 

bH 
XXVI 

-oMe 

10 
-OM a 

1H20H 

CH--CH----

The major objection to this theory, as with all 

theories based upon ooniteryl derivatives, is that isolated 

11gn1ns do not behave like true unsaturated compounds, nor 

do they yield the oharaoter1st1oally lar8S quantities or 
ethyl iodide upon hydrogen iodide oleayage of the propylene 

side chain (89). In addition, were the benzene nuolei simply 

connected through ether-oxygen linkages, lignin should yield 
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simple units when heated with hydr1odio or hydrochloride 

acid. No such derivatives have been obtained from spruce 

lignin when treated in this manner (57). 

Closely related to Klason's theories of oxycon1-

feryl alcohol, coniteryl alcohol and ooniferyl aldehyde 

condensation products are those proposed by Freudenberg 

in recent years. This investigator considered the com­

pounds XXVII to XXXII (and similar units) to be the lignin 

"building stonasu (monomers) (90) which condensed to form 

a 12 unit chain called "primary lignin 11
, XXXIII. By the 

polymerization ot "primary lignin• "secondary lignin" XXXIV, 

was produced_ (lOa, 40, 91): 

CH20H CHO C~ 
I I I 
CHOH CH2 C=O 
I I I ; R-
CHOH CHOH CHOH MeO OMe 
I I I 
R R R 

XXVII XXIX XXX XXXI XXXII 
XXVIII 

~e-o 
10 

XXXIII 



- 42 -

xxxrv 

T.he latter product was formed supposedly by the condensation 

ot "primary lign1n° in the wood during the post-mortal period 

or during the process of the isolation of lignin in the labor-

atory. It was considered to be the parent substance of almost 

all lignin derivatives, particularly of ligninsultonic acid, 

the latter substance resulting from a partial elimination or 
water and the addition of H - S03H to the newly-formed 

ethylen1c bond. 
.. As in the case or Kursohnerts polymer, however, the 

conception ot simple ether linkages between the "building 

stones'• did not oo1nc1de with data from the ether cleavage 

reactions carried out on isolated lign1ns. Consequently 

Freudenberg abandoned his original ldea (90) in favor ot 

a benzo.furane or benzopyran condensation product, XXXV and 

XXXVI, resembling one of the formulae proposed by Klason 

(XXIV) • 
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-o -o 

Olle 

XXXV XXXVI 

Although these structures were originally 

postulated upon only the barest experimental foundation, 

considerable supporting avidenoe has accumulated tor this 

theoretical consideration in the past five years. 

Freudenberg, himself, isolated isohamipinio acid (XV) 

(651;67) thereby indicating the presence of an alkyl residue 

in the meta position with relation to tba methoxyl group. 

The essential validity of the assumption of a basio phenyl• 

propane unit was confirmed by the lignin hydrogenation data 

ot Adk1n·s and Harr1s; and, concurrently the 1dent1t1oat1on 

of the ethanolysis produots from wood by Hibbert and eo­

workers established the nature of the substituents on the 

propyl s1de-oha1n. 

In addition to this support, Freudenberg has 

underbtken extensive experiments parallel!J:ls~; those on 

ouproxam lignin with Erdtman•s acid, XXXVIII, (67). 
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This product is obtained by the oxidation of dehydro­

diisoeugenol, XXXVII, (92) which, in turn~ 1s obtained 

from 1soeuganol by means of b1oobam1oal dehydro~nat1on 

by fungi or through gentle chem1oal oxidation (93). 
the bearing on 

The results; of this analogy are shown in Table IV. 

CH3 lH3 I 
HO CH-CH HO CH-CH 

1 I OMe OMe 
CH=CH-CH3 

0 ~ COOH 

OMe 

XXXVII XXXVIII 
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TABLE IV 

Yield of Oxidation Product (67) 

Veratrio Theor. Isohemip. Theor. 
SUbstance Acid Yield Acid Yield 

----------------~% ____ ~% ____ ~%---~~%--

Erdtman ' s Ao id 21 53 5 66 

Cuproxam Lignin 14 4 

Cryst. SUlfonio Aoid 
from Erd.•s Aoid 17 39 4 40 

L1gn1nsulton1o Acid 3 3.8 

Erd. Ac id-Thioglyoollio 
Aaid Condn. Product 7.4 41 3 59 

Lignin Thioglyoollio Acid 4 3 

several important objections may be raised a~inst 

this polymerization mechanism. In the first place, it seems 

stran~ that Freudenberg has not proven the structure or 

Erdtman•s acid, tor it so happens that the structure shown 

above tor this compound is merely that ot the •logioa.l'' 

product ot a condensation reaction of somewhat doubtful 

mechanism. secondly, although Freudenberg has not suggested 

an alternate structure tor hardwood 11gn1ns, which have been 

shown to contain at least 5o% ot the aromatic residue as 

syr1ngyl derivatives (96, 97), it is obvious that the presence 

of the second methoxyl group 1n this nuoleus prohibits the 

occurrence of suoh a condensation (lOO). In the third plaoe 
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it is difficult to associate a 20% yield or vanillin 

upon relatively mild oxidation (68) of such a polymer; 

for, since vanillin oould conceivably arise from the 

end guaiaoyl residue only, it would mean that the isolated 

lignin was a tetramer whereas Freudenberg himself states 

that isolated spruce lignin is composed of more than 

twelve Cg units (loa, 40). Finally, a very recent exper­

iment by Lautsah (95) indicates that, at best, only a part 

of the lignin oan exist in such for.m. This investigator, 

after treatment of methanol lignin (spruoe) with alooholio 

merour1o acetate, replaced the added AcOHg group by iodine. 

The resulting 1odol1gnin on oxidation with oobalt1o hydroxide 

gave a 10% yield of 5-1odovan1111n as the main product, 

1ndioat1ng that a portion ot the gua1aoyl residues could not 

have been condensed through that position. 

It is not to be construed that because of these 

objections the writer considers such a polymeria system tor 

lignin to be irrational, tor even though such a condensation 

meohan1sm is untenable for all of the lignin from syringyl­

oontaining bardwoods, the evidence against the hypothesis 

in the case ot spruce 1s far from absolute. Actually 

Freudenbarg stated the problem quite distinctly when he 

said, "Although the scheme bas been or1t1o1zed in certain 

reapeots, a more satisfactory picture has not been presented. 
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I have put forward what seams to be the most logical 

conception of lignin chemistry in the hope that it 

may stimulate those who do not agree to propose 

another more constructive solution to this problem." 

2. Lignin as a Possible Product of 

Plant Respiration 

According to botanical classification lignin 

has often been considered aa a cementing or binding 

component in plant struoture (101). Lignin chemists, 

in ~neral, have either tacitly accepted this theory, 

or else they have ignored the functional signitioanoe 

of lignin entirely. With the isolation of a-ethp·xypropio­

van1llone and van4lloyl methyl ketone from the etbanolysis 

products of spruce wood, however, Hibbert recognized a 

remarkable similarity between these compounds and a group 

ot compounds which szent-G,y~rgy1 has shown to constitute 

dehydrogenase-catalyst systems in various forms ot plant 

lite (102). As a result of a structural comparison 

H1bbert has suggested that lignin is derived from a 

series or hydrosen-transport1ng catalysts involved in 

the oxidation-reduction respiratory reactions, which 

catalysts during the life or the plant and in the sub­

sequent post~ortal stasa, undergp conversion into more 

complex condensation-polymer products (109). 
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In his recent Nobel Prize lecture, (102) 

szent-Gyorgy1 pointed out that, while a great deal 

had been learned about the mechanism of animal cell 

respiration, very little was known concerning that 

of the plant. However, as a result of a series of 

researches carried out with various forms of plant 

life, he has been able to demonstrate the existence, 

therein, of a number of dehydro~nase-oatalyst sys-

tems such as catechol, XXXIX; ascorbic acid, XXXX; . 
and d1oxylmale1c aoid, XXXXI (103). 

(B) 

OH 

(A) 

XXXIX 

(B) 

-2Hj 1+2H 

I 0 I CH20H 
co-co-co-CH-~HoH 

(A) 

xxxx 

(B) 

C(OH)-COOH 
11 
C(OH)-COOH 

-2HJf+2H 

CO-COOH 
I 
00-COOH 

(A) 

XXXXI 

Eaoh of these can function as an oxidation­

reduction system, the oxidized moleoule being a 1,2-

diketone (A) and the reduced molecule (B) 1 an ~"ene-d1ol". 
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The above ene-diols, when synthesized outside the plant, 

are more stable than their corresponding diketones. 

From these experiments and other theoretical oonsiderat-
,, 

ions, szent-Gyorgi has been led to conclude that~ irre-

spective of any other systems which may function in plant 

respiration, there must be present oxidation-reduction 

configurations of the ene-diol type (102). 

Closely related to this hypothesis and to the 

possible relationship of aromatic lignin monomers to 

plant respiration are the results of Neuberg (104). 

This investi~tor isolated phenylaoetyl carbinol, XXXXIV, 

and methylbenzoyl ketone, XXXXIII, from a fermenting sugar ----
solution to which benzaldehyde had been added, a carboligase 

synthesis being brought about. Apparently the carboligase 

enzyme had catalyz-e-da condensation reaction between benz­

aldehyde and acetaldehyde, the latter compound being a 

product of the carbohydrate fermentation reaction. 

Since methylbenzoyl carbinol (a-hydroxypropiophenone) XXXXII, 

is readily converted to phenylacetyl carbinol in fermenting 

solutions which contain yeast (106), it would appear that 

the former compound is also a product or the carboligase­

catalyzed condensation reaction. The presence of these 

three compounds in the same reaction mixture suggests the 

existence of the following combined ene-diol-oxidation-

reduction system: 



-50 -

XXXXII -2H J t +2H XXXXIV 

c6 H5 -co-CO-CH3 

XXXXIII 

It such a reversible system ia present in the 

fermentation reaot1on mixture, the possible presence of 

a similar system in plants (since fermentation and res­

piration cban@Bs are very intimately related) is suggested 

by the existence therein of metbylvanilloyl ketone, XXI, 

and a-bydroxypropiovanillone, xxxxv, (actually the latter 

compound is isolated as the ethyl ether from the etbanolys1s 

oils). 

HOD-CO-GHOH-CH3~ H~D-C(OH)=C(OH)-0% 
MeO XXXXV ~~2H ~ 

Ho-D-co-co-cH3 HoQcHoH-co-cH3 
MaO MeO 

XXI 

Since the oxidation-reduction oonng~rations in this re­

versible reaction fulfil_ SZent-Gyorgyi's requirements tor 

a plant respiratory oxidation system, Hibbert ~s suggested 
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XXXXII -2H +2H 

XXXXIII 

If such a reversible system is present in the 

fermentation reaction mixture, the possible presence of 

a similar system in plants (since fermentation and res­

piration changes are very intimately related) is suggested 

by the existence tnerein of methylvanilloyl ketone, XXI, 

and a-hydroxypropiovanillone, XXXXV, (actually the latter 

compound is isolated as the ethyl ether from the ethanolysis 

oils). 

:tiO 

M eO 

-00-CHOILC!j 

lXXXV 

HO 

M eO 

rlO 

M eO 

-2H 

~O(OH)=G(OH)-OH) 

+2H 

HO­

, M eO 

Since the oxidation-reduction configurations in this re­

versiple reaction fulfil Szent-Gy8rgyi•s requirements for 

a plant respiratory oxidation system. Hibbert has suggested 
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that they serve that purpose in growing plant cells. 

In addition, on the assumption that ~-hydroxy­

prop1ovan1llone, XXXXVI,(an 1somer1o form of a~hydroxy­

propiovanillone) is present 1n living plant oells, 

Hibbert has propounded a plant dehydro~nase catalyst 

system which is analogous with szent-Gyorgyi's tour­

carbon dicarboxylic system. The latter series of 

compounds has be en shown to be one of the principal 

systems active in animal cell respiration; Hibbert 

has proposed that the following oxidation-reduction 

system may play a similar role in plants (Diagram I). 
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DIAGRAM I 

r. Animal C4 System II. Plant C0 -C3 System 

(SZent-Gyorgyi) (Hibbert) 

(:A:. l HOOC'-CO-CH2-GOOH (A I ) R-CO-CH2·CH20H 
(Oxalacetic acid) (XXXXVI) 

+2HJ r-2H +2~ r-2H 
(B) HOOC-GHOH-CH2-COOH (B') R•CHOH•CH2-CH20H 

(Malic acid) 

-H2oj -fi2oJ 
{C) HOOC-CH~CH-COOH 

(Fumaric aoid) 
( c') R-CH CH-Cfl20H 

{Coniferyl Alcohol} 

+2HJ r-2H +2HJ f-2H 
(D) HOOC•CH2•CH2-COOH (D') R-C~-0~-C~OH 

( atoo 1n1o aoid) 
MaO 

R=H:O or ao .. Q 
MaO' MaO 

In this new system it is seen that the third member 

(B') is ooniteryl alcohol, the botanical signifioanoe of which 

may well be represented by this, or a similar, respiratory 

mechanism. Although the first member, XXXXVI, has not been 

isolated either tram wood or from an isolated lignin, the 

presence of a terminal hydroxyl group in protol1gn1n has been 

demonstrated by hydro@Bnation studies (75); and in order to 

determine the properties of this compound its synthesis is 

now being attempted (110). 
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III. THE ALCOHOLYSIS OF WOOD 

.A. Introduction: 

About 1925 chemists intere~t~d in the study 

of lignin began to shift from thb characteristically 

drastic methods of lignin isolation and degradation to 

much milder procedures. Although there ~as little 

positive data to indicate that the reactions em~loyed 

for lignin isolation ~ere causing structural changes in 

the lignin itself, there were a suf!icient numoer o:t in­

formative results ~hioh suggested that chemical changes 

were involved in the isolation procedures. The solu­

bilities, for example, of lignins derived by different 

processes varied appreciably (see P• 20); similarly, the 

methoxyl contents of different lignin preparations from 

the same ~ood source ~ere not in agreement (14, p. 197). 

In addition, it Vtas seemingly apparent that, if protolignin 

contained any very reactive substituent groups, changes 

would ooour upon treatment -with concentrated sulfuric acid, 

fuming hydrochloric acid, dilute sodium hydroxide, or aoid 

metallic bisufite at high tt:mpera.tures. As a consequence, 

lignin chemists began a study of possible isolation pro­

cesses dependent more u~on speoifio solubility of an ex­

tractant than upon preferential degradation by a reagent. 
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The results from these investigations led to 

the development of two general methods, one of ~hiah 

involved the preferential di~solution of cellulose ~ith 

ouprammonium solution (Freudenberg's cuproxam lignin), 

and the other consisted of the extraction of lignin with 

hydroxylio solvents. Although neither process was purely 

physical in that a certain amount of hydrolytic action ~as 

required, it "Aas generally accepted that the lignins iso­

lated by these procedures more closely approx:imated pro­

tolignin than did thO-=· e obtained by means of the older 

methods. Cuproxam lignin has already been discussed; 

this section ~ill deal ~ith ~1e preparation and properti6S 

of ''alcoholysisn lignins. 

Although the vword "alcoholysis" has been used to 

descrite the process by ~hioh lignin is removed from ~oody 

material by extraction, it must be emphasized that, wherein 

this term implies the occurrence of a molecular cleavage 

involving the addition of the elements of ROH to the cleav­

age fragments, there is no positive evidence that such a 

reaction actually occurs in the lignin alcoholysis ex-

traction process. It is true that, under certain conditions 

the isolated lignin contains the OR group, tut it is also 

found that under other conditions no OR addition occurs. 

Consequently, since the mechanism, or mechanisms, of these 
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isolation methods have not been established as yet, the 

term rta].ooholysis" as a~plied to lignin chemibtry defines 

those lignin isolation pr·ooedures by which the lignin (or 

part of the lignin) is removed from woody material by means 

of solvents. 
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B. Survey of the Alcoholysis Froceas 

for Lignin Isolation: 

The first application of the alcoholysis pro-

cess in lignin chemistry ~as made in 1893 by Klason, 

(113) ~ho found that 28-32% of spruce ~ood could be dis­

solved by boiling with a tenfold volume of ethanolic 

hydrochloric acid (5%) for 6-10 hours. By concentration 

of the supernatant liquor a resinous product ~as outained 

which could be separate-d into chloroform-soluble and in­

soluble fractions. Klason considered the latter to be 

"pure lignin" ~ithout further examination of its properties. 

Concurrently, Mangin, a French botanist, used 20% alcoholic 

hydrochloric acid to effect partial dissolution of the 

middle lamella of cambial cells (114). Much lat~r. another 

botanist, Gruss (115), found that a small amount of lignin 

could be isolated by boiling, with ethanol, a suspension of 

wood which had been moistened previously with 20% aqueous 

hydrochloric acid. 

It ~as after a consideration of these preliminary 

experiments that various investigators attempted to isolate 

lignin by alcoholysis procedures. Inclu4ed among the many 

organic hydroxylio compounds employed were primary and 

secondary aloohols: tertiary alcohols (116); ethylene glycol 

(40b, 117, 118); glycol monomethyl ether (ll7b, 119); 

glycerol monochlorhydrin (120); phenol (121); phenol homo-

1ogues (122); and ethanolamine (123). In addition, several 
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non-hydroxylio solvents (such as dioxane (116, 124), 

acetone (125), and chloroform (125) have been employed 

~ith varying degrees of success. 

Since the same limitations 01 conditions and 

catalysts apparently apply to all of these compounds 

(¥:i th the exoe·ption of the u~e of iodine as a catalyst 

by Hibbert (117a) in one case). the detailed discussion 

of the alcoholysis prooesc is restricted to ~rimary and 

secondary alcohols. 

The various ~.rooedure s dif:ter ace or ding to the 

alcohol employed, the quantity of ~ater ~resent, the type 

of hydrolytic agent used (if any), and the temperature 

and duration of the extraction. Since a change in any 

one of these variables a:tfects not only the yield but also 

the composition of the isolattd lignin, a consideration of 

the alcoholysis processes necesbitates a detailed account 

of the observations 'Ahich have been made. The arrangement 

employed by the writer to classify the available data on 

this subject is based upon the component or components com­

prising the extraction solution. 

I. The Effect of Water on Wood 

By cooking aspen ~ood with ~ater at different tem­

peratures for varying lengths of time, Aronovsky and Gortner 
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(126) found that water had a profound effect upon wood. 

The starting material gave the following results upon 

analysis. 

Analysis oi Aspen Wood (126) 

Moisture 

Alcohol-benzene Extractable 

Lignin 

Pentosan 

Cellulose 

a-Cellulose 

10.2% 

2.66 

26.6 

17.6 

62.06 

46.0 

The ef~eat of the various treatments upon 

the ~ood constituents is shown in Table v. 

TABLE V 

The Ef~eot of Water on the Constituents of Wood. 

Quantity of Material 
Removed bl Treatment 1 ~ (al 

Temp. {OC) lOO 148 170 
Material 

Time (hrs.) 12 4 12 2 8 

Pentosan 6 25 46 50 90 

Lignin 2 3 1 7 

Cellulose 10 16 20 26 

&•Cellulose ... 2 10 10 16 

186 

2 

90 

4 

23 

11 

C%)a - Percentage of component present in untreated ~ood. 

8 

97 

3 

32 

37 
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2. The Effect of Aqueous Hydrochloric Acid 

on Wood. 

An insight into the influence of wood exerted by 

ll.later, as such, 1 s a:tforded by a compa.r is on of the results 

des cri bed above 'Ai th thobe of Ha"J\ley and Cam!Jbell (12 7). 

The latter investigators mude an extensive study of the 

partial hydrolysis of Sitka spruce by aqueous hydrochloric 

acid solutions at 100°0 for six hours. Acid concentrations 

of 0.05, 0.25, 1.5, a.o, and lb.O% ~ere anployed, and it vvas 

found that considerable dissolution of cellulose and pen­

tosane occurred. Unlike water, however, dilute hydrochloric 

acid removed a relatively large proportion of the lignin. 

Apparently, the hydrolytic or degradative action of the 

hydrochloric acid is more equally effective on all of the 

oonsti tuente of wood as is sho11n in Tab le VI. 
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TABLE VI 

The Effect ot· Hydrochloric Acid on the Constituents of Wood. 

Condition Cellulose 
%(a) 

B% aqueous HCl 26.0 
(6 hrs. at 100°C) 

B% HCl followed by 46.6 
1% NaOH (1 hr. at 100°C) 

16% aqueous HCl 48.0 
(6 hrs. at 100°0) 

16% HCl followed by 
1% NaOH (1 hr. at 100°0) 

60.0 

Material Removed by 
Treatment 

Lifnin Pentosa.n 
%(a) % a) 

9.9 67.0 

14.0 79.0 

10.2 91.0 

20.6 92.9 

%(a) - percent of original oelluloee, lignin, 
or pentosan content. 

By comparing the data in Table V with that in Table 

VI, it is apparent that ap~roximately the same results are 

obtained by treating ~ood with ~ater at 170°C for a hours 

as are obtained from a six-hour treatment with 8% hydro-

ohlorio aoid at 100°0. Therefore, it would appear that 

pure ~ater at 170-180°0 is a vigorous hydrolytic agent. 
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3. The Effect of Aloohols on Wood 

Klason ~as able to dissolve t~o percent of the 

material in finely-ground spruce ~ood by means of ex­

traction with boiling methanol alone (128 ). The so-oalled 

"native lignin" which ~as isolatt~d f'rom the methanol solu­

tion had a methoxyl content of 12.5%. 

These results vvere conf'irmed by Brauns (129). vmo 

obtained a similar yield o1· "native" lignin by allowing a 

~ater-and-ether pre-extraoted spruoe wood meal to stand for 

3-4 daya in anhydrous ethanol. After a oareful fraotionation of 

the ethanol-soluble material, this investigator isolated a 

produot containing 14.6% methoxyl. This material was solu-

ble in sodium bisulfite and sodium hydroxide solutions. 

Although this product is of considerable interest in that it 

was apparently isolated from ~ood by solvent extraction alone 

and not by hydrolytic action plus solvent extraction, it is 

obtained in such small quantities that it can hardly be con­

sidered a representative sample of this protolignin. In 

addition, 1 t has been shown by Friedriah (130) that the •·'resin" 

obtained from pine by extr·aotion with an aloohol-benzene 

mixture included a compound -whiah resembled hydrochloric aoid 

lignin in some respects. 

According to Harris (131) lignin could not be ex-

traoted from freshly out aspen ~ood with ethanol. Ho~ever, 
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if the ~ood had been air-dried, two perjent of the lignin 

could be extracted ~ith ethanol. In addition, with wood 

TJWhich had undergone attack by the fungus "blue stain", the 

lignin yield ~as increased to ~.3%. These results led 

Harris to conclude that the solubility of protolignin in 

alcohols depended upon a preliminary hydrolysis of some comw 

ponent in the ~ood. This investigator has also determined 

a few o~ the properties of this solv~nt-extraoted lignin, 

and, from the data available, it appears that the isolated 

lignin Vias similar to the mater ia.l isolated by Brali.ns (129). 

Both Harris and Brauns have round that lignins o·btained by 

such solvent-extraction procedures oan be methylated with 

methanolio hydrochloric aoid. 

The addition of sodium ethylate to aLsolute ethanol 

was found by Cam~bell (14o) to have no effect upon the 

quantity of lignin which oould be extract~d from wood. 

4. Effeot of Alcohol-Water Solutions on Wood. 

From experiments dealing ~ith the cooking of 

aspen sa~dust with 60% aqueous solutions of aliphatio al­

oohols, Aronovsky and Gortner (144) oonoluded that primary 

aloohols were good "pulping agents". The results obtained 

by treating ~ood meal with various solutions at 160-17600 

for 4 hours is Shown in the following ~able VII. 



TABLE VII 

The Eff'ec:t of Al.cohol-Water Mixtures 

on the Constituents of Wood 

Wood C&,ieEtOH Lignin Content Lignin Pentosans a-Ce lil al o.se 
Extraction Residue Extrao"table of Residue Removed Removed Remo·ved I 

Agent <%l <%> (%) ____ (%~ <%la· (%)a Q) - - CA 

H20 63.4 91.5 J.3.S 45 s:s: 25 • 
Me OH-H20 70.2: 5.2 9.8 57 50 1 

Et OH• H20 62·.5 8.9 7.7 7'0 65 8 

m-PrOH-H20 60.0 4.8 s.~.s 78 75 8 

n-Bt%0H-H2C:) 54.4 o.s 3.0· 88 77 18 

1't-A:m.OH•R20; 51.5 1.4 4.3 82 84 18 

~~%)a = Perc·ent of component present in untreated wood 
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Bt comparing these results ~ith those given 

in Table V, it can be seen that alcohol-water mixtures are 

less destructive of wood pentosans and cellulose than is 

water alone. When urea (10%) ~as added to the butanol 

~ater mixture, the extent of ~entosan degradation was re­

duced considerably and the lignin and cellulose content of 

the residual wood ~as equivalent to that obtained by treat­

ment with ethanol-Viater. The lignin isolated from the. 

alcohol solutions (a) contained no additional alkoxyl groups 

and (b) was very soluble in the common organio solvents 

(benzene and ether excepted). 

A study of the action of butanol-water solutions 

(168°0; 7 hrs.) on hard-and-softwoods was carried out by 

MoMillen, Gortner, Schmitz, and Bailey (1~~). A marked 

distinction in pulping oharact~ristios bet~een the t~o 

olasses vgas found, but "Within each class, the dif!"erent 

~oods showed similar properties (Table VIII). 
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TABLE VIII 

The Eft.'ect_ of Butanol-Water (50%) on Wood 

Wood 

Aspen 

Silver· Maple 

White Spruce 

Jack Pine 

Components 
Originally Present 

Lirin Pentosan 
% 

19.4 15.5 

22.2 16.9 

28.2 7.0 

25.9 6.8 

Components 
Removed 

Lignin Pentosan 
%(a) %(a) 

90 84 

8'7 82 

60 50 

58 '70 

%(a) - Percent of component in untreated wood 

Bailey (134), in. an attempt to determine the reason 

for this marked difference in behavior between soft- and 

hardwoods studied the effect of butanol-water solutions 

(158°C; '7 hours) on aspen and jack pine. He claimed the 

extracting solutions were neutral because they had been buf-

fered at room temperature prior to use; and as a result of 

this neutrality, no hydrolysis occurred during the cooking 

treatment*• Under these conditions all of the lignin in 

aspen and so% of the lignin in jack pine was removed. Since 

* This c~aim is open to serious question in view of the ap­

preciable lowering in pH whioh takes place in aqueous ex­

tracts at high temperatures. 
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the lignin remaining in the latter wood could be isolated 

by means of an additional extraction with alkaline butanol­

water solution, Bailey concluded that part of the lignin 

in softwoods and none of the lignin in hardwoods was 

chemically combined with cellulose. However, since cellu­

lose and pentosans were dissolved (degraded) during the 

extraction with the "neutral" solution, it is apparent that 

hydrolysis must have occurred. 

Kle1nert and Tayenthal (135) carried out an exten­

sive investi~tion on pulp1ng wood with ethanol-water 

mixtures. By varying the water content of the alcohol-water 

mixture it was found that the maximum lignin removal was 

accomplished with a solution containing 45% ethanol at 190° 

in 3 hours. When wood was treated under these conditions 

the cellulose was only slightly decomposed. With increasing 

water content of the extraction liquor an increased formation 

of simple reducing sugars, cleavage of organic acids, and 

formation of furfural and other volatile products was observed. 

It was also found that the decrease in a-cellulose oontant 

ot the wood residue was more dependent upon the water con­

centration than upon the temperature. Apparently changes 

in physical state and hydrolytic aot1on are involved. 

Since the lignin obtained from spruce contained 

15.9% alkoxyl (calculated as methoxyl) and 15.6% mathoxyl, 

no alkoxylat1on of the lignin had occurred. 
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5. The Effect of Alcohol-Water-All<ali 

Solutions on Wood. 

Both Bailey (136) and Kle1nert(l35) studied the 

effect of adding alkali to the aqueous-alcohol extraction 

medium. Mention has already been made of Bailey's work 

in wbioh the presence of alkali was required to effect 

oomplete removal of the lignin from jack pine (134). 

This author also found that the presence of 2% NaOH in 

butanol-water (50%) mixtures accelerated the rate of 

delignification about 5-16 ttmea (136). Pulps containing 

only 0.33% lignin were obtained in yields of 43-50% by 

cooking aspen for 15 minutes at 186°0 with this aqueous 

butanol-alkali mixture. The delignification of jaok pine 

was less complete, since a two-hour treatment left a wood 

residue (37%) with a lignin content of 1.9%. The data from 

the jack pinepulping experiments led Bailey to conclude 

that the process consisted of one minor reaction (oleava@9 

of the combined lignin from cellulose), and two major ones 

(condensation of butanol with lignin and hydrolysis of the 

cellulose). Unfortunately, this investigator published no 

experimental evidence indicating the formation or a lignin­

butanol complex; consequently the accuracy or these con­

clusions is questionable. 

A brief survey of the physical and chemioal prop­

erties of butanol lignin has been made (135). The carbon 
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and hydrogen contents were generally similar to those of 

other lignin preparations. The only functional ~oups 

present were methoxyl and hydroxyl. The methoxyl content 

was about 18-20% in the hardwood - and 15% in the sottwood 

lignin. Methylation of butanol lignin (aspen) with di­

methyl sulfate raised the methoxyl content from 19.7 to 

31.6%. Bailey also stated that butanol lignin could be 

fract1onated by molecular distillation, but this work has 

not been confirmed {136). 

An ethanol-water-sodium hydroxide (pH 13) solution 

has been employed as a pulping reagent for bagasse (137), 

and the absnoe of ethoxyl groups in the isolated lignin 

established. This latter observation confirmed a similar 

one obtained by Kleinert and Tayenthal (135). 

Practically complete removal of the pentosans 

occurred in all of the above experiments. 

6. The Effeot of Alcohol-Water-Acid Solutions 

on Wood and Isolated Lignins 

The addition of mineral acids to aqueous-alcoholic 

pulping solutions greatly aooelerates the rate of decom­

position of the polysaooharide constituents of wood {135). 

As a aonsequanoe, such solutions have been frequently 

employed as 11gn1n-extraotion reagents. The experimental 

procedure for the alcoholysis of wood when this type ot 
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extractant is used is generally quite different from that 

used with alcohol-water or alcohol-water-alkali treatment. 

Instead of high temperature (170-190°0) and pressure 

treatments, lower alcohol-reflux-temperatures (63-120°0) 

at atmospheric pressure are employed. 

In the method of Friedrich and Diwald (8), resin -

and gum-free wood meal (Pre-treated with ethanol-benzene, 

followed by 5% NaOH) was int~1ately mixed with an equal 

weight of 20% aqueous hydrochloric acid. After this mixture 

bad remained at room temperature for 48 hours a large vol­

ume of 96% ethanol was added and the resulting suspension 

heated at reflux temperature for 8-10 hours. Only 20% ot 

the lignin in spruce wood could be isolated. It was found 

that if all of the aoid were removed from the wood prior to 

the addition of the aloohol, little or no lignin could be 

extracted with hot ethanol. The alkoxyl content of the 

ligp1n obtained from spruce wood was 26.9% (calculated as 

methoxyl), but if a sample of lignin were suspended in 

concentrated hydrochloric aoid for several days and then 

washed tree of acid with water, the methoxyl content dropped 

to 16.5%. 

Later, Friedrich and Bruda (130) round that 

approximately 90% or the lignin in beech wood could be 

removed by repeated treatments with alcoholic hydrochloric 

aoid (5%) solutions. If the extractant contained about 10% 
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hydrochloric acid it was found that the alkoxyl content 
• of the isolated lignin (spruce) dropped from 20.9 to 15.7% 

(calculated as methoxyl). These investiaators isolated 

the beech lignin by precipitating the concentrated alcoholic 

extract into water. After removal ot the lignin, it was 

shown that the aqueous solution contained only a trace of 

methoxyl-oontaining material. 

The significance of the abnormally high alkoxyl 

content of Fr1edrioh's lignin preparation was explained by 

Hagglund (30b) who established the presence of ethoxyl 

groups in ethanol lignin. Ethanol lignin (spruce), pre­

pared by the method of Friedrich (130), contained 20.9% 

alkoxyl (calculated as methoxyl) and 12.45% methoxyl. 

on an ethoxyl-free basis, the latter value is increased 

to 14.2% which value is 1n agreement with the methoxyl 

content of Klason-, hydrochloric acid-, and alkali lignins 

(spruce). 

!so-butanol and iso-amylol in the presence of 

aqueous hydrochloric acid were used as lignin extraction 

agents by H'S.gglund and Urban. The conditions employed by 

these 1nvesti~tors differed from those used by Fr1edr1oh 

in that ·the wood was treated d1reotly with the alcohol· 

aqueous hydrochloric acid solution. For example, in the 

preparation of iso-butanol lignin (spruce), 40 g. of spruce 

wood meal was suspended for 2 hours in a refluxing solution 
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whioh contained 400 g. of butanol and 50 cc. of 37% 

aqueous hydrochloric acid. Approximately so% of the 

• 
lignin was removed from the wood, and by repeated 

treatments a total of 85% of the original Klason lignin 

content of the wood was extracted (the final wood residue, 

however, represented only 22% of ita original weight). 

The lignin isolated by this procedure was very soluble 

in acetone, acetic acid and ethanol but only very slightly 

soluble in ether. The abnormally high alkoxyl content 

found by Friedrioh was confirmed~ by Higglund and Urban, 

but the latter 1nvest1~tora, upon further examination 

of the nature or alkoxyl content, found that only a 

fraction was present as methoxyl groups. The total al-

kpxyl content was determined by the method of Zaisel (141) 

and the methoxyl content alone by the procedure of Willstatter 

and Utz1nger (143). Values of 9.26% methoxyl and 18.4% 

butoxyl were obtained. The addition of the extraction 

solvent was also found to occur with iso-amyl aloohol, 

and this phenomenon was attributed to the formation of 

aoetals and halt-acetals between carbonyl groups in the 

lignin and the appropriate alcohol. These investigators 

interpreted these results to mean that the carbonyl groups 

in lignin were originally combined to hydroxyl groups in 

the cellulose and that the extracting agsnt, in the presence 

of hydrochloric aoid, first hydrolyzed the acetal linkage 
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and then immediately combined with the free carbonyl 

to form the alkylated lignin. 

Support for this theory was weakened when 

these same investi~tors later discovered that isolated 

acid - and alkali 11gn1ns could be partially dissolved 

in acidified ethanol and butanol solutions to give 

products containing varying quantities of ethoxyl and 

butox1de (190). Hydrochloric acid lignin (spruce) was 

separated into two fractions by means of a four-hour 

treatment with 3% aqueous etbanolio hydrochloric acid 

at 78°C. The alcohol-soluble fraction (SO% of the 

original lignin) contained ll% methoxyl and a.l% ethoxyl; 

and the alcohol-insoluble, 14.5% methoxyl and 6.0% ethoxyl. 

It was also found that fully-methylated (dimethyl sultate 

and sodium hydroxide) hydrochloric aoid lignin (spruce) 

(29.5% methoxyl) could be partially dissolved in an 

acidified solution of amyl alcohol. The insoluble portion 

obtained from the reaction mixture contained 20.2% methoxyl 

and 14.85% amyloxide. A lignin fraction with methoxyl and 

ethoxyl contents ot 26.0 and 7.6% respectively, was obtained 

by the ethanolysis of fully-methylated spruce wood. 

In order to avoid the necessity of analyz1ng lignin 

samples for both methoxyl - and ethoxyl-oontent, Friedrioh 

replaced the ethanol solvent by methanol (125). On the 

assumption that spruce lignin contained 14.5% methoxyl, any 
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increase in methoxyl content over that value was 

attributed to methylation of the lignin by the 

methanol-hydrochloric aoid mixture. This investig-

ation was carried out to determine (a) the conditions 

under which the alcoholysis procedure yielded lignin 

preparations with maximum alkoxyl content; (b) the 

influence of the absence of water on the isolation 

of lignin, and {c) the stability of the isolated 

lignin preparations toward alkali. From a series of 

experiments in whioh the water content, acid concen­

tration, and time of treatment were varied Friedrioh 

found that absence of water contributed only slightly 

toward increasing the methoxyl content or the lignin. 

On the other hand, the duration of the treatment with 

the acidified aloohol solution was of greater importance. 

For example, the same result was not obtained when wood 

was boiled with methanolic hydrochloric acid and the 

dissolved lignin precipitated immediately, as when the 

dissolved lignin was left in contact with the acidified 

solvent for a longer period at room temperature. The 

latter treatment with water-methanol (80%) yielded a 

product of higher methoxyl oonteDt than the former did 

using absolute methanol. A combination of the two treat­

ments, 1. e., absolute methanol for a long period of time, 

gave a maximum methoxyl content of 23.2%. The methoxyl 
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content of the other preparations varied from 19.5 to 

22.2%. Friedrich concluded from his experimental results 

(a) that the addition or the alkoxyl group was a second-

ary reaction between the lignin already dissolved and the 

solvent, and (b) that this addition reached its maximmn 

value only after 20 hours. 

By treating the isolated methanol lignins with 

war.m 1.5N sodium hydroxide solution, Friedrioh found that 

the methoxyl content of the lignin was lowered. The 

quantity of methoxyl lost by this "saponification•• varied 

with the different preparations; but, as a rule, fifty 

percent of the methoxyl content which had been added during 

the isolation process oould be removed in this manner. 

These results led this investigator to suggest that carboxyl 

groups were present in protolignin, but King and Hibbert (153), 

by repeating Fr1edrich's work, found that the carboxyl groups 

were formed during the alkaline "degurnming" pre-extraotion of 

the wood. This oxidation did not ooour, however, when an 

atmosphere of nitro@Bn was employed during the extraction 

process { 153). 

As a result of a study of the ethanolysis of Sitka 

spruce Campbell (143) concluded that when wood is treated 

with alooholio hydrochloric acid, the hydrolysis of the 

polysaooharides and of a small portion of the lignin takes 

place independently of the action of acidified alcohol on 
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the main body of the lignin. That is, in the presence 

of acid, alcohol reacts with a portion of the lignin 

to form a soluble product, the rate of formation of 

whioh does not synchronize with the rate or hydrolysis 

of the polysaoobarides. The observations of Friedrioh 

(125) whioh indicate that a decrease in water content 

of the alcoholysis rea~nt resulted in an increase of 

alkoxyl content of the isolated lignin was confirmed 

by Campbell. 

7. The Effect of Anhydrous Aloohol-Hydrogen Chloride 

Solutions on Wood_ and Isolated Lignins 

Since it is practically impossible to remove 

all of the water from wood, no ethanolysis reaction has 

ever been run under absolutely anyhdrous conditions. 

Although this condition has been approached by several 

workers, the major proportion ot the investigations have 

been carried out by Hibbert and eo-workers. 

Brauns and Hibbert (112), were able to extract 

twenty-five percent of the lignin from wood by treating 

carefully-dried spruce wood meal with anhydrous methanolic 

hydrogen chloride ( 2%) at 80•90°C for 80 hours • At the 

end of this treatment the lignin was isolated by preoipj.t­

ating the concentrated methanol solution into a lar~ excess 

of water. Analysis of the lignin preparations from different 



- 76 -

experiments gave methoxyl contents varying from 21.6 

to 22%. The mother liquors from the methanol-water 

precipitationswe~e evaporated to a thick syrup (40% 

of the original weight of wood) which was found to be 

essentially carbohydrate in nature. Further examinat­

ion of this syrup showed the presence of a component 

having a methoxyl content of 17.5%; this material was 

not investi~ted, however. 

Preparation of methanol lignin by the method. 

of Brauns and Hibbert, on a larger scale than that 

employed previously, disclosed the presence of a second 

fraction which was soluble in ether-dioxane (154). The 

original methanol lignin (21.0% methoxyl) and this new 

fraction ~3.9% methoxyl) were separated by solvent 

fractionation with dioxane and benzene, and two fractions 

were obta 1ne.d. in approx 1mately equal pro port ions. However, 

in a methanolys1s run at 70-75°0 (instead of 90-100° as 

in the previous example), the yields or the ether-soluble 

tract ion was very smallL ( 154). Apparently the use or a 

higher temperature in the first example resulted in the 

formation of' a relatively larse proportion or a more sol­

uble for.m of' methanol lignin. 

An extract ion of methanol lignin carried out in 

an open flask at 66°C with anhydrous methanolio hydro~n 

chloride (2%) ~ve a poorer yield of a crude methanol 
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lignin containing 22.7% methoxyl (112). 

Brauns and Hibbert (121k) also round that 

hydrochloric acid lignin (14.5% methoxyl), diezomethane­

methy1ated hydrochloric ao id lignin (21.2~b methoxyl), 

diazomathane-methylated ouproxam lignin (20.2% methoxyl), 

and fully-methylated cuproxam lignin (30.1% methoxyl) 

would dissolve almost completely in 2.5% methanolic 

hydrogen chloride when treated at 80-100°0 for 20-50 hours. 

The lignin preparations thus obtained contained 22.4, 24.4, 

25.4, and 29.~b methoxyl, respectivelyo Fully-methylated 

spruce wood meal {3a.s% methoxyl) yielded a lignin prepar­

ation which contained 29.7% methoxyl when treated in the 

same manner. 

It is of interest to note that all of the methy­

lated lignin preparations mentioned above were insoluble 

in methanol prior to the metbanolys1s reaction. In fact, 

the methylated lignin preparations were insoluble in all 

organic solvents. The methanol-soluble fractions obtained 

from the metbanolysis reaction, however, were soluble in 

dioxane and acetone as well as methanol. 

a. Summary of Data on the Alcoholysis of Wood 

The following summary or the data presented herein 

seemingly indicates that the alcoholysis ~cess . can be 

divided into two types; 1n one process, alcohol-water 
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solutions (with or without dilute alkali) are used, and 

in the other, alcohol-acid solutions (with or without 

waterl are employed. 

(a). Lignin can be removed. from wood by aloohols when (a) 

an approximately equal volume of water is present and 

temperatures of about 180°0 are employed or (b) when 

mineral acids are present and temperatures or 65-120°0 

are used. 

{b). Practically all of the pentosan content of the wood 

is extracted by either process. 

(o). In addition to the pronounced difference in yields 

of isolated lignin obtained by the alcohol-water and the 

alcohol-acid extraction processes, it is also observed 

that the extent and direction of the polysaccharide hydro­

lysis varies -·aonsf.dere.bly. In general, it is found that 

all of the pentosana and only a portion ot the cellulose 

is extracted by means of a treatment with alcohol-water. 

on the other hand, when alcohol-acid solutions are 

employed the pentosan loss may be as low as 70% and the 

cellulose dissolution as high as 40%. In other words, 

when wood is extracted with alcohol-water solutions a 

relatively high yield (60~) or pulp containing only small 

amounts of lignin (hardwooda, 1-3%; softwoods, 10-13%) and 

practically no pentosan material is obtained. When alcohol­

acid solutions are used, the wood residue generally contains 
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a considerable quantity of lignin (hardwoods 8-17%; 

sof'twoods, 15-25%) and small quantities of pentosan 

material (1-3%). In addition, in the latter case, 

the a-cellulose content is usually very low. 

(d). Approximately 90% of the lignin can be removed 

from hardwoods and 60•70% from softwoods with aqueous 

alcohols. The addition of dilute alkali to the extraction 

solution facilitates the complete removal of lignin from 

softwoodso 

(e). Alkoxylation of the isolated lignin does not ooour 

during the alcohol-water or aloohol-water-alkal1 extract-

ion process. 

(f). Ident ioal results are not obtained when",wood is 

heated at 180°0 with water, followed by an alcohol-benzene 

extraction (40% of the lignin dissolved) as wherl21the wood 

is treated with 50,% aqueous ethanol (7Q% of the lignin is 

extracted). However, 1n view of the fact that the alcohol­

benzene extraction is carried out at 80°0 as compared to 

1aooc tor the ethanol-water treatment, it would appear that 

the alcohol-water alcoholysis procedure is composed ot two 

main reactions. The first is one ot hydrolysis or all or 
the pentosan material and swelling and hydrolysis of the 

cellulose by the water; and the second, one of dissolution 

of the lignin by the alcohol. 

(g). All of the lignin cannot be removed from wood by means 
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of the alcohol-acid (1-2%) procedure. In order to isolate 

the lignin from an ethanolysis wood residue it is necessary 

to e.mploy concentrated acid solutions (preferably aqueous). 

The latter treatment causes a pronounced degradation of 

cellulose. 

(h). The extent to which alkoxylation of the isolated 

lignin occurs in the presence or aoid varies directly with 

the duration of the treatment and inversely with the con­

centration of water. 

(1) The alcohol-acid process cannot be separated into two 

distinct reactions since, apparently, the simultaneous 

presence of both the acid and the alcohol is required. 

(j) A possible meohanism for the acid-alcohol process 

is as follows: When wood is extracted with an alcohol­

acid solution~ least two main reactions take place 

simultaneously. First there is hydrolysis of the carbo­

hydrates, influenced by the presence of the alcohol, and 

secondly, there is the interaction between protolignin and 

alcohol (solution and combination) influenced by the 

hydrogen chloride. Both reactions are influenced in turn 

by the presence or absence ot water. 

(k) Alcohol insoluble 11gn1ns and methylated 11gn1ns upon 

treatment with alooholio-aoid solutions, are partially 

transformed into alcohol-soluble alkylated 11gnins. In the 

case ot the aoid methanolysis or fully-methylated spruce 
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lignin the final product has the same methoxyl oontent 

as the original insoluble product; therefore, it would 

appear that the change in solubility is due to a 

structural change in the lignin. 
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C~. The Ethanolys1s of Wood According 

to Hibbert 

The belief that lignin {isolated and proto-

11gn1n) existed only as highly-polymerized, complex 

substances led investigators to conclude that the 

water-insoluble amorphous product obtained by means 

ot the customary extraction methods was the only form 

in which lignin could be isolated. Precipitation into 

water from concentrated alcoholJ acetic acid, or dioxane 

solutions has been practically an invariable step in the 

isolation of lignin and its purification; and the effic­

iency of an extraction process has been almost always 

judged by the amount of water-insoluble product formed. 

Prior to the development of the ethanolys1s 

lignin-extraction procedure by Hibbert and eo-workers, 

the aqueous precipitating liquors bad been examined only 

twice; namely, by Fr1edr1ch (130) (methanolysia of beech) 

and by Brauna and Hibbert (112) (methanolysis of spruce). 

The former investigator isolated a small amount of lignin 

which apparently had been suspended in tba water as a sol, 

and only minute traces ot methoxyl-oontain1ng material 

were found 1n true solution in the concentrated aqueous 

liquors. Brauna and H1bbert also found only a small 

quantity or methoxyl-oonta1n1ng material in these liquors. 
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When it was observed, however, that the sum of 

the weight or water-insoluble, amorphous alcohol lignin 

plus the weight of Klason lignin present in the alcoholy­

sis wood residue was almost always less than the weight 

of the Klason lignin in the original Untreated wood, 

H1bbert beoame interested in the reason for this discrepancy. 

The solution of this problem was found when Cramer, Hunter, 

and Hibbert (78, 80) showed that this loss in weight was due 

(in the case of the etbanolys1s of spruce and maple woods) 

to the water-solubility of a lar~ proportion (12% of the 

total 11gntn, spruce; 30•35%, maple) of the methoxyl­

containing materials. 

As a result of this important observation an 

extensive series of investigations was started Wlmediately 

in these laboratories to determine (a) the structure or the 

components of the water-soluble fraction, (b) the taotors 

involved 1n the formation or this traction, {c) the s1gn1t-

1oanoe or the simple compounds isolated therefrom with 

relation to the structure of the amorphous, water-insoluble 

ethanol lignin, and (d) the significance ot the simple units 

with relation to photosynthesis, plant respiration, and the 

formation of protolignin. 

The essential features of the ethanolysis procedure 

are shown 1n Flow Sheets I, II, and III (see P•l6? ). 
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It is noteworthy that the sum or the weights 

of the 11gn1n tract ions obtained by means of the ethan­

olysis procedure represents about 12Q% of the Klason 

lignin content of the original wood. This apparent 

discrepancy is readily explained by the fact that 

ethoxylat1on (or ethylation) of the lignin oaours 

to an appreciable extent. For example, the ethoxyl 

content of water-insoluble, ethanol lignin (Fraction B 

in Flow Sheet I) is about 9.1%o 

The etbanolysis extraction procedure, when 

extended to Douglas fir, redwood, red oak, bamboo·, jute, 

cornstalks, and rye straw, gave rise to the t~~ical 

etbanolysis products, viz., ethanol lignin and a mixture 

ot distillable oils (152). The yields of these products 

were of the same order of magnitude as those obtained 

from spruce and maple woods. The establishment of the 

presence of the syringyl radical in the volatile oils 

from jute, rye, corn, and red oak confirmed H1bbert's 

hypothesis that this grouping was common to all angio­

sperms. Brown, Heddle, and Gort.ner confirmed the results 

obtained by Hibbert and eo-workers by applying the ethan­

olysis reaction to a group of western softwoods (148) 

The question of whether the Ca•C3 units could be 

obtained from an isolated lignin was settled by Peniston, 

MoCarthy and Hibbert (147). These invest1@ltors retluxed 
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an aoetylated oak lignin with anhydrous ethanolio 

hydrogen chloride (2%) tor 15 hours. The reaction 

products were isolated in the manner already described. 

The crude oils, which amounted to 36% of the acetyl­

tree lignin content of the starting material (acetylated 

lignin), were separated into four fractions whose 

characteristics were very similar to those obtained 

by the action of etbanolic bydro~n chloride on maple 

wood. 

A study of the effect of ethanolic bydrosen 

chloride on the amorphous ethanolysis products obtained 

from maple wood has been made by West, Hawk1ns and Hibbert 

(149-150). One-gram samples of Fractions B, 0, and F 

(see Flow Sheets I and Ill) were treated with ethanolio 

hydrogen chloride (2<',6) aocord.:lng to the standard ethan-

olyais procedure (151). The oily residue obtained by 

concentrating the neutralized alcoholic extract was 

dissolved in 10 oo. or acetone, and this acetone solution 

was then precipitated into 60-70~- petroleum ether. The 

results obtained by means or this treatment are shown in 

Table IX. 
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TABLE IX 

The Effect of Ethanol1o-Hydrogan Chloride (2%) 

on Ethano·lysis Fractions 

Reduced Petrol Petrol Viscosity 
Ethanolys1s Viscosity Soluble Insoluble of 

Fraction (a) (b) % (o) % Pet. Insol. 

B 600 10 90 ---
c 469 22 75 541 

F 389 30 69 538 

(a) Reduced Viscosity - Speoitio V1soositl x 105 
Concentration 

(b) Contains thELdiatiliS..ble oils. 

(o) Equivalent to Fractions B, C and D, combined. 
11 See Flow Sheet ! 11 

It has already been mentioned that the extent to 

which alkylation occurs during the alcohol-acid extraction 

process increases with the duration or the treatment. In 

addition Hewson- MoCarthy and Hibbert (160) have found that 

the ratio of water-soluble ethanolysis o1la to water-insoluble, 

amorphous ethanol lignin increases with increased duration 

ot the alcoholysis (up to 48 hours). 

summary of Ethanolys1s Da~ 

1. All plant matE-ials which have been studied thus 

tar undergp the ethanolys1s reaction and yield distillable 

water-soluble lignin derivatives. 
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2. The amorphous, water-insoluble ethanol lignin 

fractions also yield dist1llable, water-soluble compounds 

when treated with ethonolio hydrogen chloride (2%). 

3. The ratio of the d1st1llable fraction to the 

non-d1st1llable fraction obtained from non-distillable 

etbanolysis products by treatment with ethanolio hydro~n 

chloride (2%) increases with (a) decrease in viscosity and 

(b) increase in solubility of the original non-d1st1llable 

materials. 

4. This same ratio increases with the duration 

of the ethanolysis treatment (up to 48 hours). 
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I\l~ THE HIGH-PRESSURE HYDROGENATION OF ORGANIC COMPOUNDS 

IN THE PRESENCE OF COPPER-CHROMIUM OXIDE AND RANEY 

NICKEL CATALYSI' S 

Hydrogenation processes have been steadily increas-

ing in size, variety and importance, and the unit process of 

hydro~nation is becoming one of the most useful and wide­

spread in organic synthesis. A discussion of even a few of 

the many important industrial hydro~nation processes 1s 

out of place in this thesis, instead the discussion in this 

section is limited to hydrogenation reactions adaptable to 

laboratory investigations. Even more specifically, this 

discussion is concerned with those phases of high-pressure 

catalytic hydro@Bnation reactions and technique which bear 

specifically on its utilization as a tool in the 1nvest1~t1on 

of the structure of lignin. 

Hydro~nation is correctly defined as reduction by 

means of molecular hydrogen; actually, however, the term has 

grown to inoludetbe reduction by means of molecular hydro@6n 

in the presence of a catalyst. In addition, catalytic hydro--- --
genation or, more commonly, hydro@Snation may be divided into 

two classes; namely, high pressure (above 50 atmospheres) and 

low pressure by hydrogenation. 
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A. variables (Physical Factors) Affecting Hydro&6nation 

The most difficult problem involved in the applic­

ation or hydro~nat1on technique to industrial or laboratory 

problems has been the determination of the optimum conditions 

for the production of a desired product. In the study and 

application or hydro~nation reactions it is essential to 

realize that the reactions are reversible. Thus Raney n1okel, 

(168) which is one of the best catalysts for the reaction: 

Benzene + 3H2 = Cyo lohexane 

is also one of the best dehydrogenation catalysts tor the 

production of aromatics from hydroaromatics (169). S1mil­

ar1ly, catalysts containing copper and copper oxide which 

are especially useful in the reduction of aldehydes to 

alcohols (71, P• 50) are used commercially for the production 

of aldehydes from alcohols (170, P• 431). It is for this 

reason that ohan~s 1n any given variable are so important 

in hydrogenation. 

Ot the many variables involved, the most important 

(exclusive of ohoioe ot catalyst) are temperature, pressure, 

time, solvent, concentration and quantity of catalyst. 

I. Temperature 

For the most part, the temperatures used for hydro­

genation reactions are usually below 400°0, except in cases 
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where pyrolytio decomposition occurs concurrently with 

hydro~nation as in the hydro~nation of coal at 500°C 

(171}. It may be mentioned at this point that bydro­

genolysis, which, like hydrolysis, is a cleavase of a 

molecule by hydro89n in the presence of a catalyst is 

not to be confused with pyrolysis, or cleava~ due to 

heat energy. 

Practically every hydrogenation reaction oan 

be reversed by increasing the temperature high enough 

(170, p.411); obviously, then, it is desirable to work 

at as low a temperature as possible. On the other hand, 

increasing the temperature increases the speed of the 

reaction. It therefore becomes necessary to balance 

the less favorable equilibrium position with the faster 

rate of reaction. Fortunately, in recent years, knowled@B 

of catalysis has been so extended that satisfactory re­

action rates are possible at lower temperatures where a 

more favorable equilibrium condition prevails. 

concerning the temperature coefficient of 

hydrogenation reactions, almost none fit the ~neralized 

statement that the speed of a reaction may be doubled 

every 1•15° rise in temperature, a change or 50° or more 

being usually necessary. 

In general, the noble metal catalysts, such as 

Pt or Pd are used from room temperature to 150°; catalysts 

of the Ni and cu type, from 150 to 250°; and various 
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combinations of metals and metal oxides, from 250-400°. 

2. Pressure 

Pressure, like temperature, can affect both the 

rata of reaction and the equilibrium position. The equil­

ibrium, however, is only noticeably affected when there is 

a decrease in the reaction volume as it proceeds (Le Chatelier's 

pr1no1ple). Increase in rate with pressure increase is 

generally observed due to conoentration eff'eot. If the 

reaot1on 1s 1n the ~s phase tha concentration of one of 

the reaotants has bean increased; if in the liquid phase, 

the solubility ot hydro~n in the liquid is increased, 

thereby increasing the effective hydrogen concentration. 

Several other factors are also involved, for there appears 

to be a considerable difference between compounds with 

respect to the effectiveness of increased pressure in 

aooalerat1ng the reaction rate. The following figures 

for the hydrogenation of aniline, phenol and acetoacetic 

ester (AAE) over N1(K) (N1 on Kieselguhr) illustrate this 

o ond 1 t 1 on ( 1 72 ) : (TABLE X ) • 
TABLE X 

Extent of Reaction (%) in Specified Time __ , __ V____ . ...,.._.. ____ __,_.,.. _ _.. _ _..-..-, 
Pressure Benzene Aniline AAE 

__ (_At_m_._) ___ -.:...( o_._5_hr_. __ ) ___ ( S_hr_s ._.;.) _____ ( ___ 0 .• 5 hn.) 

30 40 29 40 

200 68 60 72 

350 75 75 100 
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Of major importance, however, is that increase 

in pressure is almost always desirable. 

3. Time 

The importance of the time factor lies chiefly 

in the fact that all other variables remaining constant, 

the time necessary for a hydrogenation may vary from a 

few seconds to several hours depending upon the material 

being hydrogenated. In the laboratory this factor· is 

outstanding chiefly as an additional means of promoting 

a selective hydrogenation. 

4. Solvent 

When a solid material is to be hydrogenated, the 

choice of solvent becomes an important one. Obviously, a 

given solvent must be stable to hydro~nation conditions 

and be used below its critical temperature. That the sol­

vent oan and does atteot the rate or hydro~nation was 

shown by Adkins in the case of ethyl nicotinate at 165° 

over RaNi (Raney Nickel) where the solvents were ethanol, 

methylcyolohexane, ethyl ether and dioxane. The hydro­

genation ttmes were 3 1 lo5, 5, and 1 hour and the yields 

of product were 581 80, 80 and 77%, respeotively (173). 

With cucro and RaNi, ethanol, dioxane, ethyl ether and 

methyloyolohexane have been found quite satisfactory as 

solvents (70, p.25). 
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5. Concentration 

Changes in concentration of a solid in solution 

effect the hydrosenation to a marked extent only if the 

material is complex and side reactions are possible. It 

is of interest to note, however, that whereas a 10% 

solution of ethanol lignin in dioxane hydro~nated read­

ily at 250°0, an 18% solution underwent a slight change 

only (174). 

Of considerable interest in this respeot are the 

results obtained by Cooke, MoCarthy and Hibbert (174) in 

the bydro~nat1on of veratraldehyde, XXXXVII, at 180°0 

at 1100 psi. hydro@Sn pressure. ~n this reaction was 

run with a solution containing 43.2 g. of veratraldehyde 

in 150 eo. of dioxane (350 eo. void), three products were 

obtained; namely, veratryl alcohol XXXXVIII, (55%), homo­

veratrol XXXXIX (40%), and a trace of a crystalline com­

pound (2%) melting at 74-75°0 of the probable structure 

represented by L (175). When the concentration of vera­

traldehyde (from the same preparation) was increased to 

66 g., however, only two products were obtained; namely, 

veratraldehyde {55%) and the crystalline compound (40%). 
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XXXXVII XXXXVIII XXXXIX 

MeO 

6. Ratio of Catalyst to Acceptor 

Although one might expeot the concentration of 

catalyst to play a minor role in hydro~nation this is 

not found to be the case. This condition is due to the 

taot that all hydro@Bnation catalysis is based upon sur-

faoe activation and is therefore dependent upon the amount 

ot surface. Ad.kina makes the following statement "500 g 

of compound with 25 g of a catalyst will be hydro~nated 

very much more rapidly than would 50 g of a compound with 

the same ratio of catalyst (2.5 g) (71, p.22). It has 

been observed frequently in these laboratories that an 

increase 1n quantity of catalyst will appreciably increase 

the rate of a hydro~nat1on reaction (174, 176). It may 

be of interest to note that in a typioal lignin hydro­

genation the ration of lignin to CuCrO is 15/8. For simple 
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compounds such as acetone or benzene, however, the amount 

of catalyst generally ranges from 2-8% or the weight ot 

acceptor. The following table shows the chan@S in hydro­

@Snat1on rate or benzaldehyde over Pt; 21.2 g of benzal­

dehyde was used and the time to lOO% reduction determined 

(177). 

TABLE XI 

of 
The Effect/Catalyst Concentration on 

Duration of Hydrogenati~ 

Weight of 
Catalyst 

g. Time 

0.0288 5o5 hrs. 

0.0575 60.0 min. 

0.115 34o0 tl 

0.23 23.0 tt 
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B. Hydrosenation Catalysts 

1. Principles Concerning Hydrogenation 

Catalysts 

(a). Surface 

Hydrogenation catalysts are solids consisting 

of metals, metal oxides, or metal sulfides which are 

prepared in such a manner that a highly extended surface 

is obtained. A consideration of the nature of surface 

catalysis is out of place in this thesis*; but it is of 

importance t a· nota that this extensive surface is only 

effective when obtained by chemical and not mechanical 

means. In other words the phenomenon of adsorption plays 

a very important role and a porous material whose particles 

are of atomic size is essential. A good example of a 

catalyst preparation is that for Raney nickel (157). In 

this procedure the catalyst is prepared by alloying equal 

parts of nickel and aluminum and then dissolving out the 

latter with aqueous sodium hydroxide. The principle is 

quite clear; firstly, the aluminum atoms are removed from 

a solid "solution" of nickel-aluminum, leaving an atomic 

latticework composed of nickel, secondly, this very reactive 

form 

*An excellent review on the subject of hydro~nation 

catalysis is presented in the "Twelfth Catalysis Report",. 

Wiley (1940) ot the (U. S.} National Research Council (1-131) 
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of nickel is protected from oxidation by the presence of 

the hydrogen formed during the dissolution of the aluminum. 

This catalyst is stored in a liquid (water, ethanol, etc.) 

to prevent reaction with the air, for as soon as it becomes 

dry in the presence of oxygen it oxidizes with explosive 

rapidity (176). 

(b). Mixed l!etal Catalysts 

Catalysts are easily poisoned and must be prepared 

very pure, although it has been found that when completely 

pure, some catalysts have a reduced activity. By careful 

study of this problem by ma.ny investigators it has been 

found that certain metals in the presence of a catalyst pro­

duced promoting effect. For example a small amount of chlorine 

or sulfur will render a copper catalyst used for the dehydro­

genation of methanol completely inactive (178), while the 

addition of about 3% of zinc oxide to a pure copper catalyst 

will increase the activity threefold (179). The use of mixed 

metal catalyst~or promoted catalyst~ has been extended 

rapidly in recent years. More common mixtures ot the well­

known types of catalysts are Ni-Cu (184), N1Al 2o3 (186), 

Cu-ZnO (187), Cu-CrO (188), ZnO-CrO (186). However, the 

recent chemical and patent literature describes the use of 

practically every metal and metallic oxide in the periodic 

table. 
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2. General Classification of Hydrogenation 

Catalysts 

The number of catalysts capable of effecting 

hydrogenations is large, and in addition many types of 

hydrogenation are possible. Practically any type of 

unsaturated material can be hydrogenated catalytically. 

It Will be pointed out that hydrogenation may involve the 

saturation of c:c, c:c or c:o linkages; the reduction of 

a carbalkoxyl, hydroxyl, nitre and cyano groups, and also 

the cleavage of C-C and e-o bonds. In general, however, 

hydrogenation catalysts may be classified as follows: 

{a). Violent Hydrogenation Catalysts 

These catalysts are usually characterized by 

the fact that they carry the hydrogenation to the fullest 

possible extent so that the maximum addition of hydrogen 

to a compound occurs under the particular operating con­

ditions. Thus in the case of the simple aldehydes the 

reduction will pass beyond the alcohol stage and end at 

the saturated hydrocarbon. Even here, the tendency to 

saturate the carbon atoms may be sufficiently great to 

cause cracking~or to break the C-C bond so that still more 

hydrogen can be added. the final result being CH4 • 

Cracking tendencies are usually associated with these 

violent hydrogenation catalysts, although through control 
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_of the variables of temperature and pressure, the cracking 

reactions can usually be suppressed. Common catalysts 

belonging to this class usually consist of the iron, 

cobalt and nickel compounds (189, p.l07) and oftimes of 

molybdenum and tungsten sulfides and oxides (189, p.lll). 

(b). Mild Hydrogenation Cata;l.yats 

The term mild should not be confused with activity. 

These catalysts will effect hydrogenations just as rapidly 

as the violent hydrogenation types, but they are able to 

effect only one step at a time in a hydrogenation, or at 

least they do not permit the reaction to proceed to the 

hydrocarbon stage. A great many catalysts belong to this 

class, and more are being developed rapidly. These 

catalysts will easily reduce an aldehyde or ketone to the 

corresponding alcohol, or an acid or ester to an alcohol. 

The large number of catalysts developed for the direct 

synthesis of methanol from carbon monoxide belong to this 

class and they usually contain Cu, ZnO, CrO and MnO (182) 

and may include some of the rarer elements as promoters. 

In addition, the noble metal catalysts platinum and palladium, 

or their oxides are placed in this category. 

(c). Catalysts with Properties other than those 

Associated with Hydrogenation 

The synthesis of higher alcohols from carbon 

monoxide involves a condensation as well as hydrogenation. 
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These so-called "higher alcohol" catalysts are usually 

of the mild hydrogenating type but contain some more 

alkaline materials such as sodium, calcium or barium 

carbonates or aluminum and magnesium oxides (181). Other 

types o~ catalysts are capable of splitting out water from 

a molecule along with the hydrogenation but do not possess 

any appreciable cracking tendencies. These usually are of 

the violent type but contain considerable, and sometimes 

even preponderating quantities of dehydrating catalysts 

such as alumina, thoria, tungstic oxide, or chromic oxide 

(189, p.127). They serve to effect such reductions as phenol 

to benzene and cresols to aromatic hydrocarbons and convert 

various hydroxylic compounds to hydrocarbons with little 

or no other changes in the molecular structure. 
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c. Types of Reaction with Hydrogen 

In laboratory high-pressure hydrogenation technique 

(specifically in these laboratories) two catalysts are 

generally employed - one from the "violent" category, RaNi; 

the Other from the "mild" division, CuCrO. 'Ibis section Will 

be devoted essentially to the behaviour of various type 

compounds over these two catalysts. 

1. Hydrogenation (Reduction) 

(a). Hydrogenation of Ethylenic ( c:c ) Linkage 

The hydrogenation of an ethylenic to a paraffinic 

linkage can be accomplished readily, usually in the presence 

of a N1 or Ni-containing catalyst. In general, the hydrogen 

pressure need not be high, except when the hydrogenation is 

slow, and then increased pressure usually speeds up the 

reaction. With RaNi it is safe to say that relatively few 

alkenes would resist hydrogenation at 100°C. and 100 

atmospheres pressure. CuCrO is also an active catalyst 

for the hydrogenation of alkene linkages, but since higher 

temperatures (100-175°) are required, there appears to be 

little advantage in its use for hydrocarbons except where 

some other group such as carbonyl or carbethoxyl is to be 

hydrogenated. It is often advantageous to combine the two 

hydrogenations and use CuCrO to bring about both efteots. 
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Examples: 

Press. Temp. Time 
Substance Atm. oc. Min. Catalyst Product 

Sty re ne 3 20 75 Ni(K) Ethyl benzene (190) 

Sty re ne 34 20 25 Ni(K) Ethyl benzene (190) 

Styrene 34 125 7 cucro Ethyl benzene (190) 

Cinnamyl 3-Phenyl-
Ethyl Ester 200 250 180 cucro propanol-1 (191) 

In general, the alkene linkage is saturated at so 

low a temperature, and so rapidly, that other unsaturated 

groups such as benzoid, furanoid, pyridinoid and carbethoxyl 

are not acted upon by hydrogen under the conditions necessary 

for reduction of the C:C bond. Care must be exercised in 

hydrogenating unsaturated aldehydes, ketones, cyanides, oximes, 

etc. or both functional groups will be hydrogenated. 

(b). Hydrogenation of Carbonyl (C:O) Linkage 

The carbonyl group in aldehydes and ketones is 

readily hydrogenated. This group can be reduced either 

partially, to give an alcohol, or entirely to give a hydro­

carbon. The partial reduction is obviously characterized as 

a"tnild" hydrogenation and cucro is the appropriate catalyst. 

Acetone may be converted to isopropyl alcohol over RaNi at 

room temperature and 2-3 atmo~heres pressure, but much 
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mo~e rapid reaction is obtained at higher temperatures and 

pressures. Apparently the great majority of aldehydes and 

ketones may be hydrogenated to the corresponding earbinols 

over either catalyst at temperatures not greater than 15ooc 

and pressures not greater than 100 atmos·pheres, the yields 

of alcohols being practically quantitative. Keto- and 

~ldo-aleohols and esters are hydrogenated almost as readily 

and they give yields of the same order as those from 

unsubstituted ketones and aldehydes. If a phenyl or pyrryl 

group is adjacent to the carbonyl group then the hydroxyl 

group first formed may undergo a secondary hydrogenolysis 

to a methylene group (see page 108). Since the alkene 

linkage is hydrogenated under conditions similar to those 

used for the hydrogenation of carbonyls, both reactions 

can be carried out in a single operation. 

Examples: 

Press. Temp. Time 
Substance .A.tm. oc. Min • Catalyst Product 

Acetophenone 100 110 10 RaNi 91% ~*-Me-carbinol 
(192) 

Acetophenone 100 150 30 CuCrO 95% ~-Me•carbinol 
(192) 

Heptaldehyde - 150 240 RaNi 92% heptanol-1 (192) 
Glucose 160 240 Cti.CrO 97% sorbitol (184) 

Benzalacetone - 175 12 cucro 97% 4·~-butanol-2 
157) 

Acetoacetic 97% ethyl- -oH-
ester 100 150 180 cucro butyrate (183) 

* (J • Phenyl. 
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(c}. Hydrogenation of the Benzenoid Nucleus 

The benzenoid nucleus requires distinctly more 

drastic conditions for its complete hydrogenation than do 

the alkene, carbonyl, cyano or imino groups. CuCrO is 

seldom used for these reactions since high temperatures 

and pressures over a prolonged period are required. Over 

RaNi, however, benzene can be rather rapidly hydrogenated 

in the vicinity of 125oc at 100 atmospheres pressure. The 

phenols are more rapidly hydrogenated than other derivatives 

of benzene; the amino, carbethoxyl, ether and hydrocarbon 

groups definitely retard hydrogenation. In the case of the 

amino and carbethoxyl derivatives of benzene the yields of 

the corresponding cyclohexyl derivative are above 90%, but 

with ethers, hydrogenolysis occurs resulting· in only 50-70% 

yields of the cyelohexyl ethers. 

Examples: 

Temp. Time 
Substance oc Hrs. Catalyst Product 

Benzene 150 1.0 RaNi lOO% Cyclohexane (190) 

Toluene 175 0.12 Re.Ni lOO·% :Me•cyclohexane ( 190) 

Benzene 125 0.26 Ni(K) lOO% Cyclohexane (190) 

Di-~-methane 150 7.0 Ni(K) lOO% Dicyclohexyl-
methane (193} 

Phenol 150 3.0 Ni(K) Cyclohexanol (194) 

Ani sol 200 4.4 RaNi GO% ~-OCH3 (195) 

Aniline 200 9.0 Ni(K) BO% cyclohexylamine(l94) 
Ethyl aalicyl .. 96% 2•0H-cyclohexyl 
ate 175 9.0 Ni(K) acetic ethyl ester 

(196) 
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(d). Hydrogenation of the Furanoid Nucleus 

The hydrogenation of the furanoid nucleus occurs 

under somewhat milder conditions than those used for the 

benzenoid ring, and also differs in that the former is an 

unsaturated cyclic ether, hence is subject to hydrogenolysis. 

Over RaNi, however, the furyl derivatives have been hyd.ro­

genated in yields of 80-97% to the correspond.ing tetrahydro 

compounds (197). (For reactions over CuCrO see page 110) 

2. Hydrogenolysis (Cleavage) 

(a). Hydrogenolysis of the C•C Bond 

(1). c-c Cleavage in Hydrocarbons 

Hydrocarbon cleavage occurs most commonly at very 

high temperatures over the "violent type" catalyst (RaNi) 

although the writer suspects that with certain groupings 

c-c cleavage may occur over cucro. 
Some examples are: 

RaNi 
Pentaphenylethane----~ 

1260C 

CuCrO 
Pentaphenylethane ----~ 

2000C 

Tricylohexylmethane + Dicyclohexyl­
methane (193) 

Triphenylmethane ~ Diphenylmethane 
( 193) 

(198) 



- 106 -

On the other hand the hydrogenated phenylethanes 

are completely stable toward hydrogen at 200°C; it is thus 

evident that the phenyl group is very much more effective 

than the cyclohexyl group in ~acilitating c-c cleavage. 

It is interesting to note, however, the effect of loading 

a carbon atom with alkyl groups in regardu to stability 

towards c-c cleavage; and then to consider the similarity 

of these compounds to the structure which Freudenberg 

considers to be a lignin building unit. (see page 43). 

(2). C-C Cleavage in Alcohols 

Primary alcohols react with hydrogen over RaNi 

at 25QOC; 

Thus: 

0 CH2-CH2-cH20H 
RaNi ..... 
2500C 
1 hr. 

(199) 

Secondary alcohols undergo hydrogenolysis 

preferentially at the e-o bond rather than the c-c bond {199). 

No example of this reaction being catalyzed by 

CuCrO could be found in the literature. 

(3). C-C Cleavage in Glycols 

The hydrogenolysi.s of c-c linkages in alcohols' 

referred to above, takes place slowly even over RaNi at 2500C; 
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however, if the hydroxyl groups in a glycol are in the 

1,3- positions, and, in addition, if there are alkyl 

substituents in the 1,2 or 3 position, then hydrogenolysis 

at the c-c becomes a ver~ important factor and occurs 

readily even over CuCrO (200-250°C). 

H H 

(cn3 l 2-?-cn2-y-cn3 
OH OH 

CuCrO 
> 

2000C 
36 m. 

( 200) 

A sufficient accumulation o~ hydroxyl groups, 

even without alkyl substitution, makes hydrogenolysis of 

c-c linkages possible. 

Sorbitol 
CuCrQ 
2500C 
2 hrs. 

50% CH3-yH-CH20H 
OH 

12% H20 

5% EtOH + iieOH 

(4). C-C Cleavage in Diketones 

( 201) 

These compounds behave similarly to 1,3 glycols 

in being labile toward hydrogenolysia (202). 

(b). Hydrogenolyeis of the C-O Bond 

(1). C-O Cleavage in Alcohols 

The hydroxyl group in primary and secondary alcohols 

and in phenols is extremely resistant to hydrogenolysis 

below 2500C except where R contains a phenyl, furyl, pyrryl, 
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hydroxyl, carbonyl, or carbethoxyl group. Thus, 1f there 

is an ethylenic bond or carbonyl group in the ~ position 

with respect to the e-o linka~, the latter is readily 

broken. This tendency is even found in the ~ position 

and to a lesser extent in the C) • 

Examples: 

~-e~OH 

~-eo-~ 

~-CO-CH2-CH2-C02Et 

GOH 
OH 

GoH 
OH 

HO-G-OH 

RaNi 

125°e 
10 min. 

euCrO 

250°C 
5 hr. 

euCrO 

175°C 
1 hr. 

CuCrO 

250°0 
1 hr. 

CuCr~O 

250°C 
6 hr. 

2oooe 
., > 

cucro 

cucro 
250°0 

as% (184) 

95% $6-CH2-eH3 (184) 

9'7% SI-CH2-~ (183) 

94% f!-(CHe).3-cH2oH (183) 

20% G-OH (203) 

95% GoH (203) 

5% G-OH {203) 
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CH3 CH3 

HOOCH3 Ni H00CH3 200°0 
so%+ (203} 

CH3 CH3 

HOO N1 H00 so%+ 
200°0 

SH3 CH3 (203) 

eH -3 CH3 
Ni 0CH3 CH3 !:. 7o%+ {203) 
200°C 

(2) C-O Cleavage in Ethers 

OVer RaN1 the benzyl ethers undergo hydrogenolysis 

at lower ta;peratures than do others (effect of C=C-C· ··o) 

and benzyl-aryl ethers cleave at lower temperatures than do 

benzyl-alkyl ethers. Di-aryl ethers are somewhat more stable 

to hydro~nolysis than benzyl-alkyl ethers since the former 

cleave around 150•200°0. Aryl-alkyl ethers are more stable 

toward hydrogenolys1s than other ethers. Where the alkyl 

group is large_., hydrogenation occurs, otherwise the principal 

ohange is one ot hydrogenolysia at 200°0. D1-Alkyl ethers 

are quite stable toward hydro~nolys1s at 200°0; at temper-

atures sutf1o1ently high to cleave dialkyl ethers over RaNi 

a c-c oleavaee would also occur. 
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The situation is probably very much the same 

over cucro~ although only little work has been reported 

in this field. Interestingly enough, especially in 

regard to proposed lignin structures, most of the work 

on CuCrO on ether cleavage has been done on furane and 

benzofurane compounds. 

Examples: 

Q RaNi, of 
CH-CH-GHO lsooc 3~o 

VH CH-CHO 
cucro 

' 200°C 

4% n-heptanol 

+ 

22~& ~CH2-CHz•CH20H 
+ 

(.197) 

29% CH3•(C~ )2-CHOH•'(CH2 )2-C~OH 

+ 
20% HO•CH2 • ( CH2 ).5 -C~ OH 

RaNi ___ , 41% 
250°C 
4 hrs. 

(cnumar1n) (221) 



Co-umarin 

C:oumar:Ln 

CuCrO 
> 

250°C 
0.7 hr. 

c.ucro 
> 
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O
C~ -CII:3-C~OH 

90% 
OH 

0
CHg-CH2-CH20H 

50% 
OH 

(221) 

(221) 

It is important to note, however, that tetrahydro­

furane, prepared by RaNi hydrogenation of furane, is 

extremely resistant to hydrogenolysis over CuCrO. Thus 

asain, the influence of a conjugated system in lab111z1ng 

a C-0 bond to hydrO@Bnolysis is apparent. 

3. Hydrog~nation Accompanied by Hydrogenolysis 

The most important reaction of this type is that 

of the preparation of alcohols and glycols from esters, 

a process which is becoming very valuable in the labor-

atory for the synthesis of aloohols from acids (200, 204). 
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As might be expected the yields decrease as the ideal 

situations for e-o hydro@Snolysis are approached (e.g. 

proximity of phenyl, carbonyl, furyl or hydroxyl groups 

(204). However, even though hydrogenolysis of the 

resulting C-OH group does occur, the yields, with only 

a few exceptions, are lar~ enough to make the trans­

formation of preparational value. 

4. Selective Hydrogenation 

Although very few examples are mentioned in 

this thesis, an tmmense quantity or data is to be found 

in the literature on the conditions for reaction of 

hydro~n with various functional groups; in other words, 

the problem or catalyz1ng the reaction or hydro~n with 

various functional groups has been in large part solved 

during the past forty years. The critical problem to-day 

is not that of finding better but more selective catalysts, 

and of obtaining more complete knowled@B of the influence 

of one functional group on the hydrogenation of another. 

At the present time a great deal of work is being accomplished 

in this line. 

By selective hydrogenation is meant the hydro~n-

at1on or one functional group in the presence of another 

which remains unreduced. Selective hydro@Bnation, at least 

at present, depends primarily upon the selection of a catalyst, 
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temperatuFe and duration of reaotion, and, secondarily, 

upon the medium of reaction. For example, CuCrO is 

relatively inactive toward the benzenoid nucleus, hanoe 

pyr1d1no1d rings, aldehydes, ketones, and esters contain­

ing an aryl group may be hydrogenated to the corresponding 

alcohols or amines containing the unchanged benzene ring•~ 

RaNi is inactive toward oarbalkoxy groups, so that com­

pounds of these types containing aryl groups may be con­

verted to the corresponding oyclohexyl derivatives. 

A very good example of careful selection or 

catalyst to induce selective hydro~nation is shown by 

the remarkable hydrogenation of an unsaturated ester to 

the unsaturated alcohol. It will be recalled that the 

C=C bond 1s bydroS9nated under as mild oonditiona as any 

other group, even at room temperature and atmospheric 

pressure over RaNi or Pt-Pd oatalysts. In contrast to 

this, the ester group requires a temperature of over 200°C 

and hydrogen pressures greater than lOO atmospheres for 

its conversion to a carbinol group over Cucro, the most 

active catalyst tor this reaction. The C=C bond in butyl 

oleate 1s hydrogenated at a much lower temperature than 

the carbethoxyl group over CuCrO so that the saturated 

alcohol is obtained. Yet, this seemingly hopeless task 

is readily accomplished in 35% yields over ZnCrO at 300°0 (185). 

seleotive hydro@Bnation is most commonly attained, 

however, through careful oontrol of temperature and reaction 
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time. This is possible because of a peculiar (and 

fortuitous) feature of hydro@Bnation reactio~ namely, 

the pronounced tendency for hydro~nation to proceed 

stepw1se; that is, for one functional group to be com-

pletely hydro~nated before action with another commences. 

Generally the most reactive group will hydro~nate at a 

somewhat lower temperature, and the reaction is controlled 

by oaut jously raising same unt 11 the react ion just be gins, 

then maintaining this, or a lower temperature until the 

reaction is complete. If the two groups react at about 

the same temperature the technique is to slowly raise the 

temperature until the reaction just begins and then rapidly 

cool the bomb by ~ersion in cold water. An example of 

this method is the preparation of ~-phenylethyl alcohol 

from phenylethyl acetate: 

+ ~0 

The optimum yield(about 60%) is obtained only by inter­

rupting the hydro~nation before all of the eater has 

undergpne the first reaction. (203) 

An excellent example of the relative hydrogan­

at1ons of various groups in one molecule was found 1n 
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the bydrogenation of a-ethoxypropriovanillone (XX) over 

CuCrO by Cooke, McCarthy and Hibbert (174). Fifteen 

grams of a-ethoxypropriovanillone were treated with 

hydro89n at 220 atmospheres pressure over cucro (8.0 g) 

at 250°0. The products of this reaction were water, 

ethanol, methanol and 4-N-propyloyclohe.xanol. Tha step­

wise curve, Figure !!,obtained by plotting the hydrogen 
in broad outline 

ooncentrat ion versus t 1me dist inotly indicat.as;:that the 

following reactions occurred. First, the carbonyl group 

adjo1n1ng the benzene ring was completely reduced to the 
approximately 

methylene group with the absorption of/2 moles of hydro@8n; 

secondly, the ethoxyl ~oup was cleaved with the absorption 

of "one mole" of hydrogen; and thirdl7, the benzene ring was 

saturated and the methoxyl group cleaved with the absorpt-
of about 

ion•cf /tour moles of hydrogen. 
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In considering a selective hydrogenation.~ it 

is important to note, however, that the relative rates 

of reaction of two compounds with different functional 

groups taken separately is not always a safe basis for 

prediotion as to the relative rates of hydro~nation 

of the two compounds 1n a mixture, or of the two groups 

when both are in the same molecule. For example, d-a~ 

pinene is much more rapidly hydrogenated than is cinnamic 

acid, yet in a mixture of the two, cinnamic acid is com­

pletely hydro~nated before the former takes up any 

hydrogen (205). A reducible substance not undergoing 

hydrogenation may ~aatly accelerate the hydro@Bnation 

of another compound. Thus, pure pinene, which is much 

more rapidly hydro~nated than pure allyl alcohol was 

round to increase the rate of hydro~nation of allyl 

alcohol almost sevenfold, without itself bein& hydro­

genated to any considerable extent. 
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D. Review on the Hydrogenation of Lignin 

The first successful hydro~nation of an isolated 

lignin to produce identifiable products was reported by 

Harr1s, D'Ianni and Adkins (73) in 1938. Although lignin 

had been treated with hydro~n under various conditions 

prior to this time, no compounds were isolated and ident­

ified. Consequently, these earlier investigations will 

not be described in detail in this thesis. The following 

workers have attempted to gain knowledge of the structure 

of lignin by means of its hydrogenation. Fisoher and 

SohradeD, (206); F1erz-Dav1d, (207); F1erz-Dav1d and Hannig 

(69); Bowen and Nash (70); von Wacek, (208); Lindblad, (209); 

Ipat 1err· and Petrov, (210); Trefl1ev and Filaterov, ( 211); 

Moldavsky and Vainstein, (212); Freudenberg, (213); and 

Hibbert and Moore (214). 

Harris, D1 Ianni and Adkins (73) hydro@Bnated 

methanol lignin (maple) over CuCrO at 255~c at a hydrogen 

pressure of 5 1 000 psi. The hydro~nation products isolated 

and identified were methanol (28%); 4-n-propyloyclohexanol, 

XVII, (11.5%); 4-n-propylcyolobexanediol-1,2, XVIII, (3.8%); 

3-(4-hydroxycyolohexyl) propanol-1, XIX (25%}; and a high­

boiling resinous residue (32%). 

This process has been extended to other lignins by 

Harris and Adk1ns (215). The results obtained by these in­

vestigators are shown in Table !1!• 



TABLE· XII 

THE HYDROGENATION OF VARIOUS LIGNINS a~VER COPPER-C1ffiOMIUM OXIDE 
-------------------------------------------------------(2"15) 

Proportion of Methoxyl Produots Isolated 
Total Lignin Content of To tar 

Lignin ilt .• wood L1,1n Me OH XVII XVIII IX Re·sidue Return 
% % % % ~ % %(a) -

Methanol (Aspen) an 27.0 26.5 11.0 3.2 24.0 22:.0 86.7 
I 

Klason ( Spruoe) 30 20.6 19.0 6.0 2.0 15.0 48.0 90.0 ...... ...., 

Alkali (Aspen) 6.0 11.6 10.5 4.0 1.4 9.0 66.0 90.9 
(() 

I 

Methanol (Spruce) 25 23.0 15.0 7.0 2.0 12.0 52.0 88.0 

Alkali (Black Gum) 6.0 11.8 11.0 5.0 1.0 14.0 60.0 91.1 

(The following results were reported by Harris, D''Ianni, and Adkins (73).) 

Methanol (Aspen) 90 ---- 2:8.0 11.5 3.8 25.0 32 .o 100.3 

%(a) = Peroenta~ of original weight of lignin 
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At a later date Harris (216:.) reported the hydra~­

genation of these same lignin preparations under the same 

conditions to~ give the products shown in T_able XIII. 

TABLE XIII 

THE HYDROGENATION OF VARIOUS LIGNIN3 

OVER COPPER-CHROMiffiv1 OXIDE 

(2:16) 

Produc,t s Isolated 

n-Prop.ylcyalo- High-
hexane and its Boil~ng Total 

Ligpin Water Me OH Derivatives Resin Return 
~ - % % ~ %(a} 

Methanol (Aspen) 11.0 26.5 38.2 22-'.0 9'7 .7 

Klason (Spruce) 9.0 19.1 23.0 48.0 99.1 

Alkali (Aspen) 9.0 10.5 14.4 66:.0 99.9 

Methanol (Spruce) 10.3 15.0 21.0 52.0 98.3 

Alkali (Black Gum)l0.5 11.0 20.0 60.0 101.5 

%(a) = Percenta~ of original weight of lignin 

It is interesting to observe the chang~s that have 

taken place in the published yields of the hydrogenation 

products from lignin. It might be mentioned at this point 

that the paper containing the data on water as a hydro@Bnation 
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product was not submittea for publication until after 

the or1tio1sm made by McCarthy and Cooke (220). 

Apparently the yields reported by Harris and 

Adkins (215) for 3-(4-hydroxyoyclohexyl) propanol-1 are 

open to question. This is particularly true with regard 

to yields reported in the case or soda lignin (aspen and 

black gum); namely 9 and 14%, respectively. Adk ins has 

found recently ( 72) that soda 11gnins from hardwooda 

yield only traces of this glycol, and this investigator 

emphasized the fact that Harris ''had given no substantial 

evidence that he had isolated or characterized the glycol 

among the products of their hydrogenation of soda lignin". 

In addition, it will be seen later in this thesis that 

this glycol is obtained in only very small yields from 

the bydro~nation produots or ethanol lignin. 

The resins obta insd in the hydrogenation of 

11gp1n have been studied by Harris, D'Ianni and Adkins (73). 

These 1nvest1~tors tound that the resinous residue ob­

tained in the hfdro~nation of methanol lignin (aspen) 

contained 73% carbon and 10.8% hydro~n. This residue 

was dehydrated with alumina and the unsaturated hydro­

carbons thus obtained were rehydro~nated over Raney 

nickel to yield saturated hydrocarbons containing 86.6% 

carbon and 12.5% hydro~n. From the physical properties 

ot these hydrocarbons (particularly boiling point) Adkins 
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concluded that, since the minimum number of carbon atoms 

present in the simplest hydrocarbon was fifteen, the 

original lignin was composed, at least 1n part, of units 

containing more than fifteen carbon atoms. 

A mora detailed investigation of the resina was 

made by Adkins, Frank and Bloom (72). The high-boiling 

residue obtained in the hydro~nation of alkali lignin: 

(bardwoods), which contained 79e9% carbon and 11~4% 

bydro~n, was dehydrated with oxalic acid and then re­

hydrogenated. The hydrocarbons thus obtained were 

carefully traotionated and analyzed. The results in­

dicated that: (a) The soda lignin was converted to 

aloohols and glycols related to polyoyolio hydrocarbons 

having 20 to 70 (or more) carbon atoms in the molecule. 

(b) Although high molecular weight compounds were also 

obtained from methanol lignin (13), they were present 

in smaller amounts and were more oxygenated than the 

products of similar physical properties obtained from 

soda lignin. (o) The produots from methanol lignin 

contained one oxygen atom par six carbon atoms, while 

the products from soda lignin had one oxygen per average 

of 13.5 oarbon atoms. 

Harris, &leman and Sherra.rd {74) have hydrogenated 

methanol lignin, alkali lignin, sulfurio acid (Xlason) 

lignin and oellosolve lignin in an aqueous medium in the 
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presence of Raney nickel. The reaction products were 

stated to include methanol, propyloyolohexane, hydroxy 

derivatives of propyloyclohaxane and resins. No yields 

or properties of these products were reported. 
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E. Review on the Hydrogenat io~-~f' Wood 

The only investi~tors to report the isolation 

and identification of' propyloyolohaxanol derivatives 

from woad hydrogenation mixtures are Godard, McCarthy 

and Hibbart (217). These workers treated maple wood 

meal with bydro~n at 400 atmospheres pressure in pres­

ence of cucro at 280°0 for 19 hours, and isolated 4-n­

propyloyclohexanol (19.5%) and 3-(4-hydroxyoyolohexyl) 

propanol-1 (5.8%) (The yields are based upon the Klason 

lignin content of the wood). 

Harris (216) recently claimed to have isolated 

a high yield of protolignin hydro~nation products by 

hydrogenation of wood (maple, aspen and spruce) over 

Raney nickel catalyst in an aqueous alkaline medium. 

Thirty grams of aspen wood suspended in 300 oo. of' 1/~ 

aqueous sodium hydroxide were treated with bydro@Sn 

(300 atmospheres pressure) at 175QO tor four hours. 

The yields of products (percentage of original woods) 

were: pulp, 40%; methanol, 5.1%; propanol, 16%; propyl­

cyolohexane derivatives, 20%; resin, 14%; unidentified 

residue, 2%; total recovery, 9~fo• Since aspen wood con­

tains 20-22% lignin (218), it wou~d appear that the 

quantity of propyloyclohexane derivatives isolated by 

Harris aooount for about lOO% o£ the Klason lignin content 
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of the woodo Since, according to the results obtained 

by Zartman and Adk1ns (201), carbohydrate materials 

yield considerable quantities of water upon hydrogenation, 

it is difficult to conceive of a 97% recovery of hydro­

~nation products which do not include water. Brewer, 

McCarthy and Hibbert (1?6) have been unable to duplicate 

the work of Harris (219). 

An excellent general review of the early lit­

erature on the hydro~nat1on of cellulose and wood was 

given in 1935 by Boomer and Edwards (219). 
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V. OBJECT~S -OF THE llw.ESTIGATION 

From the survey concerning tl~ present status 

of the structure of lignin which has been presented above, 

it is apparent that: 

1. Of the various lignin isolation procedures, 

the Hibbert ethanolysis extraction process has produced 

more valuable data than has any other, that is to say, 

not only has this process been useful as a means of re­

moving lignin from wood, but it has also made possible 

the isolation of the first C5C3 units which contained 

substituent groups on the propyl side-chain. 

2. The various li~nin degradation reactions 

suoh as high-pressure hydrogenation over CuCrO, controlled 

oxidation with alkaline-permanganate, and mild oxidation 

with nitrobenzene have each yielded valuable information 

concerning the basic structure (guaiaoylpropane and 

syringylpropane units) of lignin. 

3. Since the structures of the simplest products 

of ethanolysis have been definitely proven (a-athoxypropio­

vanillone, vanilloylmethyl ketone, and their syringyl 

homologues), and in addition, sinoe the preaanoe of a 

large amount ot phenylpropane derivatives in lignin has 

been established by hydrogenation studies, it was deoided 

to apply high-pressure hydrogenation technique firstly to 

the simple monomolecular ethanolysis lignin units and 
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secondly to the amorphous lignin fractions obtained by 

treating maple wood with etbanolic hydro@Sn chloride {2%). 

By means of such a study it was hoped to obtain in­

formation concerning: 

(a) The quantity of aromatic material in the isolated 

amorphous lignin fractionso 

(b) The manner in which the C5C3 etbanolysis "lignin 

units" are combined in the polymeria ~orphous proto­

lignin and extracted lignin fractions. 

(o) The chemical relationships existing between the 

various fractions with re~rds to their structure. 

(d) The bearing of these various factors on the struct­

ure or "protolignin" and 8 extractad lign1ns". 
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V;l:. DISJUSSION OF EXPERDIENTAL RESJLTS 

A. Alcoholysis of Hardwoods 

lo The Ethanolysis of Maple Wood 

One kilogram of solvent pre-extracted maple 

wood meal was treated with anhydrous ethanolio hydro~n 

chloride {2%) according to the standard etl~nolysis 

procedure (151). The experimental conditions used and 

the yields of ethanolysis :fractions are shown in Flow 

Sheets I, II, and III. This ethanolysis was carried 

out in order to isolate alcoholysis lignin fractions 

for hydrogenation studies. The yields of the products 

obtained by means of this experiment were in agreement 

with those reported previously in the literature (151). 
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2. The 11e thanolys is of Hard woods 

(a) Introduction: 

Investigations on the methanolysi! of wood have 

been made by Fr1edr1oh (spruce) (125), Hibbert and eo­

workers (spruce) (112, 121k, 153, 154 1 223, 234), and 

Harris and eo-workers (black gum and aspen) ('73, 76). 

Friedrich failed to report either lignin analyses or 

his starting material and wood residues or the actual 

yield of lignin so that it is impossible to evaluate 

his results. Harris (73) has implied that all of the 

lignin removed from aspen wood on treatment with 

metbanolio hydrochloric acid is isolable as an amorphous, 

water-insoluble product. By refluxing solvent pre-extracted 

aspen sawdust (450 g.), containing 22~ lignin (99 g. lignin 

in the wood), for three days with 4.5 litera of methanol 

containing 3/b (by weight) hydrogen chloride, he was able 

to dissolve 65 g. of lignin (65% of the total lignin) 

from the wood. T.his was isolated by concentrating the 

methanol solution (no data on the pH of this was given) 

and pouring the concentrate into 10 litera of cold water. 

By repeated treatments of the residual aspen wood meal 

with methanolio hydrogen chloride the yield of water-

insoluble lignin could be inoraase.d to 90 g. ( 91/~ of the 

total Klason lignin). Although Harl,is has claimed that 907'6 
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of the lignin in hardwoods can be removed as water­

insoluble lignin by repeated treatment of the wood 

meal with methanolic hydrogen chloride {3%), all 

other investigators in the field of alcohol-acid 

extraction of wood have reported that not more than 

60-70% is isolated by such treatments {pp. 68 to 81) (150). 

In addition to this discrepancy in the quantities of 

lignin removable, there is tha very important observation 

of many other investigators that al~ of the lignin 

removed from the wood is never recovered quantitatively 

as water-insoluble lignin {36, 111, 112, 139, 140, and 150). 

Dorland and Hibbert (222) have shown that 

propanol and butanol can be substituted for ethanol in 

the Hibbart alooholysis process, to give the same al­

coholysis type or lignin fractions {amorphous, water­

insoluble lignin; water-insoluble, non-dist1llable tars 

and oils) as obtained by the ethanolysis of wood. An 

early attempt to substitute methanol for ethanol, how­

ever, was unsuccessful (223). 

Finally, Harr1s 1 D'lanni and Adkins {73) have 

shown that the highest yields of propylcyclohexane 

derivatives obtained by the hydrogenation of lignin 

are those obtained from methanol lignin (aspen). 

In order to check the observations that (1) acirl 
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methanolysis of wood yields no appreoiable quantities 

of water-soluble materials; ( 2) practically all of the 

lignin (90%) can be removed from hardwoods by repeated 

treatment with methanolio hydrogen chloride (3;~); and 

(3) methanol lignins are converted to propyloholohexanol 

Cierivatives in a very high yield by means of hydrogenat­

ion, a short study was made of the methanolysis of 

maple and aspen woods. 

(b) Experimental results 

(1) Methanolysis of Maple Wood 

Us1n.c; the conditions employed by Harris for the 

methanolysis of aspen wood {73) the following results 

were obtained when applied to both maple and aspen woods 

( TABLE XIV ) : 
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TL\BLE XIV 

Methanolysis of Maple and Aspen \1ioods 

\Vood 

Maple 
(2o.f5%, lignin) 

Aspen 

Water 
Lignin in Insoluble Water Total 

Methano1ysis I;Ietha.nol• Tars Soluble Lignin 
Wood Residue Lignin (b) Oils Return 

%{a) /h(a) %(a) %Ja) ~b (a) 

27.8 42.8 8.2 26.1 104.9 

29.4 47.9 1Q.l 11.9 106.3 

%(a) - Percentage of lignin in untreated wood. 
(b) - Tars precipitated on concentration of 

aqueous precipitating liquors. 

(2) Mathanolysia of the Methanolysis Wood Residue 

The maple methanolysis wood residue was re-treated 

twice with methano1io hydrogen chloride ( 3/S) with results 

as detailed below. 

1st Treatment (A): 373 g. of maple wood (1.1% 

moisture; 20.8% lignin; 77.0 g. lignin) yielded 202 g. of 

a methanolysis wood residue containing o.s% moisture and 

10.8% lignin (21.4 g. lignin); loss in lignin 56.6 g. or 72.3%. 

2nd Treatment (B): 50 grams of the air-dried 

methanolysis wood residue (4.5% moisture and 10.6% lignin; 

5ll2 g. lignin) from (A) yielded 45.0 g. of a methanolysis 

residue containing 0.7% moisture and 9.15% lignin (4.12 g. 

lignin). 
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3rd Treatment (C): 40 grams of the methanolysis 

wood residue (3.66 g. lignin {B) yielded 3?.7 g. of a 

.methanolysis wood residue containing o.a% moisture and 

9.12% lignin (3.45 g. lignin}. 

These results are summarized in (TABLE XV). 

TABLE XV 

Effect of Repeated Methanolyse.s on the Lignin Content 

of Maple Wood 

Lignin Content Quantity of 
Residue of Wood Residue Lignin Removed 

Treatment ~b (a) % ~:S(b) 

First 21.2 10.6 72.2 

Second 91.1 9.16 5.6 

T.hird 94.6 9.13 , 1.3 

%(a} = Percent o£ wood or wood residue treated. 

%(b) - Percent of lignin in original untreated wood. 

(B) Conclusions 

From the data given in TABLE XIV and XV it is 

apparent that when bardwoods are treated with mathanolic 

hydrogen chloride (3%), according to the conditions em­

ployed by the writer: 

(1) A portion of the lignin is isolated in a 

water-soluble form (TABLE XIV}. 

(2) A lar0B portion of the lignin is very slightly 

soluble in water (tars which precipitated upon concentration 

of the aqueous extraction liquors). (TABLE XIV). 
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(3) The quantity of lignin which can be removed 

from maple wood on repeated treatment with methanolio 

hydrogen chloride rapidly reaches a limit. Apparently 

this limit is approximately 78-80%. (TABLE XV). 

Since methanol reacts in the same manner a.s do 

ethanol, propanol, and butanol in the Hibbert alcoholysis 

procedure, it is apparent that this reaction is a general 

one, at least, for primary alcohols. The question as to 

whether the simple units obtained from a wood alcoholysis 

reaction mixture are derived from simple protolignin units 

or from a condensed polymer type of lignin is unknown, but 

there is considerable evidence indicating that the simpler 

etbanolysis derivatives are degradation products. West, 

Hawk ins and Hibbert, for example, have shown (Table IX, p.86) 

that the water-insoluble ethanolyais fractions can be 

partially oonverted to distillable lignin derivatives 

by re-treatment with 2% ethanolic bydro@Bn chloride. The 

theory for the mechanism ot the Hibbert alcoholysis re­

action will be described in detail in the following section. 
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B. HYDROGENATION STUDY OF ~THANOLYSIS LIGNII 

FRACTIONS rROM MAPLE WOOD 

11 Hydrogenation of Monomolecular Lignin Units 

(a) Study of eA wEthoxypropiovanillone, 

(1) Introduction 

As mentioned previously (see p. 35), Hibbert and eo­

workers have isolated ~-ethoxypropiovanillone (!l)t vanilloyl• 

~ethyl ketone (XXI) and their syringoyl homologues (XIII) and 

(XXIII) from the waterweoluble ethanolysis products of maple 

wood while Adkins and eo-workers (see p. 32) isolated 4-n~ 

propyl oyolohexanol (XVII), 4~-propylcyclohexanediol-1 1 2 

and 3-(~hydroxyoyclohexyl)propanol-1 (XIX) from the hydrogena• 

tion products of methanol (aspen) lignin, The striking rela­

tionship which would appear to exist between these two series 

of compounds suggested that at least two of the hydrogenation 

products (XYII and lVIII) would probably be formed by hydrogenaw 

tion of the above Hibbert ethanolysis products (!!, ~. XXII 

and XXIII) • 

On the basis of observations made by Adki:DE concerning 

the hydrogenation of organic compounds over copper-chromium 

oxide oatalyat -(see PP• 101-112), vanilloyl methyl ketone should 

undergo the following successive rea.ctions I and II wken treated 

with hydrogen at 300 atmospheres preeAure and 250• 0 1n the 

presence of copper-chromium oxide. 
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H2-0H2•CHJ + aa4 
(see pp. 109 and 110) 

In the case of ~wetboxypropiovanillone, however, 

there are no good examples in the literature an which to base 

theoretical speculations concerning the successive steps of 

its hydrogenation under the above conditions. The following 

reactions are possible: 

(Ilia) HO 

( Ill~b) 

( IIIo) 

XX -

OuCr~ 
25o•c 
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(2) Experimental Investigation and Results 

Fifteen grams of ·-:/... ·ethoxypropiovan illone was hydro<lil 

genated over OuOrO at ~50• at a hydrogen pressure of 5000 psi. 

The hydrogen abso~ption curve is shown in Figure II (pp. 115 

and 116) and the hydrogenation results in Table rv. 

TABLE IV 

Hydrogenation Products from ~-Ethoxypropiovanillone 

Yield 
Product Yield Yield {~ of 

g. 1 (a) theo-retical) 

Methanol 1.15 {c) 7.66 55 
Ethanol 2.50 (c) 17.20 g6 

Water 1.57 (c) 10.40 130 

4-n-Propyl• 7.00 (d) 46.59 7g 
oyclohexanol 

Residue o.6o ~.06 

(a) - Calculated an weight of original c:A -ethoxy-
propiovanillone. 

(b) - Be~sed upon reaction (III) above. 

(c) - Determined by quantitative analyses. 

(d) - Identified by physical properties and 
derivatives (phel'lyl ... and o( -naphthyl 
urethanes) 

(b) 

The following observ~tione can be made on these resulte: 

(1) Wo oyolohexane derivatives containing either ethoxyl 
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or isop~opanol groups were present in the reaction products, 

so that reactions (!!!a) and (I lib) coUld _hav:e 'oeerl. no .. more 
than intermediate reactions. -

(2) No oyclohexanediol-1,2 derivative was present. 

(}) The yield of water was high and the yields of 

methanol, ethanol and 4-n-propylcyolohexanol were low in the 

light of reaction (IIIo) as representing the principal hydro~ 

genation mechanism. 

(3) Conolueione and Deductions 

( ~) An ethoxyl group in t-he f3 position with respect to an 

aromatic ring undergoes hydrogenolysis readily; so that all -
eubPtituted groups on the propyl side-ohain of the. simple 

units thus far isolated from the ethanolysis should undergo 

readily conversion to 4-n-propyloyclohexanol upon hydrogenation. 

(j3) It would appear that the guaiaoyl nucleus ie not the pre­

cursor of the hexana-1,2-diol fo~~ among the hydrogenation 

product from lignin, since only the moLohydrozy oyclohexane 

derivative was obtained from tne hydrogenation of ~~ethoxypro­

piovanillone. Also, while on the other hand, only 55~ of the 

theoretical quantity of methanol was isolated, on the other, 

water amounting to 13~ ][!.! obtained. This result finds a 

satisfactory explanation in th~ s.t.J·:Jmption of a partial oc.cur­

renoe of xeaction (.ll.b) to give l.J.-n-propylcyolohexanediol-1.,2 

and methane, followed by the hydrogenolysis of the hydroxy groups 

(see p. 106) thus formed to yield 4.-.n-propyloyolohexanol and water: 

H0 . 
HO S OH ...OH ..OH.. Ouorg HO 

2 2 )250• 
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( r ) A similar reaction mechanism might poseibly explain a 

portion of the loss of ethoxyl content, since the recovery of 

the ethoxyl groups was not quantitative. Should a hydroxyl 

group be formed during the hydrogenolysis of the ethoxyl group 

the former would unquestionably be subsequently reduced to the 

methylene group (see p. lOg). Theapparent ease with which the 

ethoxyl group is cleaved is probably due to the proximity of 

the aromatic ring. It was emphasized during the discussion 

of typical hydrogenolyeis reactions that the phenyl group, as 

well as the hydroxyl, carbonyl, and carbethoxyl groups and 

unsaturated bonds labilize adjacent c,-o-c linkages towarda 

hydrogenolysis. 

( 5 ) cr·considerable interest is the fact that the yield of 

4-n-propylcyolohexanol was only g~ of theory. This result 

is not surprising when ~t is realized that considerable C•••O 

hydrogenolysie bad occurred during the reaction. -Probably 

an uppreoiable amount of C•••C cleavage also took place. Un­

fortune.tely there is very little data in the literature con­

cerning C•••O hydrogenolysie over CuCrO, but that it can and 

does occur is known (71, pp. 79 to g6). Although the investi­

gations in this laboratory have been concerned chiefly with 

the application of hydrogenation reactions to a comparative 

study of isolated lignins and protolignine, some work has been 

done on analysis of the gaseous hydrogena.tion products (2~5) • 

Preliminary investigations have shown the presence of at least 

6-1~ (calculated on the weight of lignin treated) of hydro• 

oarbona in the bomb gases after a lignin hydrogenation. 
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(~) Observations of Importance with Regard to Hydro~ 

genation of Non-distillable Ethanolxsis Lignin 

. Fractions 

If o{ ..-ethoxypropiovanillone is considered to be the 

simplest lignin unit, or if the amorphous ethanolysis products 

(Flow Sheets I' 11' Ill) are considered to be condensation poly­

mere of this, or of an isomeric unit, then the hydrogenation 

products obtained from it should be representative of the first 

member of the polymeric series in which the benzene-insoluble 

ethanol lignin (Fraction B, Flow Sheet 1) is the highest member. 

Since, how~ver, Hibbert and eo-workers have shown that hardwood 

lignine contain the gua.iacyl and syringyl nuclei in aPProximately 

eq_ual proportions ( 61, 6~, 63, 97) the theoretical yield of 

4-n-propylcyclohexane from the simplest unit (a mixture of 

ol-ethoxypropiovanillone and -syringone) should ba 55~ of the 

weight of the starting material, instead of 59%1 while the 

yield of 4-n~ropylcyolohexanol actually obtained would, the­

oretically, be changed from 50.g to 4g.1~ for a guaiaoylw 

syringyl group mixture (1:1). 

2. HYdrogenation Study of Ethanol Lignin; Ethanolysis 

rraction B 

In order to make a preliminary oomparison of the hydro~ 

genation products obtainable f~ ethanol lignin with those ob­

tained by Harris, !l 'Ianni and Ad.kine (73), ethanol lignin in 

dioxane solution was hydrogenated over OuCrO at 250•0 with hydro-
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gen at 6,000 psi. When the fractionation was carried out ac­

cording to the scheme employed by Adkins it was possible to 

isolate and identify {by means of derivatives) methanol, 

ethanol, water, 4-n-propyloyclohexanol, and 4-n-propyloyclo· 

hexanediol-1,2. Instead of obtaining 3-(4-hydroxylcyclohexyl) 

propanol-1, however, a fraction which analyzed for o18H3~o3 
was obtained in the same boiling range (125-127°0 at 1 mm. 

pressure). After considerable experimentation, it was found that 

this fraction was a constant boiling mixture, one component of 

which was soluble in water. 

By separating the ethanol lignin hydrogenation products 

boiling above 101•0 (the boiling point of the solvent, dioxane) 

into water-soluble ~,d water-insoluble fractions it was possible 

to separate the components of the constant boiling mixture. 

'l'he component present in the water-soluble fra.otion was shown 

to be 3-(4-hydroxycyolohexyl)propanol~l. The component insoluble 

in water is believed to be a new compound having a refractive 

index (25•0) of about 1.4975, a boiling point of 130-132•c &.t 

1 mm. pressure, and a carbon and hydrogen content of go.2 and 

12.3~ respectively. 

The presence of this constant boiling mixture in the 

hydrogenation products form ethanol lignin (maple) and its ab­

sence in those reported by Adkins using methanol lignin (aspen) 

is explained by the fact that, in the caee of the former, 

3-(4-hydroxycyolohexyl)propa.nol-1 is obtained in small yields, 

(2-3~) whereas from mathanol lignin (aspen) it is found in a 



- 145 -

25~ yield. The unidentified component of the mixture (ethanol 

lignin) was also present (2-3~). 

It is noteworthy that the earliest published recog• 

nition of the fact that water is a major product of lignin 

hydrogenation W€·.s made by the wr1 ter ( 226). The water is 

isolated from the hydrogenation reaction mixture as a compo• 

nent of a binary azeotrope with dioxane n25 = 1.4705, 
D 

b.p. = g7.0 at 760 mm. pressure. 

A summary of the yield of products isolated and posi• 

tively identified (excepting the resin) from the ethanol lig~ 

nin (maple) hydrogenation is shown in Table &!!: 

TABU lVI 

Hydrogenation Products from Ethanol Lignin (Maple) 

Product 

Methanol 

Ethanol 

Water (minimum yield) 

4-n-propyloyclohexanol 

3-(4-hydroxyoyclobaxyl)propanol~l 

Compound of n25 s 1.~975 
D 

Residue 

Yield 
g .. 

10.6 

5.4 
g.o 
g.5 

3.0 

2.g 

34.2 

Total 

Yield 
f, (a) 

10.0 

5.1 

7.5 
g.o 

2.7 
2.6 

22.0 

70.9 

(a) Percentage of yield based on original ethanol 

lignin. 

The following observations can be made: 
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(1) Similar products to those obtained by Harris1 

D'Ianni and Adkins in the hydrogenation of methanol lignin 

(aspen) have been obtained in the hydrogenation of ethanol 

maple li~in when subjected to a similar treatment. 

(2) The author's results differ from those of the 

former investigators in that ethanol lignin, on hydrogenation 

yields ethanol, water ~d onlx a small quantity of 

Jw(4-hydroxycyclohexyl)propanol-l. 

The ethanol is probably formed as a hydrogenation 

product of the ethoxyl groups known to be present in ethanol 

lignin. Si~ce the presence o! carbonyl groups in ethanol 

lignin has not been established 1 t would appear that water 

may result from the hydrogenolyeis of ether linkages and 

possibly bydToxyl groups. The only explanation of the small 

yield of J-(4-hydroxyoyclohexyl)propanol~l is that difference 

in structure exists between ethanol lignin (maple) and methanol 

1 ignin (aspen) • 
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3. Qomparative Hydrogenation Study of Amgrphou~, 

Non-Dietil~able Ethanolzeis Maple Lignin, 

Fractions (Flow Sheets 1~~~ and III) 

{a) Procedure fo~ Identification of Products from Small-__..._. ,_..~,......_ ... _ ...... 
Scale HYdrogenations. 

In order to make the hydrogenation studies on the 

ethanolyeie fractions strictly comparable it was necessary 

to de~ise a technique for the quantitative determination of 

the entire hydrogenation products obtained from relatively 

small samples of ethanolyeie fractions. Up to the present 

time it hae been necessary to hydrogena.te from 100 to 500 g. 

of an isolated lignin in order to obtain enough material for 

analysis by fractional distillation. Since certain of the 

ethanolysie fractions are obtained in yields of only 6·20 g4 

from 1 kilogram of wood, a lengthy and expensive program of 

preparative work would have been necessary to obtain. enough 

material for hydrogenation studies. However it was found 

possible to develop a method of hydrogenation by which eatisw 

factory analytical values could be obtained by the use of only 

10 g. of starting material. This procedure involved the ap­

plication of quantitative analytical methods to the determina• 

tion of the low boiling components (methanol, ethanol, and 

water), and a combination scheme of solvent and distillation 

fractionation for the high boiling components (4-n-propyloyclow 

hexanol, 4-n-propylcyclohexanediolwl,2, 3-(4-hydroxyoyolohexyl) 
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propanol-1, and an unidentified compound with a refractive 

index (25°0) of 1.4975). 

The quantitative analytical methods included: 

(a) Determination of water by estimation of the 

acetylene formed by interaction with calciwn carbide. The 

acetylene was isolated as copper acetylide, and determined 

volmnetrically with potassium permanganate. 

(b) Determination of methanol by conversion into 

methyl iodide by the action of hydriodic acid and precipita­

tion as tetramethylammonium iodide. The latter was determined 

gravimetrically by conversion to silver iodide. 

Recently a more simplified volumetric method (iodi­

metric) has been devised by the writer for the determination 

of the methoxyl content of alkoxyl-containing materials which 

presumably will supersede the older and less convenient gravi­

metric procedure. 

(c) Determination of ethanol by quantitative oxida­

tion to acetic acid with acid potassium dichromate. Any methanol 

was oxidized quantitatively to formic acid. Since the methanol 

content was already known, tile ethanol c ~Jntent could be deter­

mined by difference. 

Each of these methods represents a semi-micro procedure, 

so that by their application it is possible to determine, accu­

rately, the total low-boiling hydrogenation. products obtained 

from as little as 7-10 g. of lignin. The details of the proce­

dure and the data concerne·d with their development are included 

in Experimental Section B,: 7, (a). 
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In the analysis of the high-boiling components 

(boiling above 101°0 at 760 mm. pressure thesa were first 

separated into water-soluble and water-insoluble fractions. 

The basis for this fractionation was the previous observation 

(eee section B, (1), above) that 4-n-propylcyclohexanediol-1,2 

and 3-(4-hydroxycyolohexyl)propanol-1 which are water soluble 

could be separated from the water-insoluble 4-n-propylcyolo­

hexanol, from the compound of n25 = 1.4975, and from the high-
D 

boiling resins. Since the water-soluble (glycol) fraction 

rarely amounted to more than 700 mg. in the small-sc~le investi­

gations it was carefully distilled through a modified Podbielniak 

fractionating column, the description of whioh is given in 

Experimental Sect ion B, 7, (b) o 

This entire analytical procedure, carried out on the 

hydrogenation products from 10-15 g. samples of the ethanolysis 

lignin fractions, was standardized by reference to the behavior 

of the products obtained using 15 g. of ethanol lign1Q. A com• 

parison of the yields from the various hydrogenation products 

using this amount and employing the above treatment, with those 

found by using fractional distillation separation of all the 

components from a 100 gram sample of lignin ie given in 

TABLE XVII. 
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TABLE XVII 

Comparison of Yields of Hydrogenation Products 

from Fifteen Grams of Ethanol Lignin with 

Those From e~ Larger One-Hundred and Nine Gram Sample 

Product 

:Methanol 

Ethanol 

Water 

4-n~ropylcyclohexanol 

4-n•propylcyclohexanediol~l,~ 

3-(4-hydroxycyclohexyl)propanol~l 

Compound of n25 = 1.4975 
D 

High Boiling Resin 

Total 

(b) HYdrogenation Results from Ethanolxsis Fractions B, c, 

D and F (Ethanol Lign1n 1 Benzene Shaking£., Red Tars and 

Non-Distillable Phenols) (Flow Sheet lt l! and ll!) 

(1) Experimental Results 

The following ethanolysis lignin fractions were 

hydrogenated in dioxane solution over CuCrO at 250•0 with 

hydrogen at 5000 to 6000 psi. The hydrogenation data are 

given in Table XVIIIo 



WJ 151 -

TABLE XVIII 

Hydrogenation Data for Ethanolxsia 

Maple Lignin Fractions 

(Flow Sheets I, II, III) 

Weight Time to Moles u2 
of Complete consumed 

Ethanolysis Fraction Hydrogen at ion per lOOg. 
Fraction g. r.rs. of fraction 

B Ethanol Lignin 15.0 16.0 3.90 

c Benzene Shakings 12.2 5.0 3.00 

D Red Tars 15.0 4.g 3.6g 

J' Non -Distillable 
Phenol a 9.5 4-.o 3.go 

Ethoxypropio-
3. 40 vanillone 15.0 3.5 

The yields of methanol, ethanol and water have not 

been determined, ae yet, for Ethanolyeis Fractions o, D and 

F. The yields obtained from Fraction B were given in 

Table XVII. 

The hydrogenation products boiling above 101•0 at 

760 mm. were separated into water-soluble and water-insoluble 

fractions. The latter were fractionally distilled through the 

modified Podbielniak column, and the distillation results are 

summarized in graphical form in Figures III, IV, V and VI. 
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The yields of the distillable (Figures III, IV, 

V and VI) and non ... dietillable (resins) portions···of the 

water-insoluble hydrogenation ,roduote, as well ·as tha 

yields of water-soluble glycols~ from·the various ethanoly­

eis fractions ~re given in Table XIX. 

TABLE XIX 

CompariPon of Yields of HxdrogenatJcn Products 

from Etha.nolysie Lignin Fraction . .! 

Yield 
Distil- Yield Total 

Yield lab le Water Yield 
Water ... Water - Insoluble Water !lit 
Soluble Insoluble Resin In sol. 

Fraction "), 

"" 
, fo 

Ethanol Lignin 5.,~. 16.0 29.5 45.5 
Benzene Shaking a 5112 27. ~· 14.g 42.2 

Red Tare 6.0 32.5 14.6 4-7.1 

Won-distillable 
6.o 4g.7 phenols 5.9 42.7 

(a ) 

y0.55 
0·9 
0·4 
0·1 

a•ethoxypropiovanillone~ 
4~.0 2.0 50.0 0·4 eyringone o.o 

(a) Ratio of Distillable Water.-
insoluble to Resin. 
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(2) Review of Experimental Results 

From the hydrogenation and fraotionation data 

it oan be seen that: 

( ,:J....) The ease with Vihich an ethanolysis lignin fraoti on 

undergoes hydrogenation (and hydrogenolysis) increases 

~ith increase in solubility of the fraotion (Tables XIX 

and XX). A distinct difference is o·bservable between 

the rat as of hydrogenation of the first two fractions, 

Band C (ethanol lignin and benzene shakings). 

((3) The shapes of the four fractional distillation 

ourves are essentially identical, the only marked 

differ enoea in the four distillations being: (1) increase 

in yields of distillable products ~ith increase in solu­

bility of the ethanolysis lignin fraction; (2) conversely, 

decrease in yield of non-distillable resin with increase 

in s olu oili ty of the fraction; and ( 3) rapid increase 

throughout the series in the ratio o:t· distillable to 

non-distillable materials. 

( Y) The total yield of water-insoluble and \1'4ater-soluble 

hydrogenation products for the entil'e series remains 

praoti oally o onstant. 

( S ) Within the boiling point range ( 96°-97°0 at 7 mm.) 

of 4-n-propyloyolohexanol (n~5 = 1.4600, 1.4675) two 
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flat portions or "plateaus" are observed. The refraoti ve 

index of the lo-wer-boiling component varies slightly 

among the various lignin fractions (n~6 .: 1,4605 to 

1.4675) ~hereaa that of the higher-boiling component is 

constant (n~5 :s 1.4675). 

( E ) Examination of the four d i st illat ion curves 

(Figures III, IV, V and VI) shows that a slight elevation 

in r efraoti ve index is observable at the initial point 

of a fraction "plateau". Sinae the size of this elevation 

has been sho\~n to be dependent upon the rate of distil­

lation it is reasonably certain that this ~henomenon is 

due to the fact that insuf:tioient time had be.en allowed 

for the liquid and vapor of the new fraction, to reaoh 

true a qu i 1 i br i urn. 

( '5) Exoept for the fact that no water-soluble glycol 

fraction is obtained, the results predictable from the 

hydrogenation of a theoretical mixture containing' 

~-ethoxypropiovanillone and -syringone fit nicely into 

the lignin fraction series. (The data used for this 

theo:r;etioal fraction are the values (see Section B, 1, 

above) obtained from ~ .-ethoxypropiovanillone "oorreoted" 

for a hypothetiaal d\-ethoxypropiovanillone- c<.-ethoxy.-. 

propiosyr ingone mixture. 
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(3). Conclusions Concerning -the Structure 

of the Ethanolysis Lignin Fractions · 

and the Mechanism of the Ethanolysis 

Reaction 

( o<. ) In trod uc ti on 

It seems advisable first to summarize all the 

available data concerning the physical and chemical 

properties of the lignin fraot i·Jns. The pertinent data 

are given in Table XX. 

TABLE XX 

Yield of Reduaed 
Lignin Reduoed OMe OEt Distillable Viscosity 
Fraction Viscosity Content Content Oils u·pon of non-dist. 

% % EtOH-HCl residue left-
treatment after EtOH-HCl 

% treatment 

B 600 19.0 8.8 10 -
c 469 18.0 12.3 22 541 

F 389 19.9 13.0 30 538 

The following information concerning the 

hydrogenolysis of C-C and e-o bonds and the structure of 

the non-distilla.ble resin fraction obtained in the hydro-

genation o~ lignin is also essential to the discussion. 
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(i) The hydrogenolysis of the c-c bond ooaurs 

to a ve.ry limited extent over CuCrO and this is especially 

true for the short hydrogenation time employed ~ i th 

ethanolysis Fraations C, D and F. On the other hand, 

hydr ogenolys is of C-O bonds occur.s re ad.ily over CuCrO 

at 250°0 (see pp. 106-111). 

(ii) Adkins .has shown conclusively that the 

lignin hydrogenation resins are a omposed of compounds 

having hydrocarbon nuo lei Vibi oh a ontain a minimum of 

fifteen carbon atoms. 

(iii) 4-n-Propyloyalohexanol and 3w(4-hydroxy­

oyolohexyl)propanol-l are obtained in yields of 20 and 

6%, reepeotively by hydrogenation of maple wood over 

CuCrO at 280°0 for nineteen hours. ( 217). 

( 1 v) It must be emphasized that while the 

lignin structures ·pro-posed by Freuden berg (pp.43-47), 

in ~hioh the c9 units are connected jointly by c-c and 

e-o bonds, are applicable to softwood lignins, the faat 

that in hardvvoods (maple) at least 50% of the aromatic 

nuolei oonsist o±· syrlngyl groups oircumsoribes their 

use fuln es s to t hi s e xt en t • 

( (3) Conclusions Regarding the Structure of the 

Amorphous Ethanolysis Products from Wood 

From a. comparison of the hydrogenation data 

obtained by use of e thanolysis lignin fraoti ons, as ~ell 
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as from the available data of other investigators summarized 

in the _·preceding section, it may be oonaluded: 

( i) T.ne observed physical (solubility and 

_!is ao sit y) and c hemioal ( etha.nolys is and hydrogenation 

data) differences associated with these lignin fractions 

are due to differ enaes both in chemical structure and 

degree of polymerization. (See Tables XIX, .XX). 

(ii) The difference in chemical structure is 

primarily one of a dif~erence in mode of linkage bet~een 

the c
6
c

3 
units comprising the lignin polymers. At least 

t~o types of union are involved in the maple ethanol 

fractions; in one there exiets a C-C bond between adjacent 

c
6
c

3 
units ~hile others are united by means of an oxygen 

linkage. 

(iii) The extent to Vihioh the c-o-c type 

linkages occur in a given ethanolysis fraction is indicated 

by the solubility of the fraction. That is, the vvater­

aoluble, non-distillable phenols contain the C-0-C bond 

almost exclusively, "hereas, the water-,athanol-water-~ 

ben zenew, and e the r-inso luble ethanol lignins are 0 anposed 

mainly of c6c3 units aonneoted ~ith C-C bonds. (Compare 

Adk.ina' data pp.l06-lll and Table XIX). 

(iv) In addition, it~ ould seem that both the 

C-C and c .. o-C types of isolated ethanolysis lignins 
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difier in structure from protolignin. The only basis 

for th:is aonclus ion at the present t i111e is that 

3-(4-hydroxyoyalohexyl}propanol is obtained from maple 

wood in 6% yield, whereas for ethanol lignin the yield 

is le ss than 3%. This appears to indicate that the 

structure in the plant giving rise to 3-(4~hydroxyayclo• 

hexyl)·propanol-1 had either undergone condensation or a 

rearrangement during the e than olys is extra at ion pro a ess. 

(Compare Table XIX and data of hydrogenation of wood by 

Godard, pJ.24). 

( r) Conclusions Regarding the Mechanism 

of the Ethanolysis Reaction 

Certain hitherto inexplicable changes connected 

with the ethanolysis of hard- and softwoods would seem 

to find a satisfactory explanation in the light of the 

preceding discussion. Chief among these are the nc:NV 

~ell-established reversible character of certain of the 

ethanolysis reaction products and the non-reversible 

type shown by others. 

Thus ~hile the simple ethanolysis spruce 

lignin units_ such as ~-hydroxypropiovanillone, on 

refluxing 1JI;ith ethanol-HCl, are a onver·teci into irrever­

sible, higher molecular ~eight lignin ·polymers, on the 
hand 

other/certain of the lower-molecular weight lignin 

ethanolysis fractions (non-distillable phenols) are 
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changed into readily distillable oils 1Ahen su bje oted to 

the same treatment. In agreement V\i th the theoretical 

views of Freudenberg and of Hibbert the first type 

(irreversible) is exemplified in the wC-C model of aon~ 

densation polymer suoh as exists in ben zofurane groupings 

eta., while the latter (reversible} presupposes an ether 

or acetal linkage as the oonne cting link between the 

lignin units. 

That these two types have a very definite 

existence in different fractions of ethan olys is l.ignins 

is evident on the one hand from the hydrogenation data 

in Table XX, and from the previously mentioned data of 

Adkins' (see p.l20} on the much greater resistance to 

fission of a C-0 as compared ~ ith a C-0-C linkage over 

CuCrO, together 114 i th that author's data concerning the 

structure oi" the resin obtained by the hydrogenation of 

lignin (see p.l22-123). 

Hggglund has shown (pp. 71-72) that the alkoxyl 

group added on during ethanolysis, oan be readily removed, 

at least in large measure, by the action of hot dilute 

acid, a behaviour ~bich led him to conclude that acetal 

formation has occurred. 

This conclusion finds support in the formation 

of eA. -methyl mannosi de during the me than olysi s o!' s t:-'ru oe 

wood, as found by Compton, Greig and Hibbert (15a) and 
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in the reoent discovery of the presence of a ketal 

grouping in the neutral ethanolysis fraction. 

:Possibly the reversible ty}?e of ethanolysis, 

assoaia.t ed with an acetal union, may be aonne ated with 

changes involving a primary half-acetal ( ethylal) 

formation between the carbonyl group in the lignin unit 

side chain and the solvent follo\\ed by a further inter­

molecular half-acetal union bet~een t~o moles of the 

primary half-acetal to give a "mixed" acetal as sho~n 

below: 

R-CO-CHOH-CH3 EtOH-HCh 

R-C(OEt){OH)-CHOH-CH3 

R -

Dilute acids would bring about ran oval of 

ethanol and formation of a C-C linked, irreversible 

polymer from the liberated "activated" lignin units. 

On the other hand any re-union of t~o molecules to give 

an ether tJpe -CO-yH-0-CH-CO- would gi. ve a produ at capable 

6H3 bH3 

of hydrog.enolysis into tv.·o moles of tale individual 

lignin units, but incapable of being cleaved by ethanolia 

hydrogen chloride. 
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This point of view finds confirmation in the 

close rslationship indicated (Table XX) in the comparable 

yields, sho~n to exist between the amounts of monomolecular 

lignin units formed on ethanolysis o!' the various ethanol 

lignin f"racti ons and the yields o ±' d istillable products 

found on hydrogenation. 

Recent unpublished work of Hewson, MoCarthy 

and Hib bert (150) in which it is shown that repeated 

sucoessi ve ethanoly~:is of a maple v.ood ethanol lignin 

gives two products, namely water-soluble oils and an 

ethanol-insoluble lignin, also provides additional 

support for the theory of reversible and non-reverE1i ble 

polymer formation as well as the v;ork of West, Hawkins 

and Hi bbert on the action o:t e thanolio HCl (2%) on 

vanilloylmetbyl ketone and~-hydroxypropiovanillone 

whereby amorphous lignin-like materials are formed(llO). 
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VII. EXPERIMENTAL SECTION 

A. Alcoholysis Experiments 

1. The Etha_nolysi s of Mcple Wood 

The ethanolysis of 1000 g. of maple wood meal was car­

ried out according to the standard procedure as described by 

Pyle, Brickman, McCa.rthy 2--r1d Hibbert (151). 

in Table X XI were obtained (See Flow Sheet l). -
The products shown 

TABLE XXI 

The Ethanolysis of Maple Wood-Lignin Balance 

(1000 g. untreated wood meal contained 215 g. lignin) 

Etha,nolysi s 
Fraction 

A - Hood Re si due 
{565 g. 12~0 lignin) 

B - Etha.nol Lianin 

c - Benzene Shakings 

D - Red Tars 

E - Water-Soluble Oils 

Yield 
g. 

6g 

so 

3S 

6 

76 

Portion of Original 
Lignin in Woai 

32.0 

37.0 

17.7 

2.3 

35.5 

Total 119.5 

The water-soluble oils (Fraction E) were sepa.ra.ted a,ccordin.~ to 

the method outlined in Flow Sheet III. Instead of separatin~ 



FLOW SHEET I 

ETHANOLYSIS OF MAPLE WOOD MEAL 

1000 

• FRACTION A 
Residua.1 wood mea.1 
conta.ining 12.0% 
K1a.son Lignin) 

Sodium Bicarbona.t e 
1 
Sodium 

Chloride Precin1ta.te 
(Discarded) 

Moist E:tha.nol Lignin 

~0 g. FRACTION B 
' lllthanol lignin) 

I 

C6H6 Extn. 

Benzene.Solution I Cone. (12 m:n.) 

• FRACTION C 
11 benzerie-sha.ki.ngs 11 

or benzene-soluble 
lignin) 

Acid-Eth~.no1 Liquor 
I 

Neut., NaHC03 

NeutrPl Etha.nol Liquor 
I 

Cone. ( 50°) 
Ppt. into 10 liters 
H20 

Aqueous Liquor 
I 

Concn. ( 12 mm.) 

. FRACTION D Aqueous Concentr8te 
I 

ll 

.... 
0'\ 
-J 

' 

11 Red-t~rs 11 of Et0H­
H20 soluble lignin) Cont. Cb H6 

Extn. (48 hrs. ) 

Benzene Solution 

/ooncn. ( 12 ll1'll. ) 

_•d 0 . FRACTION E 
uwater-Soluo le 
Oi ls·tt See Flow 
Sheet II and III) 

A~ueous Soln. 
biscaxded} 



FLOW SHEET II 

FcRACTIJNATION OF ETHANOLYSIS "WATER-SOLUBLE OILS 11 (FRACTION E) 

Scheme No. 1 

. FrB.ct ion E 

Sodium Bisulfite Solution 

Decompn. with acid 

Back-extn. with C6H6 
~------~------~ 

Benzene Solution Aqueous·solution I (Discarded) 
Concn. 

Extn. with 20% NaHS03 
Benzene Solution 

IExtn. with g% NRHC03 

Sodium Bic~=trbon~te Ben~ene 
Solution Solution 

(Contents: minor 
quRntities of un­
identified org8nic 
a.cids) 

Extn. 
with 
5·j, NaOH 

15.7 g. BISULFITE-SOLUBLE OILS 
'contents: Syringaldehyde, 
Syringoyl methyl ketone, 
Vanillin(?), Vanilloyl 

Sodium Hydroxide Solution Benzene Solution 

methyl ketone (?) 

Benzene 1solution 

I Concn. 

I 

Decompn. with 
acid 

Ba.ck-extn. with 
C6H6 

Concn. 

29.7 g. Alk8li-Soluble Oils Aque·ous 
Solution 
(Discarded) 

]. 9 g. 11 i'-JEUTRAL 11 

FrPction 
(Contents: under 
investigAtion) I 

Distillation 

~0.0 f· NON~DISTILLA3LE PHENOLS 
!den ical with Fr~ction F; 
see Flow Sheet III) 

.0 g. DISTILL'ADLE PHENOLS 
Contents:a-ethoxypropio­
syringone and -vanillone) 

' ...., 
0'\ 
OQ. 

• 



FLOW SHEET I I I 

FR~·CTioKaTro~~ OF 11 WATER-SOLt:BLE OILS 11 (?RACTION E} 

t3 g. FRACTION F 
Water-Soluble Lignin"; 
identic~l with "Non­
distill~ble Phenolsn 
See Flow Sheet II) 

Scheme No. 2 

. Fraction E 

Pptn. of acetone soln. 
into 30-50° pet. ether 

Petrol Solution 

IConcn, 

42 g. FRACTION G 
(Distill~ble Oils. 
ContPins: SyringRldehyde, 
Syringoyl methyl ketone, 
a-ethoxypropiosyringone, 
a-ethoxypro~iOVPnillone, 
vanillin(?), Vanilloyl 
methyl ketone (?)) 

• ...., 
0' 
'-./) 

• 
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the non-distilla_.ble-from the distilla.ble phenols by distillation, 

however, ~- solvent fractiona.tion procedure was used (See Flow 

Sheet II). By precipitating 300 cc. of a benzene solution con­

taining 29.7 g. of "a.lkali-soluble oils 11 into 6 litera of 30-50° 

petroleum ether, it was possible to isolate 9.6 g. of amorphous 

"water-soluble lignin" (non-di sti llable phenols). 

2. The Metbanolysis of Maple Wood 

Maple wood meal (40 mesh) was first air-dried and then 

extracted for 48 hours with a 1:1 mixture (by volume) of absolute 

ethanol and benzene, then with absolute ethanol for 24 hours, 

and finally washed with hot, running water for 12 hours. After 

air-drying, the wood meal was dried in the vacuum oven {20 mm. 

pressure} for 48 hours at 50°0. The wood meal, upon analysis, 

showed a Klason lignin content of 20.8%,and a moisture content 

of 1.1%. 

The maple wood meal (382 g.) end dry methanol (3. g2 

liters) containin~ anhydrous hydrogen chloride (94 g., 3% by 

weight} were placed in a flask equipped with a mercury-sealed 

stirrer and a reflux condenser. The contents were refluxed, 

with stirring, for 50 hours. At the end of this time the mix­

ture was cooled, filtered, and the residual wood meal washed 

with hot anhydrous methanol (1.5 litera). The wood residue, 

after air-drying, weigh~ 211.5 g. and contained 4.5% moisture 

and 10.6% Klason lignin. 

The combined methanol liquors were n-eutralized with 
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solid sodium bicarbona.t e, the sodium bicarbonate-sodi urn chloride 

precipi ta.te removed by filtrati.on, and the methanol filtrate con­

centra.ted at 100 mm. pressure to a volume of 500 cc. The meth-

anol concentrate wa.s dropped in a very fine stream into vigor­

ously-stirred distilled water (9 li ters) a.nd the precipitated 

methanol 11 gnin was fi 1 tered and washed well with water •. The 

methanol lignin WetS air-dried over night and then reprecipitt:tted 

from a methanol solution (800 cc.) into 12 liters of distilled 

water. The a.morphous precipi ta.te was removed from the aqueous 

liquor by filtration, washed carefully with distilled water, 

and then a..ir-dried. The air-dried metha,nol lignin weighed 33 g. 

The combined precipitation liquors and washings were con­

centrated to a small volume (1.2 liters) a"t 50°0 under reduced 

pressure (40-50 mm.). During the concentration process 6.3 g. 

of a tar-like material was precipitated from solution. The 

tar-free aqueous concentrate was exha.usti vely extracted with 

benzene, the benzene removed, leaving 19.96 g. of e. viscous 

oil. 

A summary of the yields of methanolysis products from 

maple wood is given in TABLE !!ll· 
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TABLE lXII 

THE MET:iA~~OLYSIS OF MAPL.E WOOD-LIGNIT,T BALANCE 

(373 g. untreated wood meal contained 77.0 g. lignin) 

Metha.nolysis 
Fraction 

Wood residue 
(202 g.' 10. 6% 1 i gni n) 

Methanol Lignin 

"Red Tare' 

Water-Soluble Oils 

Yield 
g. 

21.4 

33.0 

6.3 

20.0 

Portion of Original 
Lignin in Wood 

" 

27.8 

42.8 

8.2 

26.1 

Total 104.9 

3. The Methanolysi s of Maple Methanolysi s Wood Residue 

Fifty grams of the air-dried wood residue (4.5% moisture; 

10.6~; lignin) from the methanolysis of maple wood was again re­

fluxed with boiling 37o metha.noli c hydrogen chloride ( 500 cc. ) 

for 36 hours. The mixture was cooled, fi 1 t ered and the residual 

woai meal washed with bot, anhydrous methanol. After drying 

in the ve.cuum oven for 24 hours the residue weighed 45 g. 

(9.15% lignin). 

Forty gra.ms of this residue was subjected to an addi-

tional methanolysis reaction. The va.cuum--oven-dried wood meal 

residue weighed 37.7 g. and contained 9.12% lignin. 
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4. The Methanolysis of Aspen Wood 

Aspen+ wood meal (150 g.) was extracted with 30-50° 

petroleum ether (24 hours), ethyl ether (24 hours), ethanol 

( 6 da.ys), and 1: 1 ethanol-benzene ( 48 hours) in the order given. 

After a.ir-drying, the wood meal was dried in the vacuum oven 

(20 mm. pressure) for 5 hours at 50°0. The wood meal, upon anal­

ysis, showed a Klason ligni~ content of 17.5% ~.nd a moisture 

content of 4%. 
The aspen wood meal (150 g.) was treated in exactly 

the same manner as was the maple wood (see preceding section). 

A summary of the yields of the methanolysis products from a.spen 

wood is given in TABLE !JIII. 

TABLE XXIII 

THE METHANOLYSIS OF ASPEN WOOD-LIGNIN BALANCE 

(150 g. of untrea.ted wood meal contained 25.1 g. ligni..111) 

Methanolysis Yield Portion of Origina.l 
Lignin in Wood Fraction g. % 

Wood Residue 7.4 29.4 
( 89 g. ' 8. 7% lignin) 

Methanol Lignin 12.0 47.9 

Red Tars 4.g 19.1 

Water-Soluble OtlS 3.0 11.9 
Total ID6 .3 

+ The aspen wood was obtained from a three-year old tree; 
therefore the quantity of lignin present in the wood was re­
latively low (~ee p.8). 
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B. Hydrogen?.tion Experiments 

1. AnnP rc:t tus , Ca ta.lys t s and Solvents 

(a) Apparatus 

The following pieces of equipment were used in the 

hydrogene~ion exp£~iments. 

One 50~ cc. capacity high-pressure reduction 

apparatus manufactured by the Parr Instrument Company 

~~d described in Bulletj_n E-44 published hy tha,t 

compa.ny. 

One 2500 cc. capacity higb-pre~sure hydrogen9tor, 

No.406-)::6., described in Ca.ta.log 406 of the American 

Instrument Company. Te!Tlperature control was ma.intained 

with this electrically heated appar~tus by the use of 

a Type 100 Variac manufactured by the General Ra.dio 

Company. 

One hydrogen pressure "boosteru pump, No.4-06-135, 

also manufa.c tureci by the America0 Instrument Compc.ny. 

Both hydrogenation units were connected to the booster 

pump in such e manner that hydrogenations could be run simul-

taneously or separately. Voltag·es were measured with a simnle ~ ~ 

slide-wire potentiometer. The arrangement of the hydro gena-

tion equipment is shown in Figure !l· 
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FIGURE VII 

HYDROGENATIOP APPARATUS 

A. Parr Apparatus 

B. Aminco AppRrAtus 

C. Booster Pump 

D. Slide-wire Bridge 
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(b) Catalysts 

Copper-chromium oxide (156) a.nd Ra.ney nickel (157) 

ca.tc lyst s were prepared eccording to the methods of Adkins. 

The a.ctivi ty of the OuCrO catalysts was tested with acetone 

(71, p.50); the Raney nickel, with acetone and with benzene 

( 71 , P . 50 and 57) . 

(c) Solvent 

In order to eliminate the cPtalyst-poisoning content 

of commerci~.l dioxane, the solvent w~s purified by refluxing 

in a.n ~ 11-gl~_ss apparatus with sodium for 36 hours. During 

the treatment a. thick sludge a.1wa.ye formed on the bottom of 

the re~ction vessel. At the end of the hePting treatment the 

purified anhydrous dioxane {b.p. 101°0; 25 = 1.4202) wPs 

separPted by distillation at atmospheric pressure. 

not necess~ry to use a. frA.ctiona.ting column. 

It WPS 

2. Hydrogenation of Ethanol Lignin (Fraction h 

Flow Sheet I); Series I 

(a) Experiment No .1 (The Effect of HOl Contamina.tionl_ 

Ethanol lignin (15 g.) was dissolved in absolute 

di oxa .. ne -( 150 cc . ) and pla.c ed in the Parr bomb with ~. ~ g. of 

CuCrO cata.lyst. Hydrogen was a. dmi tted a.t a. pressure of 3200 

psi. (pounds per squa.re inch). The sha.ker was then started 

and the bomb tempera.ture was rapidly increa.sed to 250°0. The 
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reaction was allowed to proceed for 18 hours, at the end of 

which time 0.6 moles of hy6rogen per 100 g. lignin had been 

~bsorbed. rhe he~ting was stopped, the bomb allowed to cool, 

and the bomb contents transferred to a. 4-oo cc. beaker. The 

bomb wa.s wa.shed c~refully with absolute dioxP.ne, and the com­

bined reaction mixture and w~shingsfiltered with suction 

through a. sintered glass funnel (Jena, No.4). The c~ta.lyst 

re si due wa.s dark red, and the f il tra.te dark brown in color. 

The f Pet thPt (a) the c.~tPlyst was red in color, 

{b) that the hydrogen consumption wPs only 0.6 moles hydrogen 

per 100 g. lignin (Adkins (73) reported 4.0 moles hydrogen 

per 100 g. rre thanol lignin), '=l.nd. (c) th~t the dioxa .. ne solution 

wa.s not colorless indic;qted that the reaction hP.d not gone to 

completion. The co lor of the c~ta.lyst suggested that it ha.d 

been poisoned; And since hydrochloric a.cid hF.Jd been used in tre 

prepP.ration of the ethanol lignin, it appeaxed that traces of 

acid had destroyed the cata.lyst. A sample ( 1 g.) of the 

lignin was heated for one hour with 10 cc. of boiling water 

to which ha.d been added 2 drops of concentrated ni trio acid. 

At the end of the two-hour heating period the suspension was 

filtered, and 1 cc. of a .10% silver nitrate solution was added 

to the filtrate. An appreciable precipitate of silver halide 

was obtained. 

In order to remove all traces of hydrochloric acid 

from the ethanol lignin which wa.s to be used for hydrogen~.tion 

exoer iment s, a. la.rge qu~lnt i ty ( 300 g.) of this material was 



reprecipi·tf-lted three times from ethanol solution into vvater. 

The lignin thus purified g~=tve no test for the Cl- ion. The 

test for cl- *as alw~ys made prior to the hydrogenation of a 

given lignin preparation. 

(b) Experiment No.~ (Successful Hydrogenation of Etha.nol Lignin) 

A sample of the Cl- ion-free etha.nol lignin ( 15 g.) 

w~s hydrogen~ted ~ccording to the procedure described in 

Experiment No.l. During the reaction 3-gg moles of H2 per 

100 g. of lignin were absorbed, the catalyst residue was black, 

~nd the dioxane solution of the hydrogencltim product was calor­

less. 

(c) Experiment No.3 

A hydrogenation, duplic~ting Experiment No.2, was 

made in the 2500 cc. Aminco apparatus with 90 g. of Cl- -ion-

free lignin. 

3. Separ~tion and Identification of Hydrogena.tion 

Products Obtained from Experiments Nos. 2 a,nd 3 

(a) Preliminary Fractionation of Hydrogenation Products 

The combined dioxane solutions obtained in Experi­

ments Nos. 2 and 3 (1.4 litera) were placed in a 2-liter 

round-bottomed fl~tsk and fra,ctione_.ted through a 30 mm. Widmer 

fr~lctiona.ting column packed with 1 cm. lengths of 1 mm. gla.ss 

tubing. A total of 145 g. of me.teria.l (Fraction l) boiling 
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from 63° t·o 101°0 a.t atmospheric pressure was collected Bnd 

pla.ced over 11 dri eri ten. 

The dioxane in the remainder of the solution wa.s re-

moved at atmospheric pressure at 101°0. This material upon 

refractiona.tion through the same column distilled constantly 

at 101°0. 

After the dioxane had been removed ~t atmospheric 

pressure, the orange-colored residue (66.6 g.) wP..s placed in 

~ 125 cc. Cla.isen fla.sk and distilled Pt reduced pressure 

(10-12 mm.) and a. ba.th temperflture of 105°0. The distilla.te 

had ~ const~nt refractive index (25°0) of 1.4204, which is 

the value for pure dioxane. The residue (Fra.ction II) weighed 

55.5 g. 

(b) Fr~ctiona.tion a.nd Identification of Products Boiling Below 

101°0 (Fra.ction I) 

The mgteri~l boiling below 101°0, which was allowed to 

stPnd over "drieri te 11 for 3 days, wa.s fre.ctionated carefully 

in a 24n Widmer column containing P gla.ss spiral 18t inches long 

and 1/2 inch in diameter. 

la.ted: 

The following frnctions were iso-

Fraction Ia (Methanol): 

Boiling point, 63-66°0 at 760 mm. pressure n
25 

= 
D 

1. 3520. Identified a.s methanol by mep,ns of the a-naphthyl 

uretha.ne derivA.tive, m.p., 123-124°0. Mixed melting point 

with a.n authentic sample, 123-124°0. Yield, 10.6 g. 
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Fraction Ib (Ethanol): 

Boiling point, 7'6-,79°0 at 760 mm. pressure. n 25 = 
D 

Identified by means of the a-na.phthyl uretha.ne, m.p., 

Mixed melting point with authentic deriv~tive of 

Yield, 5.4- g_ 

FrFJction Ic (DioxB.ne-w~ter Azeotrope): 

Boiling point, 86.9- 87.2°0 a.t 760 mm. pressure. 

n~5 = 1.4079. A positive test for water w~s obtPined with an­

hy~rous Cuso4. After the addition of sever~l small pieces 

of ~.nhyd.rous C~Cl to 1 cc. of Fraction Ic, the refractive in-
2 

dex of the liquid gr::1dua.lly incre.!:lsed to 1.4200, the v~lue for 

dioxane. This result indic~ted th?.t the fr~_ction was a.n azeo-

tropic mixture of wAter Bnc\. dioxane. The indication wFts veri-

fied by the following experiment: 

Distilled wr?ter w ~ s a.dded from A. burette to 50 cc 

of pure diox2ne until the refrActive index (25°0.) of 

the dioxane-water solution reAched 1.4079 (11.5 cc. of 

wa.ter required). The solution wns then frA.ctionally dis­

tilled through an 18 11 Widmer column; the entire quantity 

distilled at 87.2°0 and sa,mples of the distilla.te teken 

a.t frequent intervals all had the s~me refractive index 

Therefore Fraction Ic consisted of water and dioxane as 

a.n a.zeotropic mixture. Since a. portion of the wa.ter wPs pro­

ba.bly a.bsorbed by the 11 drierite 11 , the yield of 8.0 g. of water 
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represented A. minimum v~ lue. 

(c) FractionPtion ~nd Identific~tion of Products Boiling 

above 101°0 (Fraction II) 

The products boiling from 97°0 F~.t 7 mm. pressure to 

185°0 at 0.65 mm. pressure (21. 76 g.) (Fr~tction II) were re-

fraction~ted c~refully from a 35 cc. vBcuum jAcketed Widmer-

Claisen fl~sk. This fl~sk h~s been described by Perry ~nd 

Eibbert (1~5). 

Fr~ction IIA (~-n-propylcyclohex~nol): 

Boiling point, 93-95°0 at 7 mm. pr~ssure. 

1.4630. Identified by means of the phenyl- P.nd a-naphthyl 

ureth~.nes (m.p. 129-130°0 ~.nd 133-134°0, respectively). Mixed 

melting point with the phenyl ureth~ne from ~. synthetic sample 

of ~-n-propylcyclohexF~nol, 129-130°0. Yield, 7.5 g. 

FrF~ction IIb (4-n-propylcyclohexC1nediol-1,2): 

Boi lin3· point, 106-110°0 at 1 mm. pressure. n~5 = 

1.4e520; nb0 = 1.4-709 .. Identi!t~d by means of the a-naphthyl 
D 

urethane, m.p. 213-219°0. Adkins reports 2 melting point of 

2lg-219°C for this derivative (73); Yield, 0.92 g. 

Fra.ction IIc (Product X)_;_ 

Boiling point, 126-129°0 at 1 mm. pressure. n60 = 
D 

1.4842. Yield, 6.1 g. 

In a.ddi tion, three. small intermediate fractions, each 

containing two of the above materials were collected. They 
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consisted of 2.0 g. of a. mixture of Fra.ctions IIa and IIb 

(n25 = 1. 4 720); 0.42 g. of 8 mixture of Frclctions IIb and IIc 
1) 

( n oO = 1. 4 750-) ; and 1 .. 10 g. of a mixture of Fra.c t i ::>n I I c a.nd 
D 

high boiling m~.teri~ls (n6o = 1.4812). 
D 

Resinous Residue: 

It wAs impossible to obt~in P refr~Dtive index of the 

viscous (almost solid) resinous residue on the Abbe" refracto-

meter. The resin gave the following results upon analysis: 

c = 73.6, 73.8 

H = 10.3, 10.9 

Yield, 33.0 g. 

(d) SummCt.ry of Results from the Hydrog_ena.t ion of Ethanol Lig_nin 

A summary of the products obte.ined in the hydrogena.-

t ..p 1 7 f t 1 1 1" . ( 1 ) . h . . T b1 Y'1IV ion o..~. 0 g. o_ e 11ano 1._;n1n ma.p e 1s s own 1n a e _.._ ..... ___ 

Note thRt the yields of 4-n-propylcyclohexano~4-n-propy1cyclo-

hexa.nediol-1,2, and Product X include the .r.Ateria.l isolBted 

in the intermediate fraction. 
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TABLE XXIV 

ETHANOL_ LIGNIN HYDrtOGENATION PRODUCTS 

Compound 

Methanol 

Ethanol 

w~.ter (minimum) 

4-n-Propylcyclohexanol 

4-n-propylcyclo­
hexanediol-1,2 

Product X 

Residue 

Boiling 
Point 

Ot"' 
V 

63-66° 
(760 mm.) 

7S-79° 
( 760 mm.) 

Weight 
g. 

10.6 

5.4 

S7°{a.zeotrope) S.O 
(760 mm.) 

93-95° 
( 7 mm.) 

106-110° 
(1 mm.) 

126-129° 
(1 mm.) 

130+0 
(0.5 mm.) 

2.0 

7.0 

34.21 

Yield 
%(a) 

10.0 

5.1 

7.5 

1.9 

6.6 

32.0 

%{a,) = Percent~ge yield on ba,sis of original ethanol 
lignin 

(e) Exa .. mina.tion of Product x· 

( 1) Analyt icaJl Data 

Found: C = 73.5, 73.3%; H = 11.6, 11.7% 

Rast molecular weight = 236, 232 
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G.rignard An8.lyses: 

Moles active hydrogen 
Mole comDound (Cla) 

c~rbonyl 

= 2.01, 2.13 

= 0.0 

Mol. wt. = 297. 

(2) DerivAtives of Product X 

(a) Dichloracetyl Ester of Product X 

The prep~r~.tion of this deriv~tive was carried out ac~ 

carding to the method of Bell (159). 

A benzene solution (1 cc.) containing 0.53 g. of di­

chlora.cetyl chloride was added drbpwise to R. well-stirred and 

cooled (-3°0) solution of Product X (0~3 g.) in 2.2.cc. o.f an-

hydrous pyridine. 

After P.ll of the dichloracetyl chloride had. been added, 

the reaction mixture WP.S allowed to stand 2t 0°0 for 3 hours. 

A 1: 1 mixture ( 10 cc.) of benzene and wPter W?..s then added to 

the reection mixture, the water layer removed in A separatory 

funnel, And the benzene l~yer washed 3 times with 5 cc. portions 

of wC'ter. The benzene layer WP.s then allowed to st~.nd over 

"drieri tell for 10 hours. Upon remova.l of the benzene under re­

duced pressure in R vacuum desiccator, a. light reddish-colored 

oily residue was obt~ined. 
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Attempts to obtain a. crystalline product from ethanol, 

chloroform, ethyl acetate a.nd benzene solutions were unsuccess­

ful, Consequently the materia.l w~s distilled at reduced pres­

sure. A sample of the oily der i v~t i ve ( 200 mg.) vias pleced 

in the first bulb of a three-bulb micro, v~cuum distillation 

app~r!:ltus (constructed from q single length of 7 mm. pyrex 

gla.ss tubing) (160). In the distill~tion, carried out at 10 

microns pressure, 150 mg. of material distilled smoothly from the 

first to the second oulb C~.t a. bath tempera.ture of 125-140°0. 

The second bulb wPs then hePted slightly a.nd two drops of mA.ter­

ial were distilled into the third bulb. The 1~.tter material 

had a refrPctive index (25CO) of 1.4915. Since the refractive 

index (25°0) of the ma.in portion of the distillate (in the 

second bulb) wAs 1.4919, it was assumed thPt the distillate was 

a pure compound. A Stepanow analysis on 120 mg. of the dis­

tillate indic~ted R. chlorine content of 27.3%- The theoretical 

value for the bis-dichlora.cetyl derivative of a. dihydroxy 

compound, c
18

H
34

o
3

, is 27.4% chlorine. 

(~) Other Derivatives o-f Product X 

The 3,5-dinitrobenzoyl ester of Product X wa.s prepared 

according to the method of Reichstein (161). The phenyl- and 

a.-naphthyl urethanes were prepared according to the method of 

French and Wirtel (162). The trityl derivative w~s prepaxed in 

the same ma,nner PS the 3, 5-dini trobenzoyl ester ( 161) .. All 

attempts to isol~te derivRtives in a. cryst~lline form by methods­

suggested by Morton (160) were unsuccessfuL. 
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{3) Refra.ctiona.tion of Compound X 

An· addi tion~.l -supply of this n1Bteria.l wP.s obta.ined by 

the hydrogenation of 90 g. of ethAnol lignin (ma.ple). By means 
of ~ frP.ct ion~ 1 distillation in a. Perry flask A. mFl.teria.l having 

the following properties was isolated: 

b.p. (1 mm.) = 122-125°0 

n25 = 1.4970 
D 

60 1.4846 n = 
D 

0 = 73.6, 73.7% 
H = 11.6, 11~"6% 

It can be seen that these results compare fa.vora.bly 

with those for the original Compound X. 

Upon redistill~tion from a Perry fla.sk, the same refrac­

tive index wP.s found for the distill8te, e.g., n60 = 1.4g4g. 
D 

A portion of this material w~s then fractionally dis-

tilled through a modified Fodbielniak column (See Experimental 

Section II,6,(b)) with the following results: 



Fr~.ction 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

Residue 
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60 
nD Boiling 

A(~) B(b) Point oc 

1.47g4 117 

1.4£561 117 

1.4361 117 

1.4£561 121 

1.4839 1.4892 124-128 

1.4832 1.4393 123.5 

1.4822 1.4900 128.5 

1.4825 1.4£593 13J 

1.4825 132 

1.4825 125 

1.4829 

1.4838 

Bottom Liquid Layer 
Top Liquid Layer 

Pressure Weight 

mm. g. 

1.6 0.164 

1.6 0.117 

1.6 0.154 

1.8 0.910 

1.8 0.166 

1.8 0.147 

1.8 0.209 

1.9 0.602 

2.0 0.365 

2 .. 0 0.289 

2.1 0.259 

0.279 

0.106 

Fractions 5, 6, 7 a.nd 8 sep8rated into two distinct layers, 

indicating the presence of at le~st two components in those 

fr~.ctions. 

4. Hydrogenation of Ethanol Lignin; Series II 

(a) Experiment No.l 

Two-hundred Rnd fifty gr~ms of ethanol lignin were hy~ 

drogenated in three portions in the Aminco apparatus.. The 



hydrogenation conditions and the method of preliminary fraction­

ation of the hydrogen~tion products were ca.rried out according 

to the procedures described in ExperimentAl Sections II,2,(b) 

t=tnd II, 3, ( 2), respectively. 

Frr1ction II (Experimental Section II,3,(a)), composed 

of ccmpounds boiling above 101°0, wa.s dissolved in an equal 

volume of ether (400 cc.), and the ether solution extracted 

10 times with lOO cc. portions of water. The residual ether 

solution, FrPction III, wa.s dried over Na
2
so4. 

The combined aqueous extrRcts were then concentrated to 

a volume of 300 cc. by distill~tion through an 18 11 Widmer column. 

The distillate, which conta.ined ether, dioxane and water, was 

not examined further. The residue was satur~ted with sodium 

sulfate and extracted continuously with ether for 4g hours. 

After drying the ether extract over Na.
2

so
4 

for 10 hours, the 

ether WRS removed under reduced pressure, leaving 6.8 g. of a 

viscous oil (Fraction IV). 

(1) Fractionation of Water-Soluble Oils (Fraction IV) 

Fra.ction IV (6.0 g.) wa.s fractionally distilled through -. 
the modified Podbielnia.k column a.t 0. 5 mm. pressure. The follow-

ing fractions were collected: 
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Fraction n25 6o Boiling 
D nD Point Pressure Weight 

oc mm. g. 

1 1.4S20 105 1.0 0.470 

2 1.4322 106-llS 0.7 0.7S1 

3 1.4s4o 1.4742 121.5 0.6 o. 943 

4 1.4342 1.4744 121.5 0.6 -1.137 

5 1.4~-- 1.4744 120 0.5 0.649 

6 121 0.5 0.561 

Total = 4.30 

Residue = 1.59 g. 

Fractions 1 8nd 2, which were clear, co1orless oils, 

~pp~rent1y consisted o1 4-n-propylcyclohexanediol-1,2 

(n25 = 1.4321). 
D 

(2) IdentificAtion of 3-(4-oyclohexyl)propF~nol-1 

Fractions 3, 4, 5, and 6 were semi-crystAlline so 

that once the m~teriF~.1 ha.d ch3nged from e1 viscous to ~. crystal-

line pa.ste it wa.s Lnpossible to obtain s2tisfF~.ctory refractive 

index me~surements. Attempts to sepe.rate the crystalline por-

tion from the oil were unsuccessful. Upon analysis, a. sample 

from Fraction 4 ga..ve the following values: 

C = 63.2; H = 11.5% 

CRlc. for 3-(4-hydroxycyclohexyl)propAnol-1: 

C = 63. 3; H = 11. ·5% 



- 190 -

Oxidation of Fr~ction 4 to 4-keto-cyclohexa.ne propionic 

"=lCid: 

A sample of Fraction 4 (500 mg.),dissolved in a mixture 

contPining 1.1 g. of CrO~, 10 cc. gla.cial acetic acid, 5.3 cc. 
_,.I 

WR.ter and 10 cc. benzene was shaken at room temperature for 8 

hours. At the end of this time the benzene layer was removed 

and the green aqueous layer extracted three times with 4 cc. par-

tions of benzene. The combined oenzene extra.cts were then e:x­

trscted with three portions of 10~0 Na2co
3 

solution, the Na.2co
3 

solution then acidified with dilute HCl (no precipitstion), the 

acidified solution saturAted with sodium sulfa.te and bc1ck extra..c-

ted with six 10 cc. portions of benzene. After drying the· 

combined benzene extracts over 11 drierite 11 for 15 hours, the ben-
I 

zene w.8S removed 8t reduced pressure (20 mm.). The light 

yellow viscous res~~ue weighed 25G ~· Yield, 50% of theo~eticAl. 

Two hundred milligrams of the oxidation product wP.s then 

distilled in A. micro-distillation bulb a.t 25 microns pressure. 

The distilla.te (1~0 mg.) solidified to a. camphor-like rrP teri~l­

upon standing. Melting point, 62-64°0. 

Prep::J.ration of the semica.rba.zone of the keto-a.cid: 

The keto-acid (100 mg.) ,dissolved in 0.8 cc. of 4o% 
aqueous ethanol was added to a solution of 100 mg. of semicarba.zme 

in 1.5 cc. of a. buffered (pH 5) aqueous solution. Precipitation 

occurred immedia.tely, a.nd the precipitate after two recrystA.lli­

zations from water melted at 201-202°0. 
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Mixed melting point with the semicarbPzone of the 

synthetic keto-acid, 201-202°0. 

-(3) FrA.ctionation of w~ter-Insoluble Oils (FrF~ction III) 

The material (102 g.) in Frc.lction III (water-insoluble 

products boiling above 101°0, 760 w.m.) w~s separ~ted into four 

fractions by rapid distillation (not fractionation) from a. 

260 cc. Cla.isen flRsk. The following four cuts were m~de: 

Fraction IIIa: B. p. ' below 105°0 Clt 1 mm. 

" IIIb: B. p ~ ' 100-140°0 F't 1 mm. (boil-
ing ra.nge for Product X) 

" IIIc: B. p. ' 140-150°0 at 1 mm. 

11 I I Id: Residue, 59.2 g. ; n25 greater than 
1.497g D 

Fractionation of Fraction IIIc: 

Fra.ction IIIc (15. 6 g.) wa.s refractionated in the Pod-

bielnia.k column. The following fractions were obtained: 

Fra.ction nD Boiling Pressure Weight 
25°0 60°0 Point 

oq mm. g 

1 1 • .4a33 1.4-700 110-116 0.9 o.g55 

2 1.4-947 1.4-816 116-125 0.9 0.4-79 

3• 1.4974 1.4842 126-13g 0.~ 1.697 

11- 1.4993 1.ltg6o 139 0.8 0.615 

Tota.l = 3.67 

Undisti11ed portion = 11.5 g .. 



- 192 -

No material corresponding to Compound X was thus pre-

sent in the hydrogena,tion products from this experiment ( II ,4-, (a) -

Experiment No.-1) but on extracting with water the compound 3-

(hydroxycyclohexyl)propBne-1 wa.s isola.ted. 

5. CompRxative Hydrogenation Studies of Ethanolysis 

Fra.ctions 

(a) Hydrogenation Study of a-Ethoxypropiovanillone 

a-Ethoxypropiovanillone (15.0 g.), dissolved in 150 

cc. of absolute dioxA.ne, WP-.s hydrogenBted over CuCrO catalyst 

(lg.5 g.) at 250°0 with hydrogen Rt R preesure of 5000 psi. 

Seven moles of hydrogen per mole of compound were absorbed over 

~period of 6 hours (see p.ll6). 

The hydrogenation products were sep~rated from the 

catalyst a.nd dioxane according to the procedure described in 

Experimental Section II, 3(a) and gave two fra,ctions, Fraction I, 

boiling below 101°0 and Fra.ction II, boiling above 101°0. 

Fra.ction I was ana.lyzed for metha,nol, ethanol and wB.ter 

~lccording to the procedure described in Experimental Section 

g,6,(a). 

Fraction II was distilled in a Perry flask at 7 mm 

pressure and gave 6.9 g. (7g% yield) of pure 4--n-propylcyclo­

hexa.nol; n 25 = 1.4615 (refractive index constant throughout the 
D 

distillation). The 4-n-propylcyc lohexa.nol w~.s further cha.ra.c-

terized by conversion to its phenyl- a.nd a-naphthyl urethanes,. 

m.p., 12!~5-130°0 and 131-132°0, respectively. 
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When it wa.s found that 4--n-propylcyc lohex~no 1 ( 1. 0 g. ) 

upon he~ting Pt 140°0 for 8 hours yielded a small quantity of 

resinous product (200 mg.), it was a.ssumed that a.t lePst a por-

tion of the residue obt~ined above was due to the polymerizt=ltion 

of 4--n-propylcyclohexa.nol. 

The results of the hydrogenation of a-ethoxypropiovRnil­

lone a.re shown below: 

Product Weight 
g. 

Methanol 1.15 

Ethanol 2.58 

Water 1.57 

4-n-propylcyclohex~nol 7.4-o 

Total weight = 12.59 g. 

Total return = 84-% 

Portion of Theo-
retica.l Yield 

% 

55 

86 

130 

78 

(b) HydrogenAtion Studies on Amorphous, Non-distilla.ble 

Ethanolysis Products 

(1) Procedure: 

Ten to fifteen gram samples of each of the amorphous, 

non-distilla.ble fractions isol~ted from the ethano1ysis of maple 

wood (see below) were dissolved in 150 cc. of absolute dioxane 

and hydrogenPted Rt 250°0 with hydrogen at a pressure of 5000-

5500 psi. The hydrogenation products were separated a.ccording 
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to the method employed in Experiment8l Section II,4, (a). In 

brief, the low boiling hydrogenation products (Fraction l) and 

dioxane were r-emoved by distillation through a Widmer column. 

The products boiling a.bove 101°0 (Fraction II) were then se­

parated into water-insoluble (Fraction III) a.nd we.ter-soluble 

{FrP.ction IV} fractions. 

FrAction IV, which w~.s shown to contRin 3-(4-hydroxy­

cyclohexyl)propanol-1 and 4-n-propylcyclohexanediol-1,2 (Ex­

perimentRl Section II,4,(2),(2)) was never found to contain more 

than 4-5% by weight of the total materi~l hydrogenPted. Since 

it w~s impra.ctict=l.ble to fra.ctionRte 500 mg. samples, the yield 

of these two compounds were combined under the heading 11 Propyl­

cyclohexane Glycols". 

FrPction III (generPlly 40-50% of the weight of the 

starting m~teriAl) was frPctionally distilled through the Pod-

bielni?k column. This fra.ction cont8ined 4-n-propylcyclohexa-m.ol 

a.nd the high boiling resi~s. In a.ddi tion, the p.resence of a 

' compound or oompounds hav1ng a refre,ctive inde~ (25°0} of a.bout 

1.4950-1.5000 was indicAted by the fractionation curves. Ap­

proximately 100 mg. of ma.teria.l remained (liquid holdup) in the 

column after each fra.ctiona.tion a.nd this quantity WP.s addled to 

the weight of the distillable portion. 

The frR.ctiona.l di st illt3.tions in the Podbielniak column 

were carried out in all cases a.t a distilla.tion rate of 100 mg. 

p~r.hour. The initial distillate pressures were approximately 
I 

20 mm. , and were gra.du?-.lly lowered during the period of a fra.c-

tiona.tion ( 24-36 .hours) to 1. mm. pressure. The fractions in 



FLOVv SHEET IV 

METHOD of SEPARATION and lDEl~-TIFICATION of PRODUCTS from 

SMALL-SCALE LIGNIN HYDROGENATIONS (See p. 194) 

Hydrogenation Reaction Mixture 
in Dioxane 

CuCrO tcatalyst 
(Discarded) 

FRACTION I D
. t 1oxane 

~Hydrog•n. Products Boiling 
below 101oc (760 mm.) and 
Dioxane:Analyzed quantita­
tively for MeOH, EtOH and 
H20 - see pp. 208-222) 

b,p, 101°0, 760wn. 
(Discarded) 

FRACTION III ! Ether Solution 
Remove ether and 
fractionate through 
9-plate Podbielniak 
column 

Filter 

Dioxane'solution 

Distill through 
3-plate 'Nidmer Column 

----...1.-' --------~~. 
F&C TIOI~ I I 

(Hydrog'n. Products boilin6 
above 101°0, 760 mm.) 

Extr. with ether* 

FRACTiul~- IV - Water Soln. 

Back-extract 
with ether 

4-n-prouylcyclohexanol 
Unknown~material, n~5=1.4980 
Resin 

Aqueous Residue 
(Discarded) 

Ether Solution 

!Remove ether 
by evaporation 

-f-' 
\.0 
-f= 
.P) --

* Ether refers to diethyl ether. 
Propylcyclohexane GlycolS 
(4-n-propylcyclohexanediol-1,2; 
3- ( 4-hydr·oxycyclohe xyl) pro9anoL-l) 
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the n~5 = 1.4600-1.4700 range distilled uniformly at_ 'l. tempera­

ture of 122°0 a.t 20 mm. pressure. The frFlction in the n25 = 
D 

1. 4-900-1.5000 rP..nge distilled uniformly at a temper3.ture of 

130°0 a.t 1 mm. pressure. The wire spir~.l in the column generally 
, . 

became completely dry between the n~5 = 1.4600-1.4700 range Rnd 

the 1.4900-1.5000 range. 

The W\.ple wood ethanolysis fractions studied according 

to this procedure were (Flow Sheets 1, II and III): Etha.nolysis 

Fraction A, the ethanolysis wood residue; g, benzene-extr~cted, 

water-insoluble ligni~, commonly called "ethanol lignin 11 ; 

.Q., benzene-soluble, water-insoluble fraction commonly ce.lled 

11 benzene sha.kingsn; Q, the etha.nol-wa.ter soluble fraction com­

mo~ly called 11 red tars 11 ; and E_, water-soluble, 30-50°0 petrol­

insoluble lignin covnmonly called "higher-boiling phenols 11 • 

(1) Hydrogenation Study on Fraction A (Ethanolysis 

wood Residue) 

Due to the fact tha.t this fraction was chiefly carbo­

hydrate in nature, the experimental procedure V Pried slightly 

from that described above. 

Ct:lrefully washed {Cl--free) maple ethAnolysis residua_l 

wood meal (150 g.) containing 12.2% Klason lignin (18 g. lignin) 

w~ls suspended in 950 cc. of dioxane with 89 g. of CuCrO a.nd 

hydrogena.ted at 2~0°0 for 16 hours with hydrogen at a maximum 

pressure of 6,000 psi. A hydrogen absorbtion of 2.97.moles per 

100 g. of wood w~s observed. 
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The higher-boiling hydrogenAtion products were aepAr~ted 
from the catalyst, the low-boiling alcohols and the dioxane a.ccor-

ding to the ~t8nd~rd procedure. The mAterials boiling above 

101°C and h~ving a refractive index (25°C) higher th~n 1.4500 

were rapidly distilled in a 100 cc. Claisen flask at 1 mm. pres-

sure (fin81 b~th temperature of 220°C). The resin obtAined at 

this point weighed 5.96 g. ~.nd the distillAte, 3g.69 g. The 

distillAte was then sep~r~ted into water-insoluble a.nd water­

insoluble fractions. The water-8oluble fr~ction hAs not been 

ex~mined as yet. 

The WA.ter-insoluble frA.ction (25.2 g.) Wets then fra.c-

tionally distilled through the Podbielniak oo+umn with the fol­

lowing results: 

Portion of 25 Fraction Weight original n 
g. material D 

% 

1 0.~00 0.194 (Two layers 
2 . 00 • 25g ( present 

~ .150 .100 ~in Fractions 
. 300 .194 1 to 4 

~ .1~6 .lOO 1.4092 
.1 7 .09~ 1.4111 

7 .564 .36 1.416g 
8 . 302 .195 1.4173 
9 . 2go .181 1.4171 

10 • 236 .152 1.4174 

(continued) 
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Fraction Weight Portion of 25 
g. 

origin~.l nD 
material 

6~ 

11 0.220 0 ~14-2 1.4187 
12 .2~ .1~4 1.4216 

i~ 
.2 I .157 1.4265 
.437 . 2g2 1.'+319 

15 .213 .13I 1. 4 319 
16 .195 .12o 1. 4 319 
17 .2~5 .152 1.4319 
1g . 2 6 .l~S 1.4326 
19 . 230 . 1 ~ 1.4333 
20 . 270 . 17 1.4319 
21 . ~9 .102 1.4299 
22 .2 0 .1~5 1.4230 

~~ -373 . 2 1 1.4233 
. 2t50 .1S1 1.4299 

25 . 233 .1~1 1.4277 
26 . 220 . 1 2 1.427t 
27 .137 .oss 1.429 
23 .230 1.4293 
29 . 122 .079 1.43~8 
30 .267 .173 1.43 1 
31 . 233 .151 1.4377 
32 . 2sg .1g6 1.4~90 

~a 
.190 .122 1.4 os 
. 262 .169 1.4430 

~~ 
.262 .169 1.4430 
.136 .0~7 1.4502 

37 .280 .131 1.4~04 
33 .495 . 320 1.4 ~g 

~6 
.1~8 .121 1.44 0 
. 228 .147 1.4425 

41 . 246 .149 1.4422 
42 .152 .093 1.4423 

~ . 256 .1155 1.4472 
.256 .165 1.4495 

tt~ .160 .103 1.4493 
'. 249 .161 1.4435 

47 . 255 .164 1.4491 
4-S . 200 .129 1.4495 
4-9 .130 .116 1.4520 
50 .234 .151 1.4565 
51 .291 .138 1.4536 
52 .273 .176 1.4585 

§a .242 .1~6 1.4595 
. 223 .1 1 1.4595 

'55 .322 . 210 1.4625 

(continued) 
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Portion of 
n25 Fra.ction Weight original 

g. ma.teria.1 D 
4o 

56 0.254- 0.164 1.4614 
57 . 267 .173 1.4611 
58 .240 .15~ 1.4610 

~6 .207 . 13 1.461~ 
.321 . 207 1.461 

61 .198 .136 1. !~676 
62 .254 .1~4 1.4693 

~~ • 239 .1 4 1.4709 
. 221 .152 1.4709 

~g .189 .129 1.4711 
.129 .086 1.4 710 

67 . 206 .141 1.4733 
68 .095 .065 1.4780 

Total=l6.90 g. 

At the end of this fractionation the residua.l resin 

weighed 1.4 g. 

weighed 5.8 g .. 

The material collectedin the cold trRp 

Fra,ctions Nos.50 to 62 (3.19 g.) were recombined and 

refra,ctionated with the following results: 

Fraction Weight n25. 
g. D 

1 0.191 -
2 .155 1.4348 

~ .090 1.4369 
.095 1.4~82 

5 .105 1.4 02 
,6 .100 1)+402 
7 101+ 1.4375 . . 

1.4298 g .112 
9 .106 1.42~4 

10 .090 1.42 7 
11 .090 1.424-g 
12 .070 1.4250 

Tota.1=1. 2g7 g. 
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The remainder of this mHteria.l (1.62 g.) wa.s collec-

ted in the cold trap. Apparently the compounds boiling in this 

range were too volatile to be distilled a.t such a. low rate of 

distillation (100 mg. hour) at lOO mm. pressure (boiling point 

of 92°0). 

FrPctions Nos. 15 to 29 (3.06 g.} were also recombined 

and refractiont!tted with the following results: 

Fraction Weight 
g. 

1 0.040 
2 .OS3 

~ 
.092 
.083 

~ 
.072 
.035 

7 .180 
8 . 050 
9 .o64 

10 .101 
11 .092 
12 .138 

i~ 
. 070 
.087 

15 .lOO 
lb .lOO 
17 .100 
1~ .11l.J. 
19 .110 
20 .110 
21 .103 
22 .075 

~a 
.110 
.09g 

25 .077 

Portion of 
original 
ma1;e%ial 

0.026 
.056 
.062 
.056 
.oi+s 
.025 
.120 
.033 
.. 043 
.067 
.062 
.092 
.04-7 
.058 
.057 
.067 
.067_ 
.076 
.074 
.074 
.069 
.050 
. 0 7l.J. 
.066 
.052 

1.4420 
1.4512 
1.4570 
1.4535 
1.45gl 
1.4581 
1.4591 
1.4591 
1.4591 
1.4591 
1.4595 
1.461g 
1.461~ 
1.4618 
1.4634 
1.4631 
1.l.J.631 
1.4631 
1.4620 
1.4616 
1.4609 
1.4610 
1.461g 
1.4608 
1.4622 

(continued) 
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Portion of 

Fr~.ction T{eight original 25 
m~teria.l n 

g. % D 

26 o.og6 o.o5g 1.4635 
27 .078 .052 1.4635 
26 .o9g .066 1.464g 
29 .lOO .067 1.46 2 
30 .102 . o6g 1.4653 
31 .120 · .ogo 1.4650 

Total = 2.69 g. 

( 2) Hydrogen~tion Study on Fraction B (Etha.nol Lignin) 

Fifteen gr~.c~1s of ethHnol lignin were hydrogena.ted 

according to the procedure described ~.bove. The hydrogenation 

was com-olete in 14 hours, and 3.98 moles of hydrogen were ab-

sorbed per 100 g. of lignin. 

The water-soluble fraction (Propylcyc1ohexane Glycols) 

weighed 0 ~ S2 g. , or 5. 3% of the wei:;ht of the lignin. 

The wR.ter-insoluble fraction was frF~ctionally distilled 

through the PodbielniRk column v.:ith the following results: 

Fraction 

1 
2 

~ 
~ 

Weight 
g. 

0.077 
.183 
.153 
.195 
.156 
.129 

portion of 
original 
material 

'0 

0.513 
1 .. 22 
1.02 
1.30 
l.04-
o.g6o 

1.46og 
1.4634-
1.4634 
1.4635 
1.4635 
1.4633 

(continued) 
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Weight Portion of 
n25 F ~· or igina.l ra.c w~on g. materie>.l D 

"1 

7 0.115 o.l66 1.4658 
g .1015 0. 76 1.~679 
9 .0942 0. 628 1. 6so 

10 .134 0.893 1.4678 
11 . 07}_~5 0.495 1.46so 
12 .0876 0.5S4 1.4697 

i~ 
.0842 0.562 1.4703 

15 .0610 o.4o6 1.4701 
16 .0539 0.~59 1.4-701 
17 .0783 0. 95 1.4795 
18 .1168 o.l7s 1.4923 
19 .0943 0. 28 1.4940 
20 .0915 0. 610 1.4940 
21 .0749 0.499 1.4940 
22 .0939 0 .• 626 1.4965 

~~ .Oltb 0.119 1.4982 

25 

The disti11able portion weighed 2.56 g., or 17.6% 

of the weight of the lignin. 

The undisti11ed residue weighed 4.40 g., or 29.5% 

of the weight of the lignin. 

Samples from those fractions in the center o:t: a 

group of fractions of constant refra.ctive index were analyzed 

for carbon and hydrogen content: 
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Fraction % c %H 

4 75.6 12.7 

4 76.1 12.9 

9 76.0 12.6 

9 76.2 12.7 

( Ca1c. for 4-n-propylcyclohexanol: 
0 = 76. 1 , H = 12 . T%) 

23 80.4 12.3 

23 80 .. 2 12.2 

(3) Hydrogenation Study on Fraction C {"Benzene­

Shakings" 

A s~tmple of the 11 benzene-shakings 11 (12.2 g.) was 

hydrogena.ted a.ccording to the procedure des cri bed abor e. The 

hydrog-enation was comnlete in 5 hours and 3.5 moles of hydrogen 

were absorbed per 100 g. of ma.teria.l. 

The we,ter-soluble fraction (propylcyclohexane glycols) 

weighed 0.48 g., or 5.2% of the weight of the original material. 

The water-insoluble fraction was fractionally dis­

tilled through the Podbielniak column with the following results: 
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Portion of 
n25 

Fra.ction Weight· origina.l 
g. material D 

~ 

1 0.061 0.50 1. 4~60 
2 .141 1.12 1. 456o 

~ .195 1.60 1.4625 
.186 1.53 1. 4631 

~ .146 1.13 1.4627 
.1 4 1.11 1.4625 

7 .172 1.41 1.4625 
g .1J;S 1 .. 28 1.4632 
9 .Ob9 0,5g 1.4650 

10 .228 1.~4 1. 4673 
11 .140 1.13 
12 .120 0.97 
17 .142 1.12 1.1~675 
1~ .140 1.11 1.4673 
1~ .05 0.41 1.4640 
lb .096 0.~85 1.47 2 
17 .074 o. 0 1.4810 
18 .097. 0.80 1.4868 
19 .156 1.29 1.4900 
20 .153 1.2t> 1.4900 
21 .167 1.36 1.49~5 
22 .157 1.29 1.49 2 

~~ .104 0.65 1.4960 
.0~3 0.43 1.4970 

~~ .o 1 0.2a 1.4986 
.052 0.6 1.4997 

Total= 3.347 

The dist111able portion weighed 3.347 g. or 27.4~ 

of the weight of the starting ma.terie.1. 

The residue weighed 1.69 g., or 13.8% of the weight 

of the sta,rting ma.teria1. 

(4) Hydrogenation Study of Fra.ction D ~'Red Ta.rs 11
) 

Fifteen gra.ms of the "red tars" were hydrogenated 

e.ccordin? to the procedure described above. The hydrogena.tion 

was complete in ~8 hours, and 3.6~ moles of hydrogen were 
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absorbed per 100 g. of starting· material. 

The water-soluble fraction weighed 0.90 g. or 5.96~ 

of the weight of the starting material. 

The water-insoluble fraction wa.s fractionally dis-

tilled through the Podbielniak column with the following results: 

Fra.ction 

1 
2 

~ 
~ 
7 g 
9 

10 
11 
12 

ia 
15 
1b 
17 
18 
19 
20 
21 
22 

~~ 
25 
26 
27 
28 
29 

Weight 
g. 

0.051 
.115 
.135 
.085 
.233 
.212 
.150 
.Ob3 
.177 
.330 
.510 
.14-8 
.162 
.109 
a083 
.156 
.219 
.122 
.164 
.084 
.106 
.079 
.055 
.362 
.}48 
.153 
.096 
.olo .o 0 

Tota1=4.96 

Portion of 
original 
material 

0.34 
0.76 
0.90 
0.57 
1.~5 1. 1 
1.00 
0.4-2 
1.18 
2.20 
3.40 
1.00 
1.07 
0.72 
0.55 
1.4o 
1. 6 
0.81 
1.09 
0.56 
0.71 
0.53 
0.40 2. 2 
2.32 
1.02 
0.64 
o.6o 
0.27 

1.4581 
1.458~ 
1.459 
1.4-608 
1.4621 
1.4.618 
1.4616 
1.4616 
1.4616 
1.4616 
1.4616 
1.4628 
1.4-678 
1.4672 
1.4~10 
1.4 86 
1. 4-668 
1. 4-683 
1.47a5 
1.48 2 
1.4843 
1.4865 
1.4872 
1.4886 
1.4992 
l.lt-996 
1.5018 
1.50~ 
1.50 
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·The distillable portion weighed 4.96 g. or 33.10% 

of the starting material. 

Tbe .residue weighed 2.17 g. or 14.55% of the weight 

of tb e sta.rt i ng- material. 

(5) f!ydrogena.tion Study of Fre.c tion F (Higher­

Boiling Phenols) 

A sa.mple of the "higher-boiling phenols 11 (9.6 g.) 

was hydrogenated according to the procedure described above. 

The hydrogenation ~as comulete in 4.0 hours and 3.80 moles of 

hydro~ en were ab~orbed :per 100 ? • of starting- mP t eria,l. 

The water-soluble fr:3.ction weighed 0.56 g., or 5.9% 

of the starting material. 

The water-insoluble fraction was fractiona.lly distilled 

through the Podbielniak column with the following results: 

Fraction 

1 
2 

~ 
~ 
7 g 
9 

10 

Weight 
g. 

0.152 
.201 
.153 
.e9o 
.157 
.21~ 
.36 
.126 
.123 
.2b9 

Portion of 
briginal 
ma.t eria.l 

1.60 
2.12 
1.61 
0.97 
1.72 
2.33 
4.00 
1.~9 
1. ~ 2.9 

1.4532 
1.4501 
1. 4-545 
1. 4565 
1. 4598 
1.4:608 
1.4606 
1.4604 
1.4604 
1.4-604 

(continued) 
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Portion of 

Fraction 
Weight origina,l 25 

g. material nD 
% 
I 

11 0.290 3.20 1.4604 12 .176 1.95 1. '+604 
i~ .170 1.~6 1.4665 

.1~3 1.46 1.4693. 
15 .1 7 1.61 1.4676 16 .oso 0.~75 1.4674 17 .076 0.73 1.4720 18 .111 1.21 1.4826 
19 .153 1.67 1.4876 20 .0~0 0.33 1.4~98 21 .2.7 2.68 
22 .159 1.73 
~~ .179 1.95 

.115 1.25 

The distill2ble portion weighed 4.035 g. or 42.2~ of 

the wei9"ht of the sta.rtin9" ma.teri?l. 

The residue weighed 0.58 g. or 6.1% of the weight 

of st~.rtinq material. 

6 Hydrogenation Study of Methanol Lignin (Maple) 

Fifteen grams of methanol lignin (maple) were hy­

drogenated accordin~ to the procedure described above. The 

hydrogenPtion was complete in 16 hours a.nd 4.4 moles of hydrog-en 

were absorbed per 100 ?· of lignin. 

The water-soluble fraction (Propylcyclohexyl Glycols) 

weighed 0. 50 g. or 3. 5% of the weight of the origina.l lignin. 

In concentrating the aqueous sol1_1_ti on containing the 11 Glycol" 

fraction entrainment a.upa.rently occurred. As a result the 

aqueous distillate, instead of having the correct refractive 
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index (25°) of 1.3330, had a value of 1.3960. The material 

isol~ted from the aqueous concentrate doubtlessly was only a. 

frecti on of th,e actual quantity of 11 glycols 11 The given value, 

therefore,is open to question and must be confirmed. 

The wa .. ter-insoluble fre.ction wa.s fractionally dis-

tilled through the Podbi elnia.k column with the following r esu1 ts: 

Weight 
Portion of 

n25 Fraction original 
g. material D 

% 

1 0.121 :800 1.4652 
2 .05~ .)66 l.l~-610 

~ .10 .t>~o 1.4630 
.111 .740 1.4628 

~ .104 .700 1.4610 
.11 .760 1.4607 

7 .11a .766 1.460~ 
~ .11 . 760 1.4640 
9 .116 .774 1.4659 

10 .119 ·l94 1.4655 
11 .09~ . 53 1.4655 
12 .109 .727 1.4652 

i~ 
.118 . 784 1.465~ 
.122 .81 1.469 

15 .120 .801 1.4704 
lb .113 -755 1.473.4 
17 .117 .781 1.4~22 
18 .141 .942 1.4881 
19 .100 .667 1.4920 
20 .09~ .65} 1.49~4 
21 .110 . 735 1.49 
22 .107 ·715 1.4939 

~4 
.144 .~62 1.49~5 
.065 • 34- 1.49 0 

Total= 2. 64 

The dlsti11a.ble portion weighed 2. 63 g. or 17.6% of 

the weight of the lignin. (0.80 g. or 5.3% of the low boiling 

t · th n25- 1 465'0 and lower collected in the co1d trap.) componen s w1 D - • 
The undistilla.ble residue weighed 2.10 g. or 14.0% 

of the weight of the lignin. 
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7. Development of Technique for Identification 

of Products from Small-scale Lignin 

Hydrogenations 

(a). Quantitative Procedure 

(1) Determination of Water in Organic 

Solutions 

The following procedure for the quantitative 

determination of water in organic solutions was based 

" upon the work of Ilosovoy (163a), Willstatter and 

Maachmann (163b), Schdtz and Klauditz (16lc), and 

Barellini (16ld). 

( ol) • Reagents 

N/10 KMn04: Dry analytical KV~04 (3.3 g.) was 

dissolved in one liter of distilled water and heated on 

the steam bath for one hour. T.he cool solution was 

filtered through a sintered glass tunnel, and the filtrate 

was stored in a clean, glass-stoppered bottle. The 

KMn04 solution was standardized against oxalic acid. 

Copper Absorption Solution: Cu(N03 )2.5H2o 

{1 g.) was dissolved in a small amount of distilled water 

in a 50 cc. volumetric flask. To this solution, 4 cc. of 

20% NH40H were added dropwise, and then a saturated 
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solution o~ NH20H.HC1 and distilled water was added to 

make a total volume of 50 cc. 

+-++ Acid Fe Solution: To a suspension of Fe2Cso4 )3 
in 300 cc. of distilled water in a one liter volumetric 

flask was slowly added 110 cc. of concentrated H2so4 • The 

solution was maintained at room temperature dur.ing the 

addition of the H2so4 by cooling the flask in a stream of 

cold water. After the addition of the H2so4 , the solution 

was diluted to a volume of 1 liter by the addition of 

distilled water. Upon standing for about 30 minutes the 

suspension changed to a clear solution. 

C;9 ) • Apparatus 

The apparatus consisted of a 25 cc. ground-glass 

round-bottomed flask, a reflux condenser equipped with a 

male ground at the bottom, and an absorption train con­

sisting of 3 teat tubes (8" tube, 5" tube, and 3" tube, 

in that order). ~a condenser was placed in a vertical 

position (reflux) and was ~itted with a two-hole rubber 

stopper at the top. Through one hole was passed a fine 

capillary tube which extended 2/3 the length of the 

condenser and thro.ugh which tube was passed dry, co2-free 

nitrogen. T.he other hole was connected to the absorption 

train with glass tubing. 
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( Y) • Procedure 

Ehough sample was weighed into the ~ flask 

to give 18-72 mg. of H2o (0.5 - 1.0 g. sample containing 

3-10% H2o). The sample was diluted with 5 cc. o~ 98% 

ethanol and 0.15 - 0.20 g. of ~inely ground calcium carbide 

was added. The flask was then immediately attached to the 

condenser; a small quantity of Fisher stop•cock grease was 

used at the very top of the joint. The solution was then 

refluxed at a bath temperature of 95-100°C for 50 minutes 

with a steady stream of nitrogen (l bubble per second). 

passing through the apparatus, and with the ethanol con­

densing just below the nitrogen inlet. At the end of this 

time, the cooling water was drained from the condenser and 

a portion of the ethanol was allowed to reach the absorption 

train. 

The contents of the absorption flask were then 

washed into a 250 cc. Erlenmeyer flask and the copper acetylide 

precipitate filtered through a Jena, G/4 sintered glass 

fUnnel and washed free of chlorides. Since the precipitate 

was ·quite f1occulent, it was found that 1.0 - 1.5 litera 

of distilled water was required. Since copper acet,ylide is 

very slightly soluble in cold water it is advisable to use 

the same volume during the determination as was used during 

a blank determination. 
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After having been washed (care being taken to 

prevent drying of the acetylide), the precipitate was 

dissolved on the filter with 40 cc. (two portions; one 

of 25 cc., and one of 16 cc.) of the acid-Fe~++ solution. 

The filtrate was then titrated with N/10 KMno4 according 

to the reactione: 

One cc. of N/10 KMn04 is equivalent to 0.0018 g. 

of water. 

Dryness of the apparatus and accuracy of technique 

was indicated by constant values for a series of blanks run 

on 5 cc. portions of ethanol. The conditions employed in 

running the blanks duplicated those of the actual experi­

ment as closely as possible (including the opening of the 

reaction flask to the humid air of the balance room). 

( 6 ) • Development of Procedure 

(1) Choice of Diluent 

It was decided that a diluting agent was necessary 

for two reasons; (1) a sufficient volume of liquid was 

necessary to establish efficient refluxing, and (2) a liquid 



- 212 -

was required to make possible the zunning of blank deter­

minations. The test solution contained 4.87% -water, 

3.95% methanol and 4.698% (by weight) in dioxane solution. 

Liquid 

Dry Dioxane (10 o o. -) 

Dry Methanol (10 eo. ) 

Dry Methanol (10 oo.) 

Dry Methanol (10 ao.) 

.sto ak. Ethanol ( 5 o o. ) 

Stook Ethanol (5 oa.) 

Stook Ethanol (6 oo.) 

Stook Ethanol (5 oa.) 

Stook Ethanol ( 6 oo.) 

60-7QOC Petrol (10 oa.) 

60-70°0 Petrol (10 oo.) 

Blank 
(ao. of N/10 

KMn04) 

1.81 
1.89 

2.60 

5.1 

-
-
-

H20 Found 
In Test 

Sol uti on 

3.8 
2.8 

-
-

4.6 

4.9 

5.7(?) 

4.5 

4.7 

Although the use of ethanol is de sari bed in the 

pr ooedure, 60-.70°0 petrol is probably a better diluent s inoe 

the blank is smaller. The results obtained 1Ai th dioxane 

vwere probably loV'Ii due to the faot that the water-dioxane 
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aze-o.tropic mixture boils at a lower temperature than does 

dioxane (87°C as compared to 101oc.) 

(ii) Choice of Absorbing Solution 

" Schutz and Klauditz suggested the use of acetone 

in the absorbtion train, but the writer found that acetone 

did not absorb acetylene quanti tS;ively at room temperature. 

For example, when an 8" tube containing acetone was backed 

up by a 6" tube containing the copper solution. considerable 

precipitation of copper acetylide took place during a 

determination using the standard solution described above. 

With two tubes containing the copper solution only a very 

slight precipitate of copper acetylide formed in the third 

tube so that the use of three tubes containing copper 

solution gave a satisfactory margin of safety with respect 

to complete absorbtion. 

(2). Quantitative Detennination of Methanol 

in Organic Solutions Containing Dioxane, 

Ethanol, Water and Methanol 

The following procedure for the quantitative 

deter.mination of methoxyl is based upon the procedure for 

the determination of methoxyl and ethO»Yl groups as 

described by Willst~tter and Utzinger (192). 
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( o( ) Reagents 

The re~ction flask was filled with a charge 

consisting of 16.0 cc. of constant boiling HI.H
2
o (b.p •. 

127°C) and 7.5 g. of recrystallized analytically pure 

phenol. This charge was sufficient for six determination&. 

Scrubber Solution: The sc,rubber was filled with 

a 1:1 solution of 5% CdS04 and 5% Na2s2o3 • This solution 

was renewed at the same time as the HI-phenol charge. 

Absorption Solution: The absorption solution 

consisted of a 10% solution of trimethylamine in absolute 

ethanol. 

AgN0
3

: A silver nitrate solution approximately 

N/10 was used. 

( ~) Apparatus 

The apparatus consisted of a modified Zeisel 

apparatus equipped with a reflux condenser as described 

by Peniston and Hibbert (164). 

( ?J ) Procedure 

A sample containing 2-4 mg. of methoxyl (80-150 

mg. samples for liquids containing E-4% MeOH) i~ weighed 

into a micro container made from a 2 cm. section of 

2.5 mm. (I~D) glass tubing by sealing off one end. The 

container with the sample and a short piece of niohrome 
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wire is placed in the flask which is then heated to 

136-140°C. For the first five minutes the condenser 

is maintained at a temperature of 10-20°c and a slow 

stream of dry co2 (at a rate just sufficient to prevent 

loss of liquid through the co2 inlet) is passed through 

the apparatus. At the end ot this time the condenser 

temperature is raised to 45-50°C and the co2 flow is 

increased to 1.5 bubbles per second. Complete absorption 

of CH3I is obtained in 45-50 minutes, the total time of 

operation being approximately one hour. The absorbing 

solution, containing crystals of tetramethylammonium iodide 

was then carefully transferred to a 100 cc. beaker (the 

absorption tubes being washed with absolute ethanol) and 

allowed to stand at room temperature for 24 hours. 

At the end of this time the solution was evapor­

ated almost to dryness on the steam bath, and then completely 

dried in a vacuum desiccator for 8 hours. The solid crystal­

line residue was now extracted with three portions (3 cc., 
absolute ethanol, 

3 cc., and 2 cc.,) respectively,ofJthe supernatant liquor 

being removed each time by means of a medicine dropper with 

suction. The solid on the filter paper was washed into the 

beaker with distilled water, 4 drops of aqueous nitric acid 

(1:1) were added, and the iodide precipitated by the 

addition of an excess of N/10 silver nitrate. The precipit­

ate of Agl was coagulated by heating, and then filtered 
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through a tared sintered glass filter. T.he precipitate 

was washed with water until free of Cl-ions and then 

with a small quantity of acetone prior to drying at 11ooc 

for 1 hour. 

One mole of Agi is equivalent to one mole of 

methoxyl. 

( 6 ) Development of P.rocedure 

(1) Choice of Apparatus 

The ordinary Zeisel methoxyl apparatus could 

not be used because a portion of the methanol was volatil­

ized before it had an opportunity to react with the HI. 

Two determinations made on a solution containing 

a methanol content of 3.95% gave values of 3.2 and 3.3% 

when analyzed in a Zeisel apparatus, according to the 

procedure described above. 

With the Peniston apparatus, however, according 

to the same procedure a value of 3.90% was obtained. 

(ii) Choice of Absorption Solution 

Due to the presence of the dioxane in the 

solution to be analyzed it was impossible to determine 

the total ROH content (MeOH " EtOH), by means of the Viebock 

and Schwappach (165) method (volumetric determination of 

RI by absorption in a Br2-KOAc~HOAc solution). It was 

found that dioxane alone, when treated with HI in the 
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Peniston apparatus (Br2 solution as the absorbent) was 

cleaved by HI to yield varying quantities of RI (or 

possibly C2H4I 2 ). For example, 500 mg. samples of dioxane 

gave results indicating the presence of 8.2, 6.7 and 10.2 

mgs. of ROH. 

(111) Preparation of the Sintered-Glass Filters 

Since a finely divided su~ension of Agi passed 

through the pores of a sintered-glass filter (Jena- G-4) 

it was necessary to prepare these filters by partially 

filling them with a large quantity of Agi and then washing 

continuously with about 4 litera of water to remove all 

finely divided particles from the pores. Filters thus 

prepared could be used for an inde:fini te number of analyses. 

( f. ) Analytical Reaul ts Obtained with a Known Solution 

A known solution containing water, ethanol, 

methanol and dioxane was a~alyzed tor methanol according 

to the procedure described above. The solution contained 

3.95% methanol; four analyses were made and the following 

results were obtained: 

MeOH (%) = 3.90, 3.80, 3.92 and 3.87. 

(3). Quantitative Determination of Ethanol and 

Methanol in Solutions Containing Water and 

Dioxane 

The following procedure for the quantitative 

determination of methanol and ethanol in solutions containing 
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water and dioxane was based upon the work of Harris (166). 

( ex.. ) Reagents 

N/5 X2Cr2o7: Pure, analytical potassium dichromate 

(9.8074 g.) was dissolved in 200 cc. of distilled water and 

diluted to 1 liter with water. The solution was standard­

ized against standard ferrous sulphate (iron wire) or 

standard Mohr's salt (ferrous ammonium sulfate). 

Mohr's Salt: Pure, analyzed ferrous ammonium 

sulfate was required. 

Indicator: One small crystal of pure potassium 

ferricyanide was dissolved in 30 cc. of distilled water. 
~ 

Fresh indicator was prepared for each set of analyses. 

( P ). Procedure 

A sample containing 0.0 - 0.5 mg. moles of alcohol 

(methanol and ethanol) was placed in a 100 cc. pressure 

bottle which contained 25 cc. of water, 2.0 cc. of concen­

trated sulfuric acid, and a measured excess of N/5 potassium 

dichromate (about 15 cc.). The pressure bottle was sealed 

and the contents heated on a steam bath for 30 minutes. 

At the end of this time the bottle was cooled in a stream 

of cold water, and then a weighed quantity of Mohr's salt 

(in excess over unused dichromate) was added. The excess 



- 219 -

ferrous ammonium sulfate was back-titrated with N/5 

dichromate. (If insufficient dichromate had been added 

originally, more was added at this point and the procedure 

repeated). Under these conditions methanol and ethanol 

each required four equivalents of dichromate, methanol 

having been oxidized to formic acid and ethanol to acetic 

acid. 

(cc. K2Cr207)(N) 
------~-------- • mg. moles alcohol per gram of sample. 
(4)(wt. sample) 

Having determined the quantity of methanol by 

the procedure described previously, the ethanol was deter-

mined by difference. 

( ~ ) Development of Procedure 

Harris (166) reported that a reaction mixture 

containing 20 ml. of water plus sample, 10 ml. of 10~ 

sulfuric acid, and the required amount of dichromate would 

oxidize methanol and ethanol completely in 25 minutes at 

100oc. When the writer treated a known sample containing 

36 mg. moles of alcohol per gram of sample according to 

Harria' conditions he obtained values of 2.10 and 2.24 mg. 

moles ROH per gram of sample. In addition, a sample known 

to contain 0.505 mg. moles of ethanol gave a value of 

0.288 moles under the same conditions. 
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A study was then made of the effect of cha~ges 

in the sulfuric acid concentration on the extent of the 

oxidation of the alcohola to the respective acids. 

The following results were obtained (25 cc. of 

water and 15.0 cc. of N/5 K2cr2o7 were present in each 

oxidation). The time of heating at 100°C was 30.0 minutes 

in each ease. 

Sample m.g. moles cc. Cone. 
ROH H2S04 add-

ed ml. 

1. Et OH 0.602 1.0 

2. Et OH 0.615 1.6 

3. Et OB 0.680 2.0 

4. Me OH 0.729 2.0 

5. Me OH o. 592 2.0 

6. Dioxane o.ooo 2.0 

7. Dioxane o.ooo 2.0 

a. EtOH,MeOH, 
Dioxane 3.60 2.0 

9. EtOH,MeOH, 
Dioxane 3.60 2.0 

(d) Further Investigations on Dichromate 

Oxidation of Alcohols 

mg. moles 
found 

0.498 

0.535 

0.672 

0.727 

0.690 

0.07 

0.09 

3.69 

3.67 

In addition Harris reported that after the total 

alcohol had been determined, a further known excess of 
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to~ether 
dichromate was addedfwith 10 ml. of concentrated sulfuric 

acid. The solution was then refluxed for 15 minutes, 

cooled, partially neutralized and the excess dichromate 

determined in the usual manner. In this phase of the 

procedure, the formic acid (from MeOH) was supposedly 

oxidized quantitatively to co2 and H2o. 
These conditions were examined by adding 10 cc. 

of concentrated sulfuric acid to Sample #5 (above) and 

refluxing the solution for 15 minutes. Only 2.45 cc. of 

dichromate were used; 5.05 cc. was the theoretical value. 

Therefore, under these conditions only 48% oxidation 

occurred. 

In addition, a sample containing 0.573 mg. moles 

of methanol was treated with 19 cc. of concentrated sulturic 

acid, 70 cc. of water and 20 cc. of N/6 potassium dichrom­

ate for 30 minutes. A value of 0.512 mg. moles of alcohol, 

on the basis of complete oxidation to co2 and H20 was 

obtained. 

A third experiment, employing 18 cc. of H2so4 , 

50 cc. of water and a reflux of 30 minutes gave 98% 

oxidation of methanol to H2o and co2• In a similar 

experiment containing only dioxane and water in the sample 

1.4 cc. of N/5 dichromate (equivalent .150 mg. moles) was 

reduced. 
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(b) • Design and Construction of Fractionating Columns 

(1) Column #1 

( o<. ) Details of Column Construction 

The design of the fractionating column used for 

the fractional distillation of the products from small-scale 

lignin hydrogenation was based upon the columns described by 

Podbielniak (16?). 

The column proper consisted of a 3.8 mm (I.D.) 

pyrex tube 92 cm. long,packed with a gold-plated wire (20 

gauge) spiral with a 1/8" pitch. The spiral was prepared 

by winding the wire tightly on a stiff steel wire of 1/16" 

diameter. The tight coil was then slowly stretched until 

the spiral fitted snugly in the pyrex tube. T.he column head 

(partial condenser), which is sealed directly on·to the 

3.8 mm. column, made of 8 mm. I.D. tubing, had a height of 

4 cm. and was equipped with a thermocouple well (made of 

2 mm. I.D. tubing inserted to a depth of 1.5'' from the top 

of the column) • The side-ann, or delivery tube, which 

p~ojected from the top of the column head with a negative 

slope of 450 was equipped with a small, all glass condenser. 

~e base of the column consisted of a standard #12/18 male 

pyrex ground. 

The column was wrapped with 1/16", 36 gauge nichrome 

ribbon, having a resistance of 3.4 ohms per foot, in a spiral 
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of approximately 3/16" pitch. The column head was wound 

with a continuation of this heating element. The total 

resistance of the wire was 29 ohms. 

The column proper was surrounded with a 37" 

evacuated pyrex jacket (vacuum of less than 1 x lo-4 mm.) 

which was constructed from 15 mm. and 21 mm. pyrex tubing. 

The column was supported within the jacket by means of a 

rubber stopper at the top and by cork wedges at the bottom. 

The area between the ground glass connection at the bottom 

of the column and the vacuum jacket was heat-insulated 

with a thick layer of asbestos. The exposed area at the 

column head was protected from drafts by means of a move­

able asbestos shield. 

The flasks used for the distillation were pyrex 

and pear-shaped. They were originally equipped with an 

open side-ar.m through which a capillary bubbler was inserted. 

but in the more recent fractionations smooth distillation 

has been maintained by the presence of glass-wool within 

the flask. Several flasks of various sizes from 16 cc. 

capacity to 100 cc. capacity were constructed and equipped 

with pyrex standard #12/18 female grounds. 

The distillate receiver is shown in Figure VII. 
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FIGURE ~III 

-
Distillate Receiver for Podbielniak Column 

This receiver was constructed from a cylinder of 

60 mm. pyrex tubing, 180 mm. long and flanged at each end. 

The ends were closed by means of #13 rubber stoppers. The 

stopper at the top was equipped with three holes, the 

center one of which contained a glass bearing (12 mm. 

tubing) to accomodate the end of the brass turning rod, 
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and two off-center holes containing the vacuum inlet and 

the fractionating column deliver.r tube respectively. This 

entire unit was mounted rig·idly. The lower stopper con­

tained one hole in the oenter through which was passed 

the lubricated (glycerine) brass turning rod. On this rod 

were mounted three brass discs 54" in diameter. The lowest 

of these discs was solid while the two upper ones were 

equipped with 12 holes arranged evenly in a circle. The 

receiving tubes (constructed from 4 mm. I.D. soft-glass 

tubing) were inserted through three holes and were supported 

by the bottom disc. With this arrangement it was possible 

to collect twelve~O to 500 mg.) fractions at reduced pressure 

without stopping the distillation. 

Electrically heated oil baths were used. These 

were made from 400 and 600 cc. beakers which were wrapped 

with a layer of asbestos, then with 1/16" nichrome ribbon 

and finally with asbestos. The total resistance of the 

heating wire was 50 ohms for the 400 cc. vessel and 60 ohms 

for the 600 cc. bath. 

The electrical system was a simple parallel 

set-up, that is, the heating circuits (column and bath) 

were placed in parallel with a variable resistance, which 

in the case of the column circuit had a total resistance 

of 45 ohms and was a.onstm.o.te4- from 24 gauge nichrome wire 

(1.5 ohms per foot). The latter wire (30 feet) was 
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wrapped tightly around a 1/4" glass rod and then drawn 

out to such a length that the wire spiral had a 1/8" pitch. 

This spiral was then spirally wound around a one foot length 

of 1" glass tubing whiah had been wrapped with asbes toe. 

The variable resistance (120 ohms) for both circuits was 

made in the same manner. The resistance in each circuit 

was varied by moving a battery-clip contact along the 

resistance spirals. 

The quantity of electricity to be applied to the 

column or bath was determined by a voltmeter which vuas placed 

in parallel with either of the circuits by means of a 

double-throw switch. 

The distillation temperature was determined by 

use of a thermocouple-potentiometer set-up. Actually, 

the column was run at such a slow rate under reduced 

pressure that true boiling points were not determined. 

The reflux head of this column, as with all Podbielniak 

columns, was of the partial-condensation type; consequently 

the quantity of vapor and liquid at the uppermost portion 

of the column was only occasionally large enough (at a 

distillation rate of 100 mg. per hour) to oompletely wet 

the thermocouple tube. T.he thermocouple voltage was 

actually of inestimable value in indicating the quantity 

of liquid in the head, and,· therefore, the approximate 

rate at which the material would distil. 
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As was mentioned in the preceding paragraph, 

the distillations under reduced pressure were run at a 

rate of 100-150 mg. per hour; and·, generally, the column 

was run in 24 hour stretches. 

The vacuum system consisted of a mercury 

diffusion pump backed up by a Qenco Hyvac or a water pump, 

thus it was possible to obtain pressures from 760 mm. to 

15 microns. Pressure measurements were made on a barometer­

type manometer or a McCleod gauge, depending upon the 

pressure. To eliminate changes arising from slight changes 

in pressure, a 6 liter flask was placed between the mercury 

pump and the s,ystem. Satisfactory pressure control was 

maintaine,d with the use of a hand-operated "bleeder" 

stop-cock. 

T.he fractionating unit is shown in Figure IV. 
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FIGURE I X 

Modified Podbielniak Fractionating Column 

( (3 ) Efficiency of Column 

The number of theoretical plates in this column 

was determined according to the method described by 
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Morton (160. p.87) using a mixture of benzene and 

carbon tetrachloride with the following results. 

Rate of 25 CCl4 
Distillation nn (%) The or. 
(drops/min.) Vapor Liquid Vapor Liquid Plates 

2 1.4690 1.4776 71.5. 50.8 7.9 

2 1.4710 1.4786 68.0 47.0 7.9 

2 1.4688 1.4776 72.0 50.2 8.1 

4 1.4695 1.4747 70.2 50.8 6.5 

6 1.4761 1.4788 54.5 47.0 2.7 

(2) Column #2 

H.E •. T.P. 
(cm.) 

11.6 

11.6 

11.3 

14.1 

34.0 

Later an additional column was desig~ed for the 

fractionation of even smaller quantities of material. The 

design was identical with that of column #1 with two 

exceptions; (1) the column was only 42 cm. long, and 

(2) the vacuum jacket was sealed directly to the column. 

The gold spiral was a portion of th~ spiral used in 

column #1, and the column head, delivery tube and fraction 

receiver were of the same design as in column #1. The 

outside of the evacuated jacket was heated (when necessary) 

with 1/16" nichrome ribbon (36 ohms) and the entire 

column was shielded from drafts with an 18" length of 

40 mm. pyre~ tubing (air jacket). 

The following results were obtained by means of 



- 230 -

an efficiency determination according to the same 

procedure used w1 th column #1. 

Rate of 25 CCl4 nD Distillation C%) Theor. 
(drops/min.) Vapor Liquid Vapor Liquid Plates 

Total Reflux 1.4710 1.4789 67.6 47.0 7.3 

0.5 1.4729 1.4791 62.5 46.2 6.1 

2.0 1.4731 1.4786 62.2 47.6 6.2 

2.2 1.4751 1.4815 62.0 41.8 5.8 

3.5 1.4752 1.4810 67.1 42.5 4.9 

14 1.4739 1.4739 59.0 59.0 0 

H.E.T.P. 
(cm.) 

5.75 

6.89 

8.10 

7.30 

8.60 

8. Synthesis of Compounds used for Identification 

Purposes in Lignin Hydrogenation Studies 

(a). Synthesis of 4-n-Propylcyclohexanol 

4-n-Propy1cyclohexanol was synthesized according 

to the procedure of Harris, D'Ianni, and Adkina (73) and 

embodying the following reactions(Fries Rearrangement), 

N2 0 _(~2_5_0 __ at_m_._)~> HO- S CH2-cH2-cH3 
CuCrO 
250°C 
4 hrs. (80% of theory) 
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(b). Synthesis of 3-(4-hydroxycyclohexyl)propanol-1 

3-(4-hydroxycyclohexyl)propanol-1 was synthesized 

by the procedure of Adkins. Frank, and ·Bloom ( 72), 

according to the following reactions: 

(II). 

MeOOCH:CH-C02Et 

(V) • 

HOOCH2-CH2-C02Et 

H 
( 200 2atm.) 
RaNi > 
21000 
3 hrs. 

HOOCH2-CH2-C02Et 

('16% of theory) 
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(VI) • 

The mode of synthesis, as de sari bed by Ad.k.ins, 

was found satisfactory with the exception of reaction III 

and the physical properties of the product of r eaotion v, 
4- (propio:rulethylest er )cyo lohexanol. 

Reaction III: 

According to Adkins the hydrogen iodide cleavage 

of p-methoxyhydrooinnsmyl ethyl ester is carried out at 

moderate temperatures. It was found that this compound 

(26 g.) wh&n heated v;i th constant boiling hydri odia aoid 

(b.p. 12'1°0)(50 cc.) for 45 minutes gave 17 grams of 

p•metho:x:yhydr~alnnamio acid. On esterification ·"'i.th 

absolute ethanol containing a trace of concentrated sulfuric 

acid, 16 grams of p-methoxyhydrocinnam.yl ethyl ester 

(~6 = 1.6143) was obtained • 

.1 second alkoxyl cleavage was run on 9.6 g. of 

p•methoxyhydrooinnamyl ethyl ester, using 25 ca. of con­

stant boiling HI ( d !!lr 1. 7) and carried out in a 125 ti:)O. 

ground-glass flask. The flask 1aas equipped with a vertical 

condenser, the top of which was oonne oted to a dry-ioe 

trap. The reaatl on mixture was heated at 95°0 for 

40 minutes in an attempt to follow Adkin's instructions to 

"heat gently until iodides are removed". At the end of 
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the period complete solution of the ester layer had occurred. 

The reaction mixture was then boiled (bath temperature 

= 145°C) for twenty minutes. The hot solution was poured 

into a beaker and the product crystallized from the aqueous 

acid solution on cooling. The crystalline product was 

filtered and washed with ice-water. The yield of yellow 

crystalline product was 7..5 g. (93% of theory). The yield 

of iodide collected in cold trap was 11.1 g. A portion 

of this product when recrystallized from water melted at 

125-127°C (Adkins reported 128-129°C for a sample recry­

stallized several times.). 

Reaction V: 

p-liydroxyhydrooinnamyl ethyl ester (39 gm.), 

dissolved in 10 cc. of ethanol, was treated with hydrogen 

at 200 atmosphere~ pressure and 210°C over RaNi catalyst 

(5 g.) for three hours. A yield of 37 g. of a liquid 

distilling at 118°C at 0.6 mm., nD25 = 1.4690, d25= 1.0310 
25 

was obtained. (Adkina reported b.p. 102-1030C at 0.2 mm; 

~5 = 1.5661; d26 = 1.0309). 
V 25 

Molecular refractivity (Cooke's results) = 53.9 

Molecular refractivity (Adkins' results) : 63.2 

Theoretical molecular refractivity 



- 2~4 -,/ 

Reaction VI: 

The ester (37 g.)(with a refractive index of 

1.4690) was hydrogenated over CuCrO (3 g.) at 250°C using 

hydrogen at 250 atmospheres pressure for 2 hours. Twenty­

five grams (89% of theory) of a material boiling at 132-

1340C at 0.7 mm. (n~5 = 1.4878 just before solidification) 

which solidified into a wax-like white product was obtained. 

Oxidation of 3- ( 4-hydro_~zoycl..QhEL~X1.21>_r.Q..P.anei-l ~ 

4-keto-oyclohexylpropionic acid: 

The oxidation of the glycol ( 2.3 g.) to the keto­

acid (0.99 g.) was carried out according to the method 

described in Experimental Section B, 4, (a), ( 2). 

Acid Equivalent: 

Found = 169.5, 172.1 

Theoretical = 170.1 

The semi-carbazone of the keto-acid (a new 

derivative) was prepared as follows: T.he keto-acid (lOO mg.) 

in 0.8 cc. of 40% EtOH-H2o was added to a solution of 100 mg. 

of free semi-carbazide (m.p. 94-95°C) (not the hydrochloride) 

in 1.5 cc. of a buffered (pH 5) aqueous solution. Pre• 

cipitation occurred immediately, and after two recrystal1iz­

ations from water gave a product melting at 201-202°C. 
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Acid Equivalent of Semi-carbazone: 

Found: = 224. 

Theoretical:= 227.2 

Analytical Results on Semi-carbazone: 

Found: % C = 52.2, 52.4; 

Theoretical: % C = 52.6; 

% H : 8.0, 8.1. 

% H = 7.9. 
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VII I su_~,~~·_,ARY 

A. A new, sLnple and efficie~1t method hAs been devised for 

the hydrogenetion at hi~.h pressures, of small quP..nti ties of plant 

mRterial and for the PnRlysis ~nd identification of the hydro­

genR.ted products. 

B. The work of H~rris, D'Ia.nni and Adkins (73) on the hydro­

gen8tion of methAnol lignin (Aspen) hPs been confirmed by A.pplicA­

tion of same procedure to ethAnol lignin (m~.ple). 

C. Each of the vPrious groups of eth~nolysis products obt~ined 

in the ethanolysis of re~~le wood meal, Bnd including (1) the 

distill~ble oils; (2) the non-distillPble amorphous frr-~ction of the 

water-soluble oils; (3) the so-c~lled 11 benzene-sha.kings 11 ; (4) the 

non-water-soluble tar; (5) the W8.ter-insoluble ethanol lignin and 

(6) the residual lignin in the wood, hPve been hydrogenated Bnd the 

resulting products separated, Bnaly4ed and very largely identified. 

D. Ba.sed on these results, a.nd on the previously published 

datR on hydrogenation, the type of linkage (-c-c- or -0-0-0-) 

present in the individual fractions and the extent to lNhich these 

are present, have been determined. 

J' I 

E. The experimental datA and theoretical consideratio~lwould 

seem to provide n rational working theory of the mechanism 

ethanolysis. 



F. Contrary to generPl belief, it wAs found possiole to obtPin 

simple water-soluble lignin units by the meth~nolysis of m~ple ~nd 

8Spen woods. The w~ter-insoluble ~eth~~ol lignin (maple) h~s been 

hydrogenated ~~d the products shown to be identicAl with those 

obt~lined by hydrogen:=t.tion of the eth.~nol lignin (rilRple). 
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