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I, CLATW TO ORIGISAL REZT A CH

A, A new, simnle and efficient method has been devised for
the hydrogenation 2t high pressures, of small quantities of plant
material and for the analysis »nd identification of the hydro-

genated products.

B. The work of Harris, D'Ianni and Adkins (73) on the hydro-
genatioh of methanol lignin (asven) has been confirmed by apolica-

tion of smme procedure to ethanol lignin (maple).

C. Each of the verious groups of ethanolysis ~roducts obt=ined
in the ethenolysis of manle wood meal, »nd including (1) the
distilleble oils; (2) the non-distilisble ~mornhous fraction of the
wnter-goluble oils; (3) the so-called "beazene-shnkings"; (4) the
non-water-soluble tar; (5) the water-insoluble eth~nol liznin and
(6) the residusal lignin in the wood, have been hydrogennted and the

resulting products sevnsrated, =2n~lyzed and very larzely identified.

D. Baged on these results, and on the previously published
data on hydrogenation, the type of linkage (-C-C- or —-C-0-0-)
opresent in the individual frrsctions and the extent to which these

are present, have been determined.

E. The experimental dat» and theoreticnal consideration would
seem t0 provide a rational working theory of the mechanism of

ethanolysis.



e

¥. Contrary to general belief, it was found ~ossible to

obtain gimvle water-soluble liznin units by the methanolysis of

maple and aspen woods. The water-insoluble methanol liznin
(maple) h=s been hydrogennted and the oroducts shown to be
identical with those obt=ined by hydrogenation of the ethanol

lignin (maple).



II. GENERAL INTRODUCTION

A. Definition of Lignin

In the early part of the nineteenth century various
chemists and botanists discovered that woody plant tlssue
upon treatment with certain chemlecal reagents could be

separated into carbohydrate and non-carbohydrate fractions.

Schulze (1), for example, following the work of Payen (2),
found that an aqueous solutilon contalning nlitrle acid and
potassium chlorate readily dissolved (at room temperature),
that portion of the plant termed "incrustants" by contemporary
botanists; this soluble fraction was richer in carbon than
cellulose and was named "lignin".

Subsequent investigations showed that Schulze's lignin
contained large quantities of carbohydrate materlial, and the
definition of lignhin was modified to include only the non-
carbohydrate portion of the extracted material (3). At the
same time 1t became apparent that the non-carbohydrate, ex-
tractable component of woody tissue was not necessarily a pure
chemlcal compound but a mixture of substances of similar physical
and chemical properties. As a consequence, the majority of
chemists interested in the structural study of 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 chemiecal substance, or pos-

sibly, a mlxture of closely related substances characterized by



chemical reactions and composition.

The essentlal feature of this lignin definition
was the assumed lack of chemilcal identity between lignin
and cellulosic (cellulose, hemicellulose, and other poly-
saccharide plant constituents) materials with which the
lignin was assumed to be closely associated or even
chemically combined, As work progressed and new data
accumulated concerning methods for lignin isolation two
important problems arose concerning this termlnology. 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) changes in the structure
of the llignin were apparently occurring.

Since carbohydrate materials yield "humins" upon
treatment with oconcentrated aclids under conditions cor-
responding to those employed in the lsolation of acid lignins
(42), and slnce these amorphous humins closely resemble acid
lignins in physilcal properties, Hllpert has mainteined re-
cently (6) that the word "lignin' has no chemical significance
and that all 1solated lignins are derived from the carboe
hydrates present in the plant tissues. Hllpert'!s conception,
however, has become untenable with the accumulation of data

concerning the essentlally aromatic nature of lignin.,

As a result of the apparent changes taking place in

the lignin during its extraction from wood, Konig and Rump (5)



suggested that the term "protolignin" be applied to lignin
as 1t exists in the plant. Mlore recently the carbohydrate-
free products prepared by lignin isolation procedures have
been designated as "isolated™ or "derived" lignins and are
generally classified by the mode of lsclation and wood
source used, ©.ge., ethanol lignin (maple).

Varlous investigators, nevertheless, still firmly
bqlieve, though without adequate proof, that lignlns isoclated
by their new processes have not been changed during extraction.
Congequently, the literature contalins such names as "genuine"
(7), "primary" (8), and "native" (9) lignin. Fortunately,
however, lignin termlnology in recent years has become more

uniform in being based upon the "protolignin" - "isolatea"
lignin" system.
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B. Morphology of Wood Cells in

Relatlion to Llignin Content

The problem of the location of lignin in plant
materials has been closely examined by botanists and
chemists (10), the work of I. W, Baliley on the morphology
of wood cells beilng of particular value. Examination of
a transverse section of a wood fibre reveals the following

structure:

FIGURE I.

Mature Xylem Cell

= )

(AL L7770 /0.7

(a) Truly lsotropic intercellular substance
(p) Primary or cambilal wall

(¢) outer layer of secondary wall

(d) Central layer of secondary wall

(e) Inner layer of secondary wall

All of the layers excepting the lIntercellular layer
(a) are anlsotroplic and between crossed nicols, under polarized

light, they are vislble with varylng degrees of brilliance.



Apparently the intercellular layer is the only one in
which cellulose 1ls absent.

Whereas no lignin is found in the more simplified
cambial cell, lignification occurs to some extent in all
of the layers of the mature xylem cell, It has been known
for some time that the so-called middle lamella ((a) and
(b)) is highly lignified. By means of mlero-dlssection of
Douglas fir sections A. J. Bailey (10d) isolated samples of
the middle lamella which on analysis were found to contain
71,38% lignin and 14.21% pentosan (the pentosan content
doubtlessly includes I. W. Bailey's polyuronides). I. W. Bailey
showed that when transverse wood sections are colored with
Haidenhaints hematoxylin stain (a typlocal one for lignin)
the middle lamella appears very dark in comparison to the
rema inder of the cell. By treating wood sections (hard-
and softwoods) with 72% sulfurilc acid (see page 12 ) the
secondary wall may be dissolved (10b), leaving only a
residue of the middle lamella., 1In the latter at least three
layers are présent - the two camblal walls and the inter-
coellular material, Often five layers are dlscernible when
the residues of heavily lignified outer layers of the
secondary wall: remain closely attached to the residues of
the cambial gells, I, W, Bailey, at the same time presented

evidence indicating the presence of polyuronides in the lig-

nin of the middle lamella.
In addition to this study of the middle lamells,

I. W. Balley (10e) has accomplished some excellent work on



the structure of the secondary wall. He has shown that the
lignin in the latter is not distributed uniformly but con-
centrated in elongated intercommunicating lnterstices of the
¢ellulose matrix, In heavily ligniflied forms 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 images
of the original structural pattern, When the lignin is dis-
solved the pattern remaining shows qulte broad layers of
compact material which 1s blrefringent when viewed through
crossed nicols. The interstices in which the lignin had
existed are narrower than the remaining cellulose lamellae.
When the cellulose is dilssolved, the remalning lamellae are
compact sheets, thin in comparison to the broader, light
portilons and containing a low ratlo of blrefringent material.
In the case of heavily lignifiled zones of the central layers
both birefringent parts leave no structural residue. Recently
(10c) Balley has devised a novel technique by which slender,
elongated crystallne iodine aggregates are deposited in the
elongated interstlces of the cellulose matrix from which lig-
nin had been removed, The Interstices were showh to be
parallel to the fibre axis in general, but fluctuations in
orientation (at right engles to fibre axis or even a helical
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 lignification) in a



given cell 1s dependent upon its age as is shown in Table

I. (10e); 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 1

Llgnin Content of Birches

Cross-Section Wh?%gsggr%%SEE§3§%gW*BTFEh
of' Trunk L (29 rings) (101 rings)
Innermost heartwood 37 44 29.84
Heartwood -- 1" radius 35414 29.14
Annulus from 2" to 4" 23,08 22 .00
Annulus from 4" to 6" 21.26 21 .28

Annulus from 6" to periphery 19.54 21 .40



-0 =

Ce Isolation of Lignin

As can be seen from these c¢ell wall studles, the
isolation of lignin from woody material involves lits sep~-
aration from closely associated polysaccharides either by
selective dissolution of the lignin or of the carbohydrate
materiale Since one of the primary driving forces behind
investigations on lignin structure concerns the pulping of
wood bo produce pure, undegraded cellulose it is obvious
that the commerclally important proocesses (bisulfite,
alkall, and sulfate) involve the dissolution of 1lignin.

Of these separation methods, the sulfite cooking
process (patented by Tilghmann (12) in 1860) in which the
wood is heated with an aqueous acid metallle bisulfite
(calcium salt generally) under pressure is the most import-
ant industrially. Under these conditions the lignin is
dissolved as water-soluble lignin sulfonic acids (13).
These are employed as such in lignin investigations, singe
reactions involving the removal of sulphur from the lignin
(13b) are so drastlec as to change the structure of the
lignin radlcally. Such preparations, carefully purified
by dialysis, have been employed extensively for the purposes
of lignin investigations, particularly by Klason (see p., 38 ),
the first "lignin chemist™; Hagglund (14):; and Hibbert and
co-workers (see p. 2% ).

A second procedure of industrial importance which



is also used as a laboratory source of lignin employs
aqueous or aleoholic alkaline solutions for the dis-
solution of lignin. The ease with which lignin can be
obtained by this method depends somewhat on the character
of the lignified material; in case of cereal straws (15)

and corn cobs (16) lignin fractions (not total lignin)

can be obtained by treatment with alooholle or aqueous
sodium hydroxide solutlons at room temperature, whereas
in the case of wood a more drastic treatment 1s requilred
(17)e Thus, in order to remove most of the lignin from
woods, heating with a 3 to 5% aqueous sodium hydroxide
solution at 160«180 °C for 3=6 hours is necessary.
The lignin is isolated from the "black liquor" solution
by precipitation with acid. Such lignin preparations,
although only partially adaptable to laboratory Investigat-
lons, due to the occurrence of extensive degradation during
the extraction (18) have been used frequently because they
are (a) easily prgpared, (b) represent an industrial waste
produet, and (¢) are generally soluble in most organic solvents,
The applicatlon of a third process involving the
isolation of lignin by heating wood with various hydroxylioc
solvents has become inoreasingly extenslve in recent years
thanks largely to the impetus given to such studies by
Hibbert and co=-workers. A wide variety of mono - and poly-

hydroxy alecohols and phenols have been used and the extraction

process considered on the following bases:



(2)s The extent to which lignin removal and
cellulose degradation occurs (obviously
due to interest in pulping possibilities).

(b)e The offect of tempsrature, concentration

and catalyst (H+and 0H7 on yields of amore

phous lignins and more soluble partially
distillable oils.
(¢). The significance of concurrent alkylation
of the 1isolated lignin by the extractant
under certain conditions.
(d)e The relationship between protolignin and
the isolated lignin,
Although "alcoholysis" techniques vary with different in-
vestigators, the proocedures, in general, involve a reflux-
temperature extractlion of wood meal with an acidified
alecohol followed by the concentration of the neutrallzed
supernatant llquor. The amorphous lignin 1is then obtalned
by precipitation of the concentrate into a large volume of
watere.
The alcoholysis reaction will be dlscussed in
detail later (see pe 53 ).
Whereas the three 1isolation methods ment ioned
above involve the solution of lignin, there are several
important procedures which depend upon the removal, by

hydrolysis, of 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 cuproxam lignin) is concerned with the hydro-
lysis of all of the wood polysaccharides and polyuronides
with concentrated mineral aclds such as (a) sulfuric acid
(64, 66 (19), and 70% (20)) to give"Klason" 1lignin; (b)
hydrochloric acid (42-43%) (21) yielding "Willstatter" or
hydrochloric acld 1ignin: and (¢) a hydrochloric-phosphoriec
acid mixture (22). The dark-colored lignin residue is
insoluble in water and most organic solvents and is there-
fore readily freed from the water-soluble sugar hydrolysis
productse.

Although Klason lignin is, at present, of no
chemical importance since it 1is obtalned by too drastiec
treatment, the 1lsolation procedure 1is of primary importance
in the quantitative determination of the lignin content of
plant materials and wood pulp. Thils method for the deter-
minatlion of lignin varies slightly from laboratory to
laboratory but 1t conslists essentially of the following
steps (23): Approximately two grams of air-dried wood
meal, dried to constant welght at 105 °C, is extracted
for 4 hours with benzene-slcohol; and, after removal of
the solvent with water and drying, the wood meal is treatsad
with 25 c¢c. of 725 sulfuric acid at 20°C for 2 hours. The

resulting mixture 1ls transferred to a iarge 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. hydrolysls residue

X 100
Wt . oven-dried sample

Due to the ease of "humin"” formation from polysaccharides
this procedure has been carefully standardized to yileld
reproducible results with little or no "humin” contamination.
Possibly one of the most important results of Hilpert's (6)
theorises concerning the carbohydrate origin of lignin was to
emphasize the necessity of careful control in lignin analysis.

Whereas Klason lignin has not been used extensively
in lignin investigatilons, Willstatter - or hydrochloric acid
lignin has been used for structural studles and its mods of
isolation is the basis for an analytical method. Research on
hydrochloric acid lignin has tended toward the use of modifiled
reagents such as a mixture of phosphoric - and hydrochlorie
acids (22). The preparation of the various HCl lignins in-
volves procedures quite similar to that for Klason lignin
lsolation.

One of the most useful and least modified of isolated
lignins of this class 1s Freudenberg!s "euproxam" lignin, the
preparation of which is based upon the solubility of cellulose

in cuprammonium solution. In this process, resin-free (benzene-
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ethanol extracted) and gum-free (5% NaOH treatment) wood-

meal is first boiled with 1% sto4 to remove pentosans

and hemicelluloses followed by a 12 hour shaking with
Schweltzert!s reagent. The reactlon mixture is centrifuged
and the precipltate washed successlvely with Schweitzerts
solution, concentrated ammonla, water, dilute hydrochloric
acid and again with water. The complete operation is re-
peated three times to give a low yleld (lignin being

slightly soluble in cuprammonium solution (20b,25)) of
purified lignin.



De Composition and Physiclal Properties of

Isolated Lignins

Tabulation of the data on elemantary analyses of
various 1solated lignins for carbon, hydrogen and oxygen
content shows that poor agreement exists, due, according
to Hagglund (14, p. 196) to incomplete purification of the
isolated productse But even after rlgorous purification
procedures 1t is observed that a lack of agreement persists
among analyses of lignins from different woods according to
the method of extraction used, indicating that lignins vary
from wood to wood and with the mode of isolation.

Desplite these dlscrepencles, 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 1s falirly clearthat lignin is as
much a chemlical entity as other classes of natural materials.
In addition, the ratio of carbon to hydrogen (approximately
Cq Hy,4) (26) makes it unlikely that lignin is composed en-
tirely of aliphatic or hydroaromatile groupings; instead,
singce reactive ethylenis bonds are not in evidence, it would
appear that benzene rings (or furane - or pyrane) (4b, p. 119)
must be present.

0f the substltuent groups Iin lignin, the methoxyl
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group is probably the most lmportant. This methoxyl con-
tent also suggests the presence of aromatilc nuclel, silnoce,
similar to aromatic alkoxyl groups, the methoxyl groups

in lignin are removed only at high temperatures by hydri-
odic acid (26). Apparently, however, all of the methoxyl
groups in wood are not associated with the lignin, since,
acoording to HAgglund'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 investigators have shown that

a portion of the methoxyl content, even in isolated lignins,
is loosely bound (28) Hdgglund's oonclusion is not decisive,
At any rate over 80% of the methoxyl content of wood is
agsociated with the lignin (29).

The formation of small amounts (up to 1l.2%) of
formaldehyde from hydrochloric acid and Klason lignins (30),
upon treatment with mineral aclids according to the method
of Tollens, has been interpreted by Freudenberg (24a, 31)
as an indlcation of the existence of a dloxymethylense
grouping in lignin present as a plperonyl radical. Since,
however, no dloxymethylene compounds have been isolated

(even from sassafras lignin (32)) from the degredation

products of lignin, and since formaldehyde has been shown



to probably arise from the carbohydrate content of certain
isolated lignins (33) Hibbert has reasonably concluded that
the presenge 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
diazomethane methylatable (112). From the diazomethane
data 1t seems logical to conclude that free phenolic hydroxyl
groups are present, Although Freudenberg (24b) insists that
hydrochloric acid and cuproxam lignins (spruce) contain no
free phenolle hydroxyl groups, the observation that certain
lignin preparations, particularly the alcohol lignins, can
be precipltated from aqueous alkaline solution with carbon
dioxide (14, p. 199) certainly indicate their presence, as
does the result obtalned by Tomllinson and Hibbert, who found
that alkaline cleavage of methylated lignlnsulfonlic acid
(spruce) yielded veratraldehyde whereas the unmethylated
material gave vanillin only - (34). Apparently the alil-
phatic hydroxyl groups are secondary and tertiary in type
(4b, pe 122).

The presence or absence of a free carbonyl group

in 1ignin has long been a debatable issue. Although it is

almost certain that the aldehyde group 1ls 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 in formic acid lignin (spruce);
Friedrich (8,%36) has obtained condensation products of
indefinite character from ethanol lignin with phenyl-
hydrazine; and Hagglund's investigations on aromatio
amine-ligninsulfonlec acid compounds (37) suggest the
exlstance of keto carbonyl groups.

Ether oxygen, other than that included 1in methoxyl
groups, 1ls also present,as 1s evlidenced by comparlson of the
elementary analytical data with the methoxyl and hydroxyl
content of isolated lignins, and it seems quite llkely that
it is c¢yelic 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 ethylenle bond in 1lignin has
not been established. Brominatlon data are extremely con-
tradictory (38) and the Dimroth (39) method for ethylenic
bond determination, when applied to different 1lignins in-
dicates varying amounts of C=C (40), which variation has
been partially explained by the observatilon that a portion
of the lead tetraacetate addition occurs on aromatle nuclei
(41,42). Apparently no positive conclusion can be drawn
concerning the presence of ethylenle bonds.

Carboxyl groups are not present in lignin except in
the case of certain alkali lignins (often called "lignic

acids") formed when oxidation (air) ocours during the ex-
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traction with hot alkaline solutlons,

It ocan readily be seen that evidence concerning
the presence or absence of relatively simple constituent
groups in lignin 1s oftimes conflliecting. The explanation
of these dilscrepancies is threefold in that the structure
of any isolated lignin is dependent upon the plant source,
the mode of isolation, and the degree of heterogeneity of
the product of extraction. It, therefore, seems reasonable
to expect that the actual presence of any such 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 most clearly by a comparison of physical properties,
especially that of solubility. Table II graphically
exemplifies thils fact. (7, p.66)
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TABLE 11

Solubllity of Lignin Preparations

Hydrochloriec Alkall Phenol Ethanol
Solvent Aclid Lignin Lignin Lignin Lignin (157)

Water - - - o
Cold Sodium - + + +
Hydroxlde
Cold Hydro- - - - o -
chloric Acild
Ethanol - o) + +
Acetone o] + + +
Ether - - - o
Benzene - - - 0
Phenol - + + +
Key: + = soluble
o = partially soluble
- = insoluble

Such pronounced variations in solubllity cannct be explained
entirely on a basis of degree of polymerization of a poly-
meric serles. Apparently the type of condensatlon of the
building unit is dependent upon the lsolation technique.

All isolated 1lignins are brown (light tan to black)
amorphous substances of a colloldal character, which give no
x-ray diffraction pattern,s The colloldal nature of lignin
preparations results in the typlcal discordancy observed in

molecular welght determinations of mapromolecular aggregates,
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especlially when such procedures as the freezing-point
lowering, or boiling-point elevation methods are em-
ployed. Cryoscople measurements for example, glve
results varying from 400 to 3000 for the same preparat-
ion (44). Staudinger (43) has treated lignin prepar-
ations as typical, high polymerlec materials and by
utilizing viscometric and osmotlc methods has determined
their particle size. From his findings which indicated
a relatively low molecular size for variocus phenol lignins
and a lignin sulfonlc acid(in comparison with cellulose
and rubber) he concluded that the viscometrioc data could
have no meaning until more was known of the structure of
the lignin polymer or polymers,

Application of absorption-spectrum analysis
technique to several lignin preparations has Indlcated
(a) that a similarity in basic structure exists for dif-
ferent ‘alecohol lignins  and lignin sulfonic acid from
spruce (45); and (b) that the basic component of lignin
contains at least one benzene ring. DMore specifically,
Herzog and Hillmer (46) deduced that the aromatic com-
ponent of ligninsulfonilc acid (spruce) has a gualacyl
nucleuse.

In summarizing it may be concluded from the
avallable analytical data and physilical properties that

although isolated lignins vary in structure and molecular
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,s81lze according to the method of isolation and wood source,
lignin is a chemical entlty of the polymeric type derived
from a basic unit, probably aromatic in part, which
definitely contains methoxyl and hydroxyl groups and, in
certain preparations, the carbonyl group and ethylenic
bond.
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E. Degradation Studies on Isolated Lignins

In attempting to obtain evidence concerning the
basic composition of lignin, Investigators in this fleld
next attacked the problem of its structure by character-
istic degradation experiments; namely, hydrolysis, pyrolysils,
alkall fusion, oxldation and hydrogenation. ZEarly attempts 1
employing mild hydrolytic reagents, instead of ylelding
fission products, appeared to catalyze condensation ang
polymerizatlon reactions; and, as a result, chemlists then

proceeded to use more drastlc conditlons to obtain the

l, Pyrolysis (Dry Distillation) of Lignin

\

|

l

simple basic units of the more complex entitiles,
Hagglund (47), for example, distilled hydrochloric

acid 1lignin (spruce) at temperatures around 500°C, and, in

addition to a 45% yield of carbonaceous residue, obteained

9.6% of an oily distillate, 0.1% acetone, 0.67% methanol

and 0,64% acetic acid based on the weight of the lignin

used, Although much simlilar additional work was accomplished ‘

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

main fractions obtained in the vacuum distillation process

(350°C) devised by Pictet and Gaulis (49)(which procedure

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

residue, and 14% gas), Phillips and CGoss using alkali, hydro-

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

first to 1solate and ldentify certaln simpler aromatic produets (sof



The following results (calculated on basis of
dry alkali lignin (prepared from non-solvent extracted
corn cobs) were obtained by dry distillatlon at 25 mm.
pressure: aqueous distillate, 11.7%; olly distillate,
2843%; carbonized residue, 50.5%; gas, 9.35. The aqueous
distillate contained acetlic acid, ocatechol (I), phenol,
o-cresol, gualacol (II), creosol, isgeugenol (III), -and
n-propylguaiacol (IV); and the steam volatile "neutral®
fraction of the oll, after permanganate oxldation ylelded

anisic acid (V).

CHg CHgz
o GHp
gH éHQ COOH
OH Olle Me OMe
OH OH OH OH OMe
g i1 11l i y

Somewhat later, the same authors (50b) isolated catechol,
gualool, and n=propylgualacol by Zn dust distillation of
the same lignin in a hydrogen atmosphere at 400°C,

These results, although providing valuable support

for the gualasyl nuocleus hypotheses, when taken alone failed
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to provide positive proof of aromatlelty due to the fact
that the ylelds wers very low and carbohydrates were known
to yleld benzens derivatives under certaln pyrolytic con-
ditions (51).

2. Alkall Fusilon and Cleavage of Lignin

The treatment of lsolated lignins with fused
potassium hydroxide, and of ligninsulfonic acids with
hot aqueous sodium hydroxide under pressure, yilelded
the first important positive contributions to a know-
ledge of the basic nature of lignin,

Fisoher and Tropsch (52) fused hydrochloric
acid lignin (spruce) with KOH at 240-300°C and obtained
354+5% of humin-like material ("lignin-acid") and 14,9%
of ether-soluble compounds of which protocatechuie acid
(VI) was one,

HO

HO COOH

VI

Among others who ldentifled protocatechuic acid in the
alkaline lignin melt were Klason (53) and Higglund (54),
Heuser and co=-workers carried out extensive
fusion studies on hydrochloric acid lignin(spruce).
Their results showed (a) that the volatile products



wera composed of protocatechuic acld, catechol, and

oxalic acid; (b) that protocatechuic acid was the

primary product of the combined cleavage and oxidation,

the catechol being formed by elimination of carbon

dioxide; and (¢) that the oxaliec acid resulted from
secondary air oxidation of the two phenolic compounds (55).
By employing an iron crucible (catalytlc activity) and

an atmosphere of nitrogen a maximum yield of 26% catechol
was claimed.

Methylation of lignin and subsequent fusion had
l1ittle effect on the character and yleld of aromatic sub-
stances (56). Under similar conditions, cellulose yielded
negligible quantities of aromatics (59).

Since only 50% of the protocatechuile acid recover-
able when treated with fused potassium hydroxlde under the
conditions employed for 1its 1solation 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 yield over that found
with hydrochloric acid lignin (spruce) is obtained from

"polymerie coniferyl alecohol™, VII, by potash fusion (64).
'Me O B

HO CH=CH~CHy OH

| 1

VII
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It 1s of interest to note that the yields of
phenols (predominantly catechol) and protocatechuic
acld obtained from straw lignin vary apprecilably with
the means of isolation used (57a) (see Table_gll).

TABIE 1III

Method of Lignin Isolation

Cold Reflux NaOH in
Product NaOH Na OH Me OH
Protocatechuic 6e0=7e6% 7+0=8,0 1543
Phenols 202“303 006"105 5.0

Potash fusion of beech lignin at 210-215°C yielded
gallic acid, VIII, (4=5%) primarily (65).

HO
HO COOH
HO
VITI

S ———

An extremely important clsavage process, both from
the theoretical and commercial viewpoint, has been the aque-
ous alkaline cleavage of ligninsulfonic acid (spruce) to

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

MeO
HO - CHO

Is
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This process has been investigated extensively by Hibbert
and co-workers and has provided valuable information con-
cerning the aromatlc components of ligninsulfonle acids,
To date, no other lignin preparations have yielded more
than 1«2% vanillin upon similar treatment (pressure cook
of purified sulfonic acid containing 100 g NaOH per litsr
liquor at 160-170°C for 8-10 hours, the vanillin being
isolated by benzene extraction of the neutralized liquor).
It has been found that the yield of vanillin lncreased
with the sulfur content (34, 59). The significance of
the gualacyl grouping was emphasized further by the later
41solation of guaiacol (60)and acetovanillone, X, (61)
from the same liquors. The latter compound established
the exlistence of at least two carbon atoms in the side chain.
Application of this technlque to hardwood lignin-
sulfonic acids resulted in the isolation of 3% syringalde-
hyde, XI, (62); 0.8% acetosyringone, XII, (63); and
pyrogallol-1l,3 dimethyl ether, XIII, (63); as well as
approximately equal amounts of the corresponding guaiacyl
derivatives. The presence of both gualacyl and syringyl
derivatives ln hardwoods and the absence of the latter in
softwoods led Hibbert to suggest this difference in bsehaviour

as a chemdsal distinotion between these two wood classes (62).



?H3 ,CH3
=0 CHO C=0
Me MeO- OMe Meol::j::10Me Meo-[::;:]-OMe
H OH OH CH
X XI XIT XIII

3¢ Oxidation of Lignin

Published results concerning the oxidation of lignin,
were quite disappointing until recently in so far as their
contributing to the knowledgs of the structure of this sub-
stance was conserned. Ozone (66a, b, g), hydrogen peroxide
(66c, 30a), potassium permangante (56, 66d) nitric acid (66e)
and nitrogen tetroxide (66f) have been employed as oxidation
reagents for isolated lignins as well as for ligninsulfonie
acids, oxalle, succinic and malonle acids. Apparently poor
cholce of reagent and lack of reaction control had resulted
in drastic degradation.

As the investlgators became more aware of the
necessity for cautlion and restraint in handling lignin
preparations in the presence of oxldlzing agents, more
sucgessful attempts resulted. Cuproxam lignin (spruce)
which had been methylated with dlazomethane or dimethyl

sulfate, ylelded 1-2% veratric acid, XIV, on permanganate
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oxidation; and powdered, diazomethane-methylated spruce
wood upon similar treatment gave a 4% yleld of the same

acid (calculated on basis of Klason lignin content of

the wood) (65). Finally, by combining the alkaline cleavage
and oxlidatlon techniques, Freudenberg found that the hydro-
chloric-phosphoriec acid 1lignin (spruce), or, better the

wood itself, if methylated with dlazomethane, cooked for

90 minutes at 170°C with 70% potassium hydroxide, methy-
lated with dimethyl sulfate and then oxldized with per-
manganate gave a yield of 10-14% veratric acid, 2-4%
isohemipinic acid, XV and 3% dehydrodiveratric acid, XVI,(85=67),

00H COOH COOH  COOH
MeO= HOOC- Me O- -MeO
OMe OMe OMe Me
XIV XV XVI

Inasmuch asina control experiment with the free aclds ap-
proximately one-third of the veratric - and two-thirds of

the isohemipinic acild were decomposed durlngsimilar treat-

ment (67) Freudenberg assumed the correct yilelds of these
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compounds to be 20«21% veratric - and 6-12% isohemipinic
acld; dehydrodiveratric aclid being forméed by secondary
oxidation during the treatment.

In continuation of this trend toward mlilder, more
specific oxidizing agents, Freudenberg (68) obtained ylelds
of 20% vanillin from ligninsulfonic acid, hydrochloric acid
lignin, and cuproxam lignin (all from spruce) and 25% from
spruce wood meal by pressure treatment (160°C) with sodium
hydroxide and nitrobenzene: An additional 10% yield of un-
identif ied phenols resulted from this procedure. These
results from spruce wood have been confilrmed in these
laboratories (96). 1In addition, as a result of an invest-
igation in which the variable conditions of this reaction
were modified, the yleld of the syringaldehyde-vanillin
mixture obtained from maple wood has been increased to 43%
(plus 10% phenols and aromatic.acids) 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 structure of lignin, the early
results of high-pressure catalytiec hydrogenation methods were
of little value. The hydrogenation of hydrochlorie acid
lignin (spruce) by Flerz-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 organic compounds over
CuCr0 and Raney nickel catalysts, and he so successfully
standardized apparatus design, ocatalyst preparation, and
reaction conditions that hlgh-pressure hydrogenation be-
came a practical laboratory tool. Recognizing the
potential applicability of this knowledge to the problem
of the structure of lignin preparations, Hlbbert submitted
a sample of acetle aclid lignin (birch) to Adkins in 1937
(72) for hydrogenation. Although this material underwent
hydrogentaion over CuCr0 in dloxane solution, the identific-
ation of the hydrogentaion products from lignin under such
conditions was not accomplished until 1938 by Harris,
D'Janni and Adkins (73).

These Iinvestigators subjected methanol lignin
(aspen) in dloxane solution to hydrogen at 250 atmospheres
pressure at 250-260 °C for 12-18 hours over CuCr0 catalyst
and isolated methanol (28%); 4~n-propylecyclohexanol, XVII,
(11.5%); 4-n-propylcyclohexanediol =1,2, XVIII, (3.8%);
3-(4=-hydroxyoyclohexyl)propanol-l, XIX, (25%); and a high-

boiling reslnous residue (32%) from the reaction mixture.
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CH3 CHz CHgOH

éHg éHg CHg

éHg éHg éHg
OH

OH OH OH

I1 XVIII XIX

In this manner 40% of the lignin was converted
into identifliable products which could be regarded as the
hydrogenated baslec units of lignin. 1In addition to these
products, propyleyclohexane has been 1lsolated from the
products of lignin hydrogenation over Raney nickel in
aqueous alkallne solution (74).

Not only have these conditlons been successfully
applied to 1lsolated lignins, but also to wood. Godard (75)
found that maple wood could be completely solubilized by
hydrogenation of the suspended wood-meal in dioxane over
CuCr0 at 260 atomospheres pressure for 18 hours at 280°C.
The colorless liquild resldue, which was composed of prod-

ucts from carbohydrates as well as from protolignin, was

fractionally distilled and 4-ne~propyleyclohexanol (19.5%)
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and 3-(4-hydroxycyclohexyl)propanol=l (5.8%) were
identified (the psrcentages being based upon the Klason
lignin content of the maple wood).

The hydrogenatlon of wood and lignin are dis-

cussed elsewhere in detail (see p.118).

5, Ethanolysis of wood.

Although the wood ethanolysis reaction 1is actually

a lignin isolation process, on the assumption that proto-

lignin is a polymeric materilal, certain of the reaction
products may be considered fission products of lignin.
Hibbert and co-wprkers dlscovered 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 fractlonation procedure the following compounds were
isolated from ethanolysis olls (spruce); vanillin (77);
a~ethoxyproplovanillone, XX, (78); and vanilloyl methyl
ketone, XXI, (77). Using maple wood meal they were able

to isolate syringaldehyde (79); a-ethoxyprop.iovanillone (80);
a=ethoxyproplosyringone, XXII, (80); and syringoyl methyl
ketone, XXIII, (77, 79).
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F. Theoretical Considerations on

Lignin Structure

l, The structure of Isolated Lignin

The data in the previous sectlon indicated that
chemical knowledge of lignin remained practically stationery
from about 1890 until 1923, when suddenly a rapid accumulat-
ion of informatlon from experimental investigations concerned
with alkali fusilon, oxidation, hydrogenation and ethanolysis
produced positive evidence (a) that at least 50% of the
lignin (protolignin and isolated lignin) was aromatic; (b)
that probably all of the aromatiec groups in spruce and other
softwoods were gualacyl derivatives while in maple, oak and
other hardwoods both syringyl and gualacyl derivatives were
present; (c) that probably all of the benzene nuclel con-
tained n-propyl side chains in the para position with respect
to the phenolic hydroxyl group of the guaiacyl 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 of the
state (simple or condensed) in which these phenylpropane
nuclei exist in protolignin; their manner of association

(chemical or mechanical) with polyuronides and cellulose;
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and the mechanism by which the polymeric, amorphous
isolated lignins are formed. Since approximately 90%
of the work in thils fleld has been concerned wilth the
structure of lsolated lignins, the first two problems
were neglected except iIn so far as incldental information
could be gained from the reactlons of wood and procedures
for lignin extraction. As a consequence they will be
discussed in the sections on alcoholysis and hydrogenation
and in this section wlll be considered only the various
theories of the structure of 1solated lignins,

The literature concerning the properties and
reactions of lignin is now rather extensive and quite
a number of constitutional formulae have been proposed.,
It must be emphaslzed 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 can be mustered
for thelr support. The fact that at frequent intervals
the proponents of structural formulae have found it
necesgsary to change them is in itself an indlcation of
the very insecure foundation upon which they rest. 1In
addition, it must be remembered that it was not until
1935 that degradatlon experiments produced positive know-
ledge of the baslc lignin units or monomers comprising

the major portion of lignin,
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Any one of the the many proposed structural
formulae for ligninfits into one of two classes; namely,
those based upon a propylgualacyl type repeating unit or
those with no particular basls other than an empirical
formulse and a few chemical properties. Although many
structures of the latter type have been suggested (81)
they have never been as popular as the former; and, now
that it 1s known that they have no slgnifilcance, 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 coniferin (the glucoside of coniferyl
alcohol) was known to be present in the cambial 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-
sulfonic acids and sulfonic acids from polymeric coniferyl
alecohol he concluded that lignin was a condensation product
of coniferyl and oxyconiferyl alcohols (83). Originally
the repeating units were belleved by him to be united
through ether=-oxygen linkages (84); but later, after having
conceived and discarded the possibllity of a similarity
oxisting between flavon'ls and lignin (85), the following
structure XXIV, which was based upon a coniferyl aldehyde

repeat ing unit, was proposed (86).
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HO- -OHQ-TH- HOH
Me O
0
MeO- LCH=CH-CHO
XXIV

This confilguration was based upon the assumption that
lignin was related to the tannins.

As time passed and evldence accumulated con-
cerning the varilable sulfur content of ligninsulfonie
acids (66b) (for the key to all proposals made by Klason
depended upon the emplrical formula of spruce lignin-
sulfoniceasid), it became apparent that a dimeriec structure
was unsatisfactory and Klason suggested first a paralde-
hydie polymer (87) and finally a hemiacetal condensation
mechan ism (24b,88) in whilch compound XXV was the monomsr.

MeO
HO CHOH-CHg=CHO

The coniferyl-alcohol-polymer hypothesis has also

been advanced by Kurschner (4a, pe 77) on the experimental
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evidence that coniferinand spruce lignin show an analogous
behaviour in several chemical reactions such as action
with bisulfites and sulfurous acld, fusion with alkalis,
and solubility in trichloracetic acid. The following

structural formula, XXVI, was suggested by K&rschner:

?HgOH HoOH
CH CH
I
CH
[:j::]-one -0Me
0
l
-0OMe =0OMe
CHZOH ?HQOH
—_——— _— CH CH CH— ——-—
XXVI

The major objection to this theory, as with all
theories based upon coniferyl derlivatives, is that lsolated
1ignins do not behave like true unsaturated compounds, nor
do they yield the characteristically large quantities of
ethyl lodide upon hydrogen iodlde cleavage of the propylene
side chain (89)s 1In addition, were the benzene nuclei simply

connected through ether-oxygen linkages, lignin should yileld



simple units when heated with hydriodiec or hydrochloride
acide. No such derlvatlives have been obtained from spruce
lignin when treated in this manner (57).

Closely related to Klason'!s theories of oxyconi-
feryl alcohol, coniferyl alcohol and coniferyl 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
"pbuilding stones" (monomers) (90) which gondensed to form
a& 12 unit chain called "primary lignin®, XXXIII. By the
polymerization of "primary lignin" "secondary lignin" XXXIV,
was produced (10a, 40, 91):

CHgOH CHO ?Hz

I
CHOH CHg ?=o

PR =
CHOH CHOH ?HOH Me O /0 Me O OMe
' |
R R R H 0——CHo OH
XXVI1 XXIX XXX X I XXXIX
XXVIII —
s ]
0 CHg -?H-Cfb CHg -gH—CHz +0 CHo -EH-XHQ
OH H H OH
c—oO0 OMe Me
HQ — - 10




XXXIITX

XXXIV

The latter product was formed supposedly by the condensat ion
of "primary lignin® in the wood during the post-mortal periocd
or during the process of the lsolation of lignin in the labor-
atory. It was considered to be the parent substance of almost
all 1lignin derivatilves, particularly of ligninsulfonic acid,
the latter substance resulting from a partial eliminatlion of
water and the additlon of H - SOzH to the newly-formed
ethylenic bond.

As in the case of Kiurschner'!s polymer, however, the
conception of simple ether linkages between the "buillding
stones" did not coincide with data from the ether cleavage

reactions carried out on isolated lignins., Consequently
Freudenberg abandoned his original 1dea (90) in favor of
8 benzofurane or benzopyran condensation product, XXXV and

XXXVI, resembling one of the formulae proposed by Klason
(XXIV).
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Although these structures were originally
postulated upon only the barest experimental foundation,
conslderable supporting avidence has accumulated for this
theoretical conslideration in the past flve years.
Freudenberg, himself, isolated lsohemipinile acid (XV)
(65467) thereby indicating the presence of an alkyl residue
in the meta position with relation to the methoxyl groupe.
The essgsential validity of the assumption of a basisc phenyl-
propane unlt was confirmed by the lignin hydrogenation data
of Adkins and Harris; and, conocurrently the identification
of the ethanolysils products from wood by Hibbert and co-
workers established the nature of the substituents on the
propyl side-chain.

In addition to this support, Freudenberg has
undertéken extensive experiments parallelfrg : those on
cuproxam lignin with Erdtman's acid, XXXVIII, (67).
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This product 1s obtained by the oxidatlon of dehydro-
diisoeugenol, XXXVII, (92) which, in turn, is obtained
from isoeugenol by means of blochemical dehydrogenat ion
by fungl or through gentle chemical oxidation (93).

the bearing on
The results/of this analogy are shown in Table IV.

P
HO CH-CH an—cn
e L !
ol - CH=CH~CHyg bGOOH
Me

XXXVI1 XXXVIII



TABLE IV

Yield of Oxidation Product (67)

Veratrliec Theor, Isohemip. Theor,

Substance Acid Yield Acld Yield

% % % %

Erdtmants Acid 21 53 5 66

Cuproxam Lignin 14 4

Cryst. Sulfonlc Acld

from Erd.'s Acid 17 39 4 40

Ligninsulfonlc Acld 3 348

Erd. Acid-Thioglycollio

Acld Condn. Product 7 o4 41 3 59

Lignin Thioglycolllc Acld 4 3

Several important objectlons may be raised against
this polymerization mechanism, In the first place, it seems
strange that Freudenberg has not proven the structure of
Erdtmant!s acid, for it so happens that the structure shown
above for this compound is merely that of the "logical"
product of a condensation reaction of somewhat doubtful
mechanism, Secondly, although Freudenberg has not suggested
an alternate structure for hardwood lignins, which have been
shown to contain at least 50% of the aromatioc residue as
syringyl derivatives (96, 97), 1t 1is obvious that the presence
of the second methoxyl group in this nusleus prohibits the

osocurrence of such a condensation (100). In the third place
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it is difficult to associate a 20% yleld of vanillin

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

for, since vanillin could conceivably arlse from the

end gualacyl residue only, it would mean that the lsolated
lignin was a tetramer whereas Freudenberg himself states
that isolated spruce lignin is composed of more than

twelve Cg units (10a, 40). Finally, a very recent exper=-
iment by Lautsch (95) indicates that, at best, only a part
of the lignin can exist iIn such form., This investigator,
after treatment of methanol lignin (spruce) with alcoholic
merocuric acetate, replaced the added AcOHg group by iodine,
The resulting lodolignin on oxidation with cobaltle hydroxide
gave a 10% yleld of 5=iodovanillin as the main product,
indicating that a portion of the gualacyl residues could not
have besen condensed through that position.

It is not to be construed that because of these
objections the writer considers such a polymeric system for
lignin to be irrational, for even though such a condensation
mechanism 1s untenable for all of the lignin from syringyl-
containing hardwoods, the evidence against the hypothesis
in the case of spruce 1is far from absolute. Actually
Freudenberg stated the problem quite dlstinetly when he
saild, "Although the scheme has been oriticized in certain

respects, a more satisfactory picture has not been presented.
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I have put forward what seems to be the most logleal
conceptlon 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, Lignln as a Possible Product of

Plant Respiration

According to botanlical classification lignin
has often been consldered as a cementing or binding
component in plant structure (10l). Lignin chemists,
in general, have either tacitly accepted thls theory,
or else they have ignored the functlonal significance
of lignin entirely. With the isolation of a-sthoxypropio-
vanillone and vanidlloyl methyl ketone from the ethanolysis
products of spruce wood, however, Hlibbert recognized a
remarkable simllarity between these compounds and a group
of compounds which Szent-Gybdrgyl has shown to constitute
dehydrogenase-catalyst systems in varilous forms of plant
1ife (l02). As a result of a structural comparison
Hibbert has suggested that 1lignin is derived from a
series of hydrogen-transporting catalysts involved in
the oxidation-reduction respiratory reactions, which
catalysts during the life of the plant and in the sub-
sequent post-mortal stage, undergo conversion into more

complex condensatlion-polymer products (109),.
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In his recent Nobel Prize lecture, (102)
Szent-Gyorgyl 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 dehydrogenase-catalyst sys-
tems such as catecpol, XXXIX; ascorbic acld, XXXX3;
and dloxylmaleic acid, XXXXI (103).

(B) (B) (B)

OH
o . CHoOH
OH l L E C(OH)-COOH
0-C(0OH)=C(0OH)-CH~-CHOH 1
C(OH)=COOH
-23][+2H -2HJ[¥23 -2HJ[+2H
0 o CHo0H
Y 2
I l L C0=-COO0H
0 C0=C0=CO=-CH-CHOH |
C0=-COOH
(A) (A) (A)
XXXIX XXXX XXXXI

Each of these can function as an oxidation-
reduct ion system, the oxidized molecule being a 1,2«

diketone (A) and the reduced molecule (B), an "ene-=diol".
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The above ene=-dlols, when synthesized outside the plant,
are more stable than thelr corresponding diketones.

From these experiments and other theoretical considerat-
ions, SZent-GwSrgi 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 investigator isolated phenylacetyl carbinol, XXXXIV,

and methylbenzoyl ketone, XXXXI11l, from a fermenting sugar

solution to which benzaldehyde had been added, a carboligase
synthesis being brought about. Apparently the carboligase
enzyme had catalyzeda condensation reaction between benze
aldehyde and acetaldehyde, the latter compound being a
product of the carbohydrate fermentation reaction.

Since methylbenzoyl carbinol (ca-hydroxypropiophenons) XXXX11,
is readily converted to phenylacetyl carbinol in fermenting
solutions which contain yeast (106), it would appear that
the former compound is also a product of 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-oxidatione

reduction system:
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CgHg-CO-CHOE-CHz== CgHg~C(OH)=C(OH)-CHy == G H;-CHOH-CO~CHy

XXXXII -2HJ [4—23 XXXX IV
CgHg=C0-CO-CHy
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) 1is suggested
by the existence therein of methylvanilloyl ketone, XXI,
and g-hydroxyproplovanillone, XXXXV, (actually the latter
compound 1s isolated as the ethyl ether from the ethanolysis

oils).
HO -CO-CHOH—CHS: HO -C (OH)=C(0H)-0.33
MeO '
-2H
=C0=CQ=~CHz CHOH-GO-CHz

XXI
Since the oxidatlon-reduction configurations in this re-

versible reaction fulfil Szent-Gyorgyi's requirements for

a plant respiratory oxidation system, Hibbert has suggested
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CH--CO-CHUH-CH H.—C(0H)=C(0H)-CH G Hp— CHOH-CO-C}
6Hg-C0-CHuA-CH;  OgHe—C(0H)=C(0H)-CH, ' Ho- CHOH-CO-CH,
XXXXII ~2H +2H -XXXXIV

C6H5_CO-CO-CH3

XXXXIII

If such a reversible system is present in the
fermentation reaction mixture, the possible presence of
a similar system in plants (since fermentaticn and res-
piration changes are very intimately related) is suggested
by the existence therein of methylvanilloyl ketone, XXI,
and o-hydroxyproriovanillone, XXXXV, (actually the latter

compound is isolated as the ethyl ether from the ethanolysis

oils).
HO ~GO_CHOH_GH3 HO ,O(QH)=G(OH)_OH3
MeO MeO
XXXXV -2H +2H
HO ..co_co_cH3 HO- .GHOH_GO..GH3
MeO ‘MeO
XXI

Since the oxidation-reduction configurations in this re-
versible reaction fulfil Szent—Gygrgyi'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 p-hydroxy-
propiovanillone, XXXXVI,(an isomerie form of a=hydroxy-
propiovanillone) 1is present in living plant cells,
Hibbert has propounded & plant dehydrogenase catalyst
system which is analogous with Szent-Gyorgyi's four-
carbon dicarboxylic system. The latter series of
compounds has teen shown to be one of the principal
systems active in anlmal cell resplration; Hibbert
has proposed that the followling oxldatlion-reduct ion

system may play a similar role in plants (Diagrem I).
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DIAGRAM I
I. Animal C4 System Il, Plant Cp=-C3 System
(Szent=Gyorgyl) (Hibbert)
(A) HOOC=CO-CHo =CO0OH (AY) R=C0=-CH2 -CHoOH
(Oxalacetic acid) (XXXXVI)
+2HJ [-2H +2HJ [-2H
(B) HOOC=CHOH=-CHo=COOH (B') R=CHOH=CHo=CHoOH
(Malic acid)
-HQOJ -HZOJ
(c) HOOC~CH=CH=-COOH (C1) R«CH=CH~CHo OH
(Fumaric acild) (Coniferyl Alcohol)
+2HJ -2H +2HJ [-BH
(D) HOOC-CH2=-CH2-COOH (D') R-CHp=CHp=-CHpOH
(Succinic aaid)
MeO
R =H or HO=
Me O MeO

In this new system it 1s seen that the third member
(B') is coniferyl aleohol, the botanical signiflecance of which
may well be represented by this, or a similar, respiratory
mechanism, Although the first member, XXXXVI, has not been
isolated either from wood or from an isolated lignin, the
presence of a terminal hydroxyl group in protolignin has been
demonstrated by hydrogenation studles (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 interested in the study
of lignin began to shift from the characteristically
drastic methods of lignin isolation and degrsdation to
much milder procedures. Although there was little
positive data to indicate that the reactions emgloyed
for lignin isolation were causing structural changes in
the lignin itself, there were a sufiigient numuver orf in-
formative results which suggested that chemical changes
were involved in the isolation procedures. The solu-
bilities, for example, of lignins derived by difierent
processes varied appreciably (see p. 20); similarly, the
methoxyl contents of different lignin preparations from
the same wood source were not in agreement (14, p. 197).
In addition, it was seemingly apparent that, if protolignin
contained any very reactive substituent groups, changes
would occur upon treatment with concentrated sulfuric ae¢id,
fuming hydrochloric acid, dilute sodium hydroxide, or acid
metallic bisufite at high temperatures. As a oonsequenge,
lignin chemists began a study of possible isolation pro-
cesses dependent more upon specific solubility of an ex-

tractant than upon preferentiasl degradation by a reagent.



The results from these investigations led to
the development of two general methods, one of which
involved the preferential dissolution of cellulose with
ouprammonium solution (Freudenberg's cuproxam lignin),
and the other consisted of the extraction of lignin with
hydroxylic solvents. Although neither process was purely
physical in that a certain amount of hydrolytic action was
required, it was generally accepted that the lignins iso-
lated by these procedures more closely appraximated pro-
tolignin than did tho-e obtained by means of the older
methods. Cuproxam 1lignin has already been discussed;
this section will deal with the preparstion and properties
of "alcoholysis" lignins.

Although the word "aleoholysis" has been used to
descrite the process by which lignin is removed from woody
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 ocours in the lignin alcoholysis ex-
traotion process. It is true that, under certain conditions
the isolated lignin contains the OR group, vut it is also
found that under other conditions no OR aduition occurs.

Consequently, since the mechanism, or mechanisms, of these
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isolastion methods have not been estavlished as yet, the
term "alcoholysis" as applied to lignin chemistry defines
those lignin isolation procedures 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 Process

for Lignin Isolation:

The first application of the alcoholysis pro-
cess in lignin chemistry was made in 1893 by Klason,

(113) who tound that 28-32% of spruce wood could be dis-
s0lved by boiling with a tenfold volume of ethanolic
hydrochlorioc acid (5%) for 6-10 hours. By concentration
of the supernatant liquor a resinous product was outained
which could be separated into chlorotform-soluble and in-
soluble fractions. Klason considered the latter to be
"pure lignin" without further examination of its properties.
Concurrently, Mangin, a Frenoh botanist, used 20% alcoholic
hydrochloris acid to effect partial dissolution of the
middle lamella of cambial cells (114). Much later , another
bvotanist, 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
hydroochloric acid.

It was after a consideration of these preliminary
exper iments that various investigators attempted to isolate
lignin by slcoholysis procedures. Included among the many
organic hydroxylic compounds employed were primary and
secondary alcohols; tertiary alcohols (116); ethylene glycol
(40b, 117, 118); glycol monomethyl ether (117b, 119);
glycerol monochlorhydrin (120); phenol (121); phenol homo-

logues (122); and ethanolamine (12%). In addition, several



non-hydroxylic solvents (such as dioxane (1ll6, 124),
acetone (125), and chloroform (125) have been employed
with varying degrees of sucocess.

Since the same limitations oxr conditions and
catalysts apparently apply to all of these compounds
(xith the exception of the use of iodine as a catalyst
by Hibbert (117a) in one case), the detailed discussion
of the alcoholysis process is restricted to primary and
segondary alaohols.

The various procedures difrer according to the
alcohol employed, the quantity of water present, the type
of hydrolytic agent used (if any), and the temperature
and duration of the extiaction. Since a change in any
one of these variables aifects not only the yield but also
the composition of the isolated 1lignin, a consideration of
the alcoholysis processes necessitates a detailed accocount
of the observations which have.bean 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 Eftfect of Water on Wood

By cooking aspen wood with water at diftrerent tem-

peratures for varying lengths of time, Aronovsky and Gortner



- 58 =

(126) found that water had a profound erfect upon wood.

The starting material gave the following results upon

analysis.

Analysis of Aspen Wood (126)

Moisture

Alcohol-benzene Extractabls

Lignin
Pentosan
Cellulose

a~Cellulose

10.2%

2.66
26.5
17.5

6206

46.0

The efrtect of the various treatments upon

the w004 constituents is shown in Table V.

TABLE V

The Effect of Water on the Consti tuents of Wood.

Quantity of Material
Removed by Treatment, % (a)

Temp. (°C) 100 148 170 186
Material

Time (hrs.) 12 4 12 2 8 2 8
Pentosen & 25 45 50 90 90 97
Lignin - 2 d 1 7 4 d
Cellulose - 10 16 20 256 23 32
a~Cellulose - 2 10 10 16 11 31

(%)a - Percentage of component present in untreated wood.
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2. The Effect of Aqueous Hydrochloric Acid

on Woode.

An insight into the influence of wood exer ted by
water, as such, is aiforded by a comparison of the results
described above with thoce of Hawley and Campbell (127).

The latter investigators mzde an extensive study of the
partial hydrolysis of Sitka spruce by aqueous hydrochloric
acid solutions at 100°C for six hours. Acid concentrations
of 0.05, 0.25, 1.5, 8.0, and 15.0% were employed, and it was
found that considerable dissolution of cellulose and pen-
tosanse 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

constituents of wood as is shown in Table VI.



TABLE VI

The Effect of Hydrochloric Acid on the Constituents of Wood.

Material Removed by

Treatment
Condition Cellulose Lignin Pentosan
%(a) %{a) %(a)
8% aqueous HC1l £26.0 9.9 67.0
(6 hrs. at 100°¢)
8% HC1 followed by 46.5 14.0 79.0
1% NaOH (1 hr. at 100°C)
16% aqueous HC1 48.0 10.2 91.0
(6 hrs. at 100°C)
16% HC1 followed by 60.0 20.5 92.9

1% NaOH (1 hr. at 100°C)

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

By comparing the data in Table V with that in Table
VI, it is apparent that approximately the same results are
obtained by treating wood with water at 170°C for 8 hours
as are obtained from a six~hour treatment with 8% hydro-
chloric acid at 100°C. Therefore, it would appear that

pure water at 170-180°C is a vigorous hydrolytic agent.



b« The Effect of Alcohols on Wood

Klasson was able to dissolve two percent of the
material in finely-ground spruce wood by means of &x-
traction with boiling methanol alone (128). The so-called
"native lignin" which was isolated from the methanol solu-
tion had a methoxyl content of 12.5%.

These results were confirmed by Brauns (129), who
obtained a similar yield of "native" lignin by allowing a
water-and-ether pre-extracted spruce wood meal to stand for
45-4 days in anhydrous ethanol. After a8 ocareful fractionation of
the ethanole~soluble material, this investigator isolated a
product containing 1l4.5% methoxyl. This material was solu-
ble in sodium bisulfite and sodium hydroxide soluticns.
Although this product is of considerable interest in that it
was apparently isolated from wood by solvent extraction alone
and not by hydrolytic action plus solvent extraction, it is
obtained in such small quantities that it can hardly be cone
sidered a representative sample of this protolignin. In
addition, it has been shown by Friedrich (130) that the "resin"
obtained from pine by extraction with an alcohol-benzene
mixture included a compound which resembled hydrochloric acid
lignin in some respects.

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

tracted from freshly ocut aspen wood with ethanol. However,
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if the wood had been air-dried, two perdent of the lignin
could be extracted with ethanol. In addition, with wood
which had undergone attagk by the fungus "blue stain", the
lignin yield was increased to $.%%. These results led
Harris to conoclude that the solubility of protolignin in
alcohols depended upon a preliminary hydrolysis of some comw
ponent in the wood. This investigator has also determined
a few 0f the properties of this solvent-extracted lignin,
and, from the dats available, it appears that the isolated
lignin was similar to the materisl isolated by Brains (129).
Both Harris and Brauns have round that lignins obtained by
such solvent-extraction procedures can be methylated with
methanolic hydrochlorie acid.

The addition of sodium ethylate to absolute ethanol
was found by Campbell (148) to have no eftect upon the

quantity of lignin which ocould be extracted from wood.

4, Effect of Alcohol-Water Solutions on Wood.

From experiments desling with the cooking of
aspen sawdust with 60% agueous solutions of aliphatic al-
cohols, Aronovsky and Gortner (144) concluded that primary
alcohols were good "pulping agents". The results obtained
by treating wood meal with various solutions at 160-175°C

for 4 hours is shown in the following Bable VII.



TABLE VII

The Effecect of Alcohol-Water Mixtures

on the Constituents of Wood

Waod GaﬁéEtOH Lignin Content Lignin Pentosans a=Cellulose

Extraction Residue Extractable of Resildue Removed Removead Removed

Agent (%) (%) (%) (%)a (%)a (Z)a
HoO 6344 9e5 1345 45 85. 25
Me OH-Ho0 7042 542 9e8 57 50 1
EtQH-H20 62 ¢S 8¢9 77 70 6a 8
n-PrOH-HoO  60.0 448 S ng "5 8
n=-BuOH-HoO 54,4 0.8 3.0 88 77 18
n-AmOH=Eo0 51,5 1.4 4.3 82 84 18

(#)a = Percent of component present in untreated wood



By comparing these results with 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%) was added to the butanol
water mixture, the extent 0f pentosan degradation was re-
duced considerably and the lignin and cellulose content of
the residusl wood was equivalent to that obtained by treat-
ment with ethanol-water. The lignin isolated from the
alecohol solutions (a) contained no additional alkoxyl groups
and (b) was very soluble in the common organio solvents
(venzene and ether excepted).

A study of the action of butanol-water solutions
(158°C; 7 nrs.) on hard-snd-softwoods was carried out by
MoMillen, Gortner, Schmitz, and Bailey (lsd). A marked
distincetion in pulping characteristios between the two
oclasses was found, but within each class, the different

woods showed similar properties (Table VIII).



TABLE VIII1

The Effeect of Butanol-Water (50%) on Wood

Components Components
Originally Present Removed
. Wood Li%nin Pentosan Lignin Pentosan
; %(s.) %(a)
Aspen 10 .4 15 05 a0 84
Silver Maple 22.2 16.9 87 82
White Spruce 28.2 7.0 60 50
Jack Pine 25.9 6.8 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 hydrolysls occurred during the cooking
treatment#. Under these conditions all of the 1lignin in

aspen and 80% of the lignin in jack pine was removed. Since

# This claim is opéen to serious question in view of the ap-

preciable lowering 1in pH whioch takes place in aqueous ex-

tracts at high temperaturss.
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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
hydrolysils must have occurred.

Klelnert and Tayenthal (135) carried out an exten-
sive investigatlon on pulping wood with ethanol-water
mixtures. By varylng the water content of the alcohol-water
mixture it was found that the maximum lignin removal was
accamplished with a solution containing 457 ethanol at 190°
in 3 hours. When wood was treated under these condltions
the cellulose was only sllghtly decomposed. With increasing
water content of the extractlon ligquor an incrsased formatlon
of simple reducing sugars, cleavage of organic acids, and
formation of furfural and other volatile products was observed.
It was also founa that the decreasse in a-cellulose content
of the wood resldue was more dependsent upon the water con-
centration than upon the temperature. Apparently changes
in physical state and hydrolytic action are involved,

Since the lignin obtalned from spruce contained
15.9% alkoxyl (caleculated as methoxyl) and 15,6% methoxyl,
no alkoxylation of the lignin had occurred.
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5« The Effect of Alcohol-Water-Alkall

Solutions on Wood.

Both Bailey (136) and Kleinert(135) studied the
effect of adding alkalil to the aqueous-alecohol extraction
medium. Mention has already been made of Balley's work
in whioch the presence of alkall was required to effect
complete removal of the lignin from jack pine (134).

This author also found that the presonce of 2% NaOH in
butanol-water (50%) mixtures accelerated the rate of
delignification about 5-16 times (136). Pulps contalning
only 0,33% lignin were obtained in ylelds of 43-50% by
cooking aspen for 15 minutes at 186°C wlth thls squeous
butanol-alkall mixture. The delignification of jack 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 Balley to conclude

that the process consisted of one minor reaction (cleavage

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 indicatlng the formation of a lignin-
butanol complex; consequently the accuracy of these con-
clusions 1is questilonable.

A brief survey of the physical and chemical 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 llignin preparations. The only funotlonal groups
present were methoxyl and hydroxyle. The methoxyl content

was about 18-20% in the hardwood - and 15% in the softwood
lignin. Methylation of butanol lignin (aspen) with di-
methyl sulfate raised the methoxyl contsnt from 19.7 to
31.6%. Bailley also stated that butanol lignin could be
fractionated 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 absnce of ethoxyl groups in the lsolated lignin
established. Thils latter observatlion conflrmed a similar
one obtained by Kleinert and Tayenthal (135).

Practically complete removal of the pentosans

occurred in all of the above experiments.

6 The Effect of Alcohol=Water-Acid Solutions

on Wood and Isolated Lignins

The addition of mineral aclds to aqueous-alcoholic
pulping solutions greatly accelerates the rate of decom-
position of the polysacocharide constituents of wood (135),
As a consequence, such solutlions have been frequently
employed as lignine-extraction reagents., The experimental
procedure for the alcoholysis of wood when this type of
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extractant is used is generally qulte different from that
used with alcohol-water or alcohol-water-alkall treatment.

Instead of high temperature (170=190°C) and pressure
treatments, lower alcohol-reflux-temperatures (63-120°C)
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 intimately mixed with an equal
weight of 20% aqueous hydrochloric acid. After this mixture
had 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% of
the lignin in spruce wood could be lsolated. It was found
that 1f all of the acid were removed from the wood prilor to
the addition of the alcohol, little or no lignin could be
oextracted with hot ethanol. The alkoxyl content of the
lignin obtained from spruce wood was 26.9% (calculated as
methoxyl), but If a sample of llignln were suspended in

concentrated hydrochloric acid for several days and then

washed free of acld with water, the methoxyl content dropped
to 16.5%.

Later, Friedrich and Bruda (130) found that
approximately 90% of the lignin in beech wood could be
removed by repeated treatments with alecoholic hydrochloric

agid (5%) solutions, If the extractant contained about 10%



hydrochloric acld it was found that the alkoxyl content

of the 1solated.31gnin (spruce) dropped from 20.9 to 15.7%
(calculated as methoxyl). These investigators isolated

the besch lignin by precipitating the concentrated aleoholic

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

shown that the aqueous solution contalned only a trace of
methoxyl-containing materilal.

The significance of the abnormally high alkoxyl
content of Friedrich's lignin preparation was explained by
Hﬁgglund (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 inoreased
to 14.2% which value is in agreement with the methoxyl
content of Klason-, hydrochloriec acld-, and alkali lignins
(spruce).

Iso-butanol and iso~amylol in the presence of
aqueous hydrochloric acid were used as lignin extraction
agents by Hagglund and Urban. The conditions employed by
these investigators differed from those used by Friedrich
in that the wood was treated directly with the alecohol-
aqueous hydrochloriec aclid 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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which contained 400 g. of butanol and 50 cc. of 379
aqueous hydrochloric acid. Approximately 60% of the
lignin &as 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 its original weight).

The lignin 1isolated by thls procedure was very soluble

in acetone, acetlc acid and ethanol but only very slightly
soluble in ether., The abnormally high alkoxyl content
found by Friedrich was confirmed by Hhgglund and Urban,
but the latter Investigators, upon further examination

of the nature of alkoxyl content, found that only a

fraction was present as methoxyl groups. The total g1l-

kpxyl content was determined by the method of Zelsel (141)
and the methoxyl content alone by the procedure of Willstatter
and Utzinger (143). Values of 9,26% methoxyl and 16.4%
butoxyl were obtained. The additlion of the extraction
solvent was also found to occur with iso-amyl alcohol,

and this phenomenon was attrlbuted to the formation of
acetals and half -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 agent, in the presence

of hydrochloriec acld, first hydrolyzed the acetal linka ge



and then immediately comblined with the free carbonyl
to form the alkylated lignin,

Support for this theory was weakened when
these same Ilnvestigators later dlscovered that i1solated
acid - and alkall lignins could be partially dissolved
in acidified ethanol and butanal solutions to give
products containing varying quantities of ethoxyl and
butoxide (190). Hydrochloric acid lignin (spruce) was
separated into two fractions by means of a four-hour
treatment with 3% aqueous ethanolic hydrochloric acid
at 78°C. The alcohol-soluble fraction (80% of the
original lignin) contained 11% methoxyl and 8.1% ethoxyl;
and the alcohol=-insoluble, 14.5% methoxyl and 6.0% ethoxyl.
It was also found that fully-methylated (dimethyl sulfate
and sodium hydroxide) hydrochloric acld lignin (spruce)
(29,5% methoxyl) could be partially dissolved in an
acldified solution of amyl alcohol. The insoluble portion
obtained from the reaction mixture contained 20.2% methoxyl
and 14,85% amyloxide. A 1lignin fraction with methoxyl and
ethoxyl contents of 26,0 and 7.6% respectively, was obtained
by the ethanolysis of fully-methylated spruce wood.

In order to avold the necessity of analyzing lignin
samples for both methoxyl - and ethoxyl-content, Friedrich
replaced the ethanol solvent by methanol (125). On the

assumption that spruce lignin contained 14.5% methoxyl, any



increase In methoxyl content over that value was
attributed to methylation of the lignin by the
methanol-hydrochloric acid mixture. This investig-
atlon 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 un the isolation

of lignin, and (c) the stabllity of the isolated
lignin preparations toward alkali. From a serises of
experiments In which the water content, acid concen=-
tration, and time of treatment were varied Friedrich
found that absence of water contributed only slightly
toward increasing the methoxyl content of the lignin.

On the other hand, the duration of the treatment with
the acidified alcohol solution was of greater importance,

For example, the same result was not obtained when wood
was bolled with methanolle hydrochloric acid and the
dissolved lignin precipitated immediately, as when the
dissolved lignin was left in contact wlth the acidified
solvent for a longer period at room temperature, The
latter treatment with water-methanol (80%) yielded a
product of higher methoxyl contemt than the former did
using absolute methanol. A combinatlon of the two treat-
ments, 1. ., absolute methanol for a long period of time,

gave a maximum methoxyl content of 23.2%. The methoxyl



content of the other preparations varied from 19.5 to
22.2%. Friedrich concluded from his experimental results
(a) that the addition of the alkoxyl group was a second-
ary reactlon between the llignin already dissolved and the
solvent, and (b) that this addition reached its maximum
value only after 20 hours.

By treating the isolated methanol lignins with
warm 1,5N sodium hydroxide solution, Friedrich found that
the methoxyk content of the lignin was lowered. The
quant ity 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 gcould be removed in this manner,

These results led this investigator to suggest that carboxyl
groups were present in protolignin, but King and Hilbbert (153),

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

were formed during the alkaline "degumming" pre-extraction of

the wood. Thils oxldatlon did not ococur, however, when an
atmosphere of nitrogen was employed durlng 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 alcoholic hydrochloric acld, the hydrolysis of the

polysaccharides and of a small portlon of the lignin takes

place independently of the actlon of acidified alecohol 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
which does not synchronize with the rate of hydrolysis
of the polysaccharides. The observations of Friedrich
(125) which indlcate that a decrease in water content
of the alcoholysis reagent resulted in an inerease of
alkoxyl content of the lsolated lignin was confirmed
by Campbell.

7. The Effect of Anhydrous Alcohol-Hydrogen Chloride

Solutions on Wood and Isolated Lignins

Since it is practically impossible to remove
all of the water from wood, no ethanolysis reactlon has
ever been run under absolutely anyhdrous conditions.
Although this condition has been approacned by several
workers, the major proportion of the investigatilons have
been carried out by Hibbert and co-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 precipit-
ating the concentrated methanol solution into a large excess

of water, Analysis of the lignin preparations from different



experiments gave methoxyl contents varying from 21.6
to 22%. The mother liquors from the methanol-water
precipitationswere evaporated to a thick syrup (40%
of the original weight of wood) which was found to be
essentlally 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 investigated, however.

Preparation of methanol lignin by the method
of Brauns and Hibbert, on a larger scale than that
employed previously, dlsclosed the presence of a second
fraction which was soluble in ether-dioxane (154), The
original methanol lignin (21.0% methoxyl) and this new
fraction (23.9% methoxyl) were separated by solvent
fractionation with dloxane and benzene, and two fractions
were obtained, in approximately equal proportions. However,
in a methanolysis run at 70-75°C (instead of 90-100° as
in the previous example), the ylelds of the ether-soluble
fraction was very small (154)., Apparently the use of a
higher temperature in the first example resulted in the
formation of a relatively large proportion of a more sol-
uble form of methanol lignin.

An extraction of methanol lignin carried out in
an open flask at 66°C with anhydrous methanolie hydrogen

chloride (2%) gave a poorer yleld of a crude methanol
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lignin containing 22,7% methoxyl (112),

Brauns and Hibbert (121k) also found that
hydrochloric acid lignin (14.5% methoxyl), diazomethane-
methylated hydrochloric acid lignin (21.2% methoxyl),
diazomethane-methylated cuproxam 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°C for 20-50 hours.
The lignin preparations thus obtained contained 22.4, 24.4,
25.4, and 29.7% methoxyl, respectively. Fully-methylated
spruce wood meal (38,8% methoxyl) yielded a lignin prepar-
ation which contained 29.7% methoxyl when treated in the
seme manner.

It is of interest to note that all of the methy-
lated lignin preparations mentioned above were insoluble
in methanol prior to the methanolysls reaction. In fact,
the methylated lignin preparations were insoluble in all
organic solvents., The methanol-soluble fractlions obtained
from the methanolysis reaction, however, were soluble in

dloxane and acetone as well as methanol,

8. Summary of Data on the Alcoholysls of Wood

The following summary of the data presented herein

seemingly indlcates that the alcoholysis process . can be

divided into two types; ln one process, alcohol-water



solutions (with or without dilute alkall) are used, and

in the other, alcoholeacid solutions (with or without
water) are employed.

(a). Lignin can be removed from wood by alcohols when (a)
an approximately equal volume of water is present and
temperatures of about 180°C are employed or (b) when
mineral aclds are present and temperatures of 65«120°C

are used.

(b)e Practically all of the pentosan content of the wood
is extracted by either process.

(¢)e 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 varles -considerably. In general, it 1ls found that
all of the pentosans and only a portion of the cellulose
is extracted by means of a treatment with alcohol-water.,
On the other hand, when aloohol-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%) of pulp containing only small
amounts of lignin (hardwoods, 1-3%; softwoods, 10-13%) and
practically no pentosan materiel 1is obtained. When alcohol-

acid solutions are used, the wood residue generally contains
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a considerable quantity of lignin (hardwoods 8-17%;
softwoods, 15-25%) and small quantities of pentosan
material (1=3%). In addition, in the latter case,

the qge-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 dllute alkali to the extraction
solutlon facilitates the complete removal of lignin from
softwoods,

(e)e Alkoxylation of the isclated lignin does not occur
during the alcohol-water or alcohol-water-alkali extract-
ion process.

f). Identical results are not obtailned whenwood 1is
(£)

heated at 180°C with water, followed by an alcohol=benzene
extraction (40% of the lignin dissolved) as whert?the wood
is treated with 50% aqueous ethanol (70% of the lignin is
extracted). However, in view of the fact that the aleoholw
benzene extraction is carriled out at 80°C as compared to
180°C for the ethanol-water treatment, it would appear that
the alcohol-water alcoholysls procedure is composed of two
main reactions. The first 1s one of hydrolysis of all of
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)e 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 a4n ethanolysis wood residue 1t 18 necesasary
to employ 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 of acld varles directly with
the duration of the treatment and inversely with the con-
centration of water.

(1) The alecohol-acid process cannot be separated into two
distinet reactions since, apparently, the simultaneous
presence of both the acid and the alcohol is required.

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

is as follows: When wood is extracted with an alcohol-
acid solution at least two main reactlons take place
simultaneously. First there is hydrolysis of the carbo-
hydrates, influenced by the presence of the alcohol, and
secondly, there 1s the interaction between protolignin and
alcohol (solutiom and combination) influenced by the
hydrogen chloride. Both reactions are influenced in turn
by the presence or absence of water,

(k) Alcohol insoluble lignins and methylated lignins upon
treatment with alcoholic-aoid solutions, are partially
transformed into alcohol-soluble alkylated lignins. In the
case of the acid methanolysis of fully-methylated spruce
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lignin the final product has the same methoxyl content
as the origlnal insoluble product; therefore, it would
appear that the change in solubllity 1s due to a

structural change in the lignin.



Ce The Ethanolysis of Wood According

to Hibbert

The belief that lignin (isolated and proto=
lignin) existed only as highly-polymerized, complex
substances led investigators to conclude that the
water-insoluble amorphous product obtained by means
of the customary extraction methods was the only form
in which 1lignin could be isolatede Precipltation into
water from concentrated alcohol, acetlc acld, or dioxane
solutions has been practically an invariesble step in the
isolation of lignin and its purification; and the effic-
iency of an extractlon process has been almost always
judged by the amount of water-insoluble product formed.,

Prior to the development of the ethanolysis
lignin-extraction procedure by Hibbert and co-workers,
the aqgueous precipltating liquors had been examined only
twice; namely, by Friedrich (130) (methanolysis of beech)
and by Brauns and Hibbert (112) (methanolysis of spruce),
The former investigator isolated a small amount of lignin
which apparently had been suspended in the water as a sol,
and only minute traces of methoxyl-containing material
were found in true solutlon in the ooncentrated aqueous
liquors, Brauns and Hibbert also found only a small
quantity of methoxyl-containing material in these liquors.
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When it was observed, however, that the sum of
the welght of water-insoluble, amorphous aleohol lignin
plus the welght of Klason lignin present in the alecoholy-
sis wood residue was almost always less than the weight
of the Klason lignin in the original untreated wood,

Hibbert became interested in the reason for this discrepancy.
The solution of thils problem was found when Cramer, Hunter,
and Hibbert (78, 80) showed that this loss in welght was due
(in the case of the ethanolysis of spruce and maple woods)

to the water-solublility of a large proportion (12% of the
total lignin, spruce; 30=35%, maple) of the methoxyl-
containing materlals.

As a result of this important observation an
extensive series of investigatlons was started immediately
in these laboratories to determine (a) the structure of the
components of the water-soluble fraction, (b) the factors
involved in the formation of this fraction, (¢) the signif-
joance of the simple compounds lsolated therefrom with
relation to the structure of the amorphous, water-insoluble
ethanol lignin, and (d) the significance of the simple units
with relation to photosynthesis, plant respiration, and the
formetion of protolignin.

The essential features of the ethanolysis procedure

are shown in Flow Sheets I, II, and 1II (see p.167 )e
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It 1is noteworthy that the sum of the weights
of the lignin fractlons obtained by means of the ethan-
olysis procedure represents about 120% of the Klason
lignin content of the original wood. This apparent
discrepancy is readily explained by the fact that
ethoxylat ion (or ethylation) of the lignin occurs
to an appreciable extent., PFor example, the ethoxyl
content of water-insoluble, ethanol lignin (Fraction B
in Flow Sheet I) is about 9e1%.

The ethanolysis extraction procedure, when
extended to Douglas fir, redwood, red oak, bamboo, jute,
cornstalks, and rye straw, gave rise to the typilecal
ethanolysis products, viz., ethanol 1lignin and a mixture
of 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 ocak confirmed Hibbert's
hypothesis that this grouping was common to all angio-
sperms. Brown, Heddle, and Gortner confirmed the results
obtalned by Hibbert and co-workers by applying the ethan-
olysis reaction to a group of western softwoods (148)

The question of whether the Cg=Cz units could be

obtained from an isolated lignin was settled by Peniston,
MoCarthy and Hibbert (147). These investigators refluxed



an acetylated ocak lignin with anhydrous ethanolic
hydrogen chloride (2%) for 15 hours, The reaction
products were 1lsolated in the manner already described.
The crude oils, which amounted to 36% of the acetyl-
free 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 ethanolic hydrogen chloride on maple
wood .

A study of the effect of ethanolic hydrogen
chloride on the amorphous ethanolysis products obtained
from maple wood has been made by West, Hawkins and Hlbbert
(149-150)s One-gram samples of Fractions B, C, and F
(See Flow Sheets I and III) were treated with ethanolioc
hydrogen chloride (2%) according to the standard ethan-
olysis procedure (151). The olly residue obtained by
concentrating the neutralized alcoholic extract was
dissolved in 10 cce of acetone, and this acetone solution
was then precilpitated into 60-70° petroleum ether, The

results obtalned by means of this treatment are shown in

Table IX.



TABLE IX

The Effect of Ethanolie-Hydrogen Chloride (2%)

on Ethanolysis Fractlons

Reduced Petrol Petrol Viscosity
Ethanolysis Viscosity Soluble Inscluble of
Fraction (2) (b) % (c) % Pet. Insol.,
B 600 10 90 -
C 469 22 75 541
F 389 30 69 538

- Specifilc Viscosity 5
(a) Reduced Viscosity Corsentration > X 10

(b) Contains thé distilldble oils,

(¢) Equivalent to Fractions B, C and D, combined.
"See Flow Sheet I

It has already been mentiocned that the extent to
which alkylation occurs during the alcohol-acld extraction
process increases with the duration of the treatment. 1In
addition Hewson, McCarthy and Hibbert (150) have found that
the ratio of water-soluble ethanolysis oils to water-insoluble,
amorphous ethanol lignin increases with Increased duration

of the alcoholysis (up to 48 hours),.

Sumnary of Ethanolgsis Datea

1. All plant matedérials which have been studled thus
far undergo the ethanolysis reaction and yleld distillable

water-soluble lignin derivatives.
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2, The amorphous, water=-insoluble ethanol lignin
fractions also yleld distillable, water-soluble compounds
when treated with ethonolic hydrogen chloride (2%).

3+ The ratio of the distillable fraction to the
non-distillable fraction obtained from non-distillable
ethanolysls products by treatment with ethanolic hydrogen
chloride (2%) increases with (a) decrease in viscosity and
(b) increase in solubility of the original non-distillable
materials,

4, This same ratlio increases with the duration

of the ethanolysis treatment (up to 48 hours).
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IV. THE HIGH-PRESSURE HYDROGENATION OF ORGANIC COMPOUNDS

IN THE PRESENCE OF COPPER-CHROMIUM OXIDE AND RANEY

NICKEL CATALYSTS

Hydrogenatlon processes have been steadlly increas-
ing in size, variety and importance, and the unit process of
hydrogenatlon is becoming one of the most useful and wide-
spread in organic synthesls. A dliscussion of even a few of
the many important industrial hydrogenation processes is
out of place In this thesls, instead the dlscussion in this
section 1s limited to hydrogenation reactions adaptable to
laboratory investigations. Even more specifically, this
discussion is concerned with those phases of high-pressure
catalytic hydrogenation reactions and teschnique which bear
specifically on lts utilization as a tool in the investigation

of the structure of lignin.
Hydrogenation is correctly defined as reduction by

means of molecular hydrogen; actually, however, the term has
grown to include the reduction by means of molecular hydrogen

in the presence of a catalyst. In addition, catalytic hydro-

genation or, more commonly, hydrogenation may be dlvided into
two classes; namely, high pressure (above 50 atmospheres) and

low pressure by hydrogenation.



A. Variables (Physical Factors) Affecting Hydrogenation

The most difficult problem involved in the applio-
ation of hydrogenation technique to industrial or laboratory
problems has been the determination of the optimum conditions
for the productlon of a desired product. In the study and
application of hydrogenation reactions it is essential to
realize that the reactlons are reversible, Thus Raney nickel,

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

Benzene + 3Ho = Cyclohexane

is also one of the best dehydrogenation catalysts for the
product ion of aromatics from hydroaromatics (169). Simil-
arily, catalysts containing copper and copper oxlde which
are especially useful in the reduction of aldehydes to
alcohols (71, pe 50) are used commercially for the production
of aldehydes from alcohols (170, p. 431). It is for this
reason that changes in any given variable are so Important
in hydrogenation.

Of the many variables involved, the most important
(exclusive of choilce of catalyst) are temperature, pressure,
time, solvent, concentration and quantity of catalyst.

I. Temperature

For the most part, the temperatures used for hydro-

genation reactlons are usually below 400°C, except 1ln cases
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where pyrolytic decomposition occurs concurrently with
hydrogenation as in the hydrogenation of coal at 500°C
(171). It may be mentioned at this point that hydro-
genolysis, which, like hydrolysis, is a cleavage of a
molecule by hydrogen in the presence of a catalyst is
not to be confused with pyrolysis, or cleavage due to
heat energy.

Practically every hydrogenation reaction can
be reversed by increasing the temperature high enough
(170, pe.4ll); obviously, then, it ls desirable to work
at as low a temperature as possible, On the other hand,
inecreasing the temperature Iincreases the speed of the
reaction. It therefore becomes necessary to balance
the less favorable equillbrium position with the faster
rate of reaction. Fortunately, in recent years, knowledge
of catalysis has been so extended that satisfactory re-
action rates are possible at lower temperatures where a
more favorable equilibrium conditlon prevaills,

Concerning the temperature coefflclent of
hydrogenation reactions, almost none fit the generalized
statement that the speed of a reaction may be doubled
every 1-16° rise in temperature, a change of 50° or more
being usually necessarye.

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 varilous



combinations of metals and metal oxides, from 250-400°,
24 Pressure

Pressure, like temperature, can affect both the
rate of reactlion 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
principle). Increase in rate with pressure increase is

generally observed due to concentration effeect. If the
reaction 1s In the gas phase the concentration of one of

the reactants has been ingreased; if in the 1liquid phase,
the solublility of hydrogen in the liquid 1is increased,
thereby increasing the effective hydrogen concentration,
Several other factors are also involved, for there appears
to be a considorable difference betwesn compounds with
respect to the effectliveness of increased pressurse in
accelerating the reaction rate. The following figures

for the hydrogenation of anlline, phenol and agetoacetic
ester (AAE) over Ni(K) (Ni on Kleselguhr) illustrate this

condition (172):(TABIE X).
TABLE X

Extent of Reaction (%) in Specified Time

Pressure Benzene Aniline AAE
(Atmo) (005 hr.) (6 hI'S.) (005 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 1s 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 1s to be hydrogenated, the
choice of solvent becomes an important one, Obvlously, a
given solvent must be stable to hydrogenatlon conditions
and be used below 1lts critical temperature. That the sol-
vent can and does affect the rate of hydrogenation was

shown by Adkins in the case of ethyl nicotinate at 165°
over RaNi (Raney Nickel) where the solvents were ethanol,

methyleyclohexane, ethyl ether and dloxane. The hydro-
genation times were 3, 1.5, 5, and 1 hour and the ylelds
of product were 58, 80, 80 and 77%, respectively (173),
With CuCr0 and RaNi, ethanol, dioxane, ethyl ether and

methyleyclohexane have been found quite satisfactory as

solvents ('70, p925) .
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5 Concentration

Changes in concentration of a solid in solution
effect the hydrogenation to a marked extent only if the
material 1s complex and side reactlons are possible. It
is of interest to note, however, that whereas a 10%
solution of ethanol lignin in dioxane hydrogenated read-
ily at 250°C, an 18% solution underwent a slight change
only (174).

Of considerable interest in this respect are the
results obtained by Cooke, McCarthy and Hibbert (174) in
the hydrogenation of veratraldehyde, XXXXVII, at 180°C
at 1100 psi. hydrogen pressure. When thls reaction was
run with a solution containing 43.,2 ge of veratraldehyde
in 150 cc. of dioxane (350 cce. vold), three products were
obtained; namely, veratryl aleohol XXXXVIII, (55%), homo-
veratrol XXXXIX (40%), and a trace of a crystalline com-
pound (2%) melting at 74-75°C of the probable structure
represented by L (175). When the concentration of vera-
traldehyde (from the same preparatlon) was increased to
66 ge, however, only two products were obtained; namely,

veratraldehyde (55%) and the orystalline compound (40%).
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MQOQ-CHO MGOQCHQOH MeOQGHz,
MeO MeO MeO
XXXVII XXXXVIII XXXX IX
MeO Me
MeO%ii:::2»GH2<<:::j;OMe
CHz
L

6« Ratlo of Catalyst to Acceptor

Although one might expect the concentration of
catalyst to play a minor role in hydrogenation this is
not found to be the case. This condition is due to the
fact that all hydrogenation catalysis 1s based upon sur-
face activation and is therefore dependent upon the amount
of surface, Adkins makes the following statement "500 g
of compound with 25 g of a catalyst will be hydrogenated
very much nmore rapidly than would 50 g of a compound with
the same ratio of catalyst (2.5 g) (71, pe22). It has
been observed frequently in these laboratories that an
increase Iln quantity of catalyst will appreciably increase
the rate of a hydrogenation reaction (174, 176). It may

be of interest to note that in a typleal 1lignin hydro-
genation the ration of lignin to CuCr0 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% of the weight of
acceptor. The following table shows the change in hydro-
genation rate of benzaldehyde over Pt; Z21.2 g of benzal-

dehyde was used and the time to 100% reduction determined
(177).

TABLE XI

of
The Effect/Catalyst Concentration on

Duration of Hydrogenation

Weight of
Catalyst
Se T ime
0.0288 5.5 hrse.
00,0678 60.0 min,
0.110 34,0 "

025 23,0 "



- 96 -

B Hydrogenation Catalysts

1, Principles Concerning Hydrogenation

Catalysts

(). Surface

Hydrogenation catalysts are solids consisting
of metals, metal oxides, or metal sulfides which are
prepared in such a manmner that a highly extended surface
ls obtained. A consideration of the nature of surface
catalysis is out of place in this thesis#; but it is of
Importance to note that this extenslive surface 1s only
effect ive when obtalned 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 1s essential. A good example of a
catalyst preparation 1ls that for Raney nickel (157). In
this procedure the catalyst 1s prepared by alloying equal
parts of nickel and aluminum and then dlssolving 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 nlekel, secondly, thls very reactive

form

#An excellent review on the subject of hydrogenation

catalysis 1s presented in the "Twelfth Catalysis Report",

Wiley (1940) of the (U. S.) National Research Council (1-131)



of nickel is protected from oxidation by the presence of
fhe 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 Metal 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 meny investigators it has been
found that certain metals in the presence of a catalyst pro-
duced promoting effect. TFor 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 5% of zinc oxide to a pure copper catalyst
will increase the activity threefold (179). The use of mixed
metal catalystsor promoted catalysts, has been extended
rapidly in recent years. More common mixtures of the well-
known types of catalysts are Ni-Cu (184), Nil,0, (186),
Cu~Zn0 (187), Cu-Cr0 (188), Zn0-Cr0 (185). However, the
recent chemicel 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=0 linkages; the reduction of
a carbalkoxyl, hydroxyl, nitro and cyano groups, and also
the cleavage of C-C and C-C 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 thet 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 breek 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 usuelly be suppressed. Common catalysts
belonging to this class usually consist of the iron,
cobalt and nickel compounds (189, p.107) and oftimes of

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

(b) . Mild Hydrogenation Catalysts

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 repidly. These
catalysts will easily reduce an sldehyde 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, 2Zn0, CrO and MnO (1882)
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.

(¢). 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 milc hydrogenating type but contain some more
alkaline materials such as sodium, calcium or barium
carbonates or aluminum and magnesium oxides (181). Other
types of catalysts are capable of splitting out water from
& 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 technigue
(specifically in these laboratories) two catalysts are
generally employed - one from the "violent" category, RaNi;
the other from the "mild" division, CuCrO. This section will
be devoted essentially to the behaviour of various type

compounds over these two catalysts.

1. Hydrogenation (Reduction)

(e). 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
gsome other group such as carbonyl or carbethoxyl is to be
hydrogenated. It is often advantageous to combine the two

hydrogenations and use CuCr0 to bring about both effects.
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Examples:

Press. Temp. Time

Substance Atm. oC. Min. Catalyst Product
Styrene 3 20 75 Ni(X) Ethylbenzene (190)
Styrene 34 20 25 Ni(K) Ethylbenzene (190)
Styrene 34 125 7 CuCr0 Ethylbenzene (190)
Cinnamyl 3-Phenyl-

Ethyl Ester 200 250 180 CuCr0 propanol-l  (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=0) Linkage

The carbonyl group in aldehydes and ketones is
readily hydrogenated. This group cen be reduced either
partially, to give an alcohol, or entirely to give a hydro-
carbon. The partial reduction is obviously characterized as
a™mild"™ hydrogenation and CuCrO is the appropriate catalyst.
Acetone may be converted to isopropyl alcohol over RaNi at

room temperature and 2-3 atmospheres pressure, but much
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more rapid reaction is obtained at higher temperatures and
pressures. Apparently the great majority of aldehydes and
ketones may be hydrogenated to the corresponding carbinols
over either catalyst at temperatures not greater than 150°C
and pressures not greater than 100 atmospheres, the yields
of alcohols being practically quantitative. Keto- and
aldo-alcohols and esters are hydrogenated almost as readily
and they give yields of the same order as those from
unsubstituted ketones and aldehydes. If & phenyl or pyrryl
group is adjacent to the carbonyl group then the hydroxyl
group first formed may undergo & 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 Atnm. °C. Min. Catalyst Product
Acetophenone 100 110 10 RaNi 91%‘¢*?¥§§?arb1nol
Acetophenone 100 150 30 CuCro 95% ﬁ-%ﬁgg?rbinol
Heptaldehyde - 150 240 RaNi 92% heptanol-l (192)
Glucose - 160 240 CuCro 97% sorbitol (184)
Benzalacetone - 175 12 CuCro0 97% 4¢?~butanol—2

157)
Acetoacetic 97% ethyl~ =QH=
ester 100 150 180 CuCro butyrete (183)

*
g = Phenyl.
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(cl. 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. CuCroQ 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 viecinity of 126°C 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 eyelohexyl ethers.

Examples:
Temp. Time
Substance oC Hrs. Catalyst Product

Benzene 150 1.0 RaNi 100% Cyclohexane (190)

Toluene 175 0.12 RaNi 100% Me-cyclohexane (190)

Benzene 125 0.26 Ni(K) 100% Cyclohexane (190)

Di-f-methane 150 7.0 Ni(K) 100% Dicyclohexyl-
methane (193)

Phenol 150 3.0 Ni(K) Cyclohexanol (194)

Anisol 200 4.4  RaNi so%‘<::>-oc33 (195)

Aniline 200 9.0 Ni(K) 80% cyclohexylamine (194)

Ethyl selicyl- 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 furancid 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 hydro-
genated in yields of 80-97% to the corresponding tetrahydro

compounds (197). (For reactions over CuCr0 see page 110)

£. 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 CuCroO.

Some exanmples are:

Pentaphenylethane—gigi—s Tricylohexylmethene + Dicyclohexyl-
1260C methene (193)

r0
Pentaphenylethane-ggg—> Triphenylmethane -+ Diphenylmethane

ooC (193)
(-8 "
NiBi
~feCe@-0H _ =01 guoH+ g-CH (198)
HO-f~C-f~0H i g-cH+ #

Hy CHg
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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 eyclohexyl group in facilitating C-C cleavage.

It is interesting to note, however, the effect of loading
a carbon atom with alkyl groups in regard: 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 250°C;
RCHzOH -{— 2H2———>RH + CH4 + Hgo
Thus:
CHg-Cﬂz-CHBOH .EE§§ 80% CHg-CHS (199)
2500(C
1l hr.

Secondary alcohols undergo hydrogenolysis
preferentially at the C~0 bond rather than the C-C bond (199).
No example of this reaction being catalyzed by

CuCr0 could be found in the literature.

(3). C-C Cleavage in Glycols

The hydrogenolysis of C-C linkages in alcohols,

referred to above, takes place slowly even over RaNi at 2500(C;
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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 very important factor and occurs

readily even over CuCr0 (200-250°¢C).

H H H

] CuCroQ !
(Cﬂz)z-?-CHg-?-CHS 56633 86% CHB-?-Cﬂz (200)

OH OH 66 m. OH

A sufficient accumulation of hydroxyl groups,
even without alkyl substitution, msaskes hydrogenolysis of

C-C linkages possible.

50% CH,~CH-CH,OH
Sorbitol cuorQ OH
£50°C 12% HgO (201)

2 hrs. ,
5% EtOH+ MeOH

(4). C-C Cleavage in Diketones

These compounds behave similarly to 1,3 glycols
in being labile toward hydrogenolysis (202).

(b) . Hydrogenolysis of the C-0 Bond

(1). C=0 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, If there
is an ethylenlic bond or carbonyl group in the B position
with respect to the C-0 linkage, the latter 1s readily
broken. This tendency is even found in the £ position
and to a lesser extent in the § .
Rxamples:
RaNi

—

#-CHpOH 1250 88% @-CHz (184)
10 min,

CuCroO
——r—n.

260°C
5 hr.

@=-CHo=CHoOH 95%  P-CHo=CHz (184)

CuCroO
g=-Co=g@ 1!175;3 7%  §=CHg-@ (183)

@-CO=-CHg-CHg=CO2Et — 947  ¢-(CHp)z-CHoOH  (183)

cuCr0
OH  Spgeg  20% @-QH (203)
6 hr.

OH . 95% OH (203)
OH

HO- -0H T 5% -0H  (203)



CHz

HO CH3

CHgz

HO

HO CH3
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Ni
200°C

N1

200°C

Ni
200°C

CHz
80%™ HO CHz  (203)
CHs
80%+ HO
CHz (203)
CH3
70%+ Hz  (203)

(2) C=0 Cleavage in Ethers

Over RaNl the benzyl ethers undergo hydrogenolysis

at lower temperatures than do others (effect of C=C-C-.:0)

and benzyl-aryl ethers cleave at lower temperatures than do

benzyl-alkyl ethers,

Di-aryl ethers are somewhat more stable

to hydrogenolysils than benzylealkyl ethers since the former

cleave around 150«200°C,

toward hydrogenolysis than other ethers.

Aryl-alkyl ethers are more stable

Where the alkyl

group 1s large, hydrogenation occurs, otherwlse the principal

change is one of hydrogenolysils at 200°C,

Di-Alkyl ethers

are quite stable toward hydrogenolysis at 200°C; at temper-

atures sufficiently high to cleave dialkyl ethers over RalNi

a C=-C cleavage would also occour.
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The situation 1s 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 CuCr0O on ether cleavage has been done on furane and

benzofurane compounds.

Examples:

“ lLCH:CH-CHO

CuCroO
—
200°C

“ lLCH=CH-CHO

(Coumarin)

160°C 3%

Q\ -
S :
+ CHo «CHo«=CHe OH
ZHQ 2 2 2
g

(197)

4% n-heptanol

-+
22% I S LCHg-CHz—CHgOH
(197)

+

29% CHg=(CHp)p=CHOH=(CHp )o=CHoOH
+
20% HO-CH, = (CH,; ) 5 =CH, OH

O/QHOH Ho

(221)
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CH2-CH2-CH20H
Coumarin 92922 907
250°C ’ (221)
.7 hr, OH
CHQ-CH2-CH20H
50%
NOH
Counarin i (221)
250°C CH2-CH2-CH20H
6 hrs 'Y
11%

It 1s important to note, however, that tetrahydro-

furane, prepared by RaNl hydrogenation of furane, 1is
extremely resilstant to hydrogenolysis over CuCr0. Thus
again, the influence of a conjugated system in labilizing
a C=0 bond to hydrogenolysis is apparent.

3. Hydrogenation Accompanied by Hydrogenolysis

The most important reaction of this type ls that
of the preparation of alcohols and glyecols from esters,

a process which is becoming very valuable in the labor-

atory for the synthesls of alcohols from acilds (200, 204),
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As might be expected the ylelds decrease as the ideal
situations for C-~0 hydrogenolysis are approached (e.ge
proximity of phenyl, carbonyl, furyl or hydroxyl groups
(204)., However, even though hydrogenolysis of the
resulting C-0H group does occur, the yields, with only
a few exceptlions, are large enough to make the trans-

formation of preparational value.

4, Selective Hydrogenation

Although very few examples are mentioned in
this theslis, an immense quantity of data 1s to be found
in the literature on the conditlions for reaction of
hydrogen with various funoctional groups; in other words,
the problem of catalyzing the reaction of hydrogen 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 knowledge 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 1line,

By selective hydrogenation 1s meant the hydrogen-
ation of one functional group in the presence of another
which remains unreduced. Selective hydrogenation, at least

at present, depends primarily upon the selection of a catalyst,
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temperature and duration of reaction, and, secondarily,
upon the medium of reactlon. For example, CuCrl is
relatively inactive toward the benzenoid nucleus, hence
pyridinoild rings, aldehydes, ketones, and esters contain-
ing an aryl group may be hydrogenated to the corresponding
alcohols or amines containing the unchanged benzene rings..
RaNl 1s inactive toward carbalkoxy groups, so that com-
pounds of these types containing aryl groups may be con-
verted to the corresponding ocyclohexyl derivatives.

A very good example of careful selection of
catalyst to induce selective hydrogenation is shown by
the remarkable hydrogenation of an unsaturated ester to
the unsaturated alcohol., It will be recalled that the
C=C bond 1s hydrogenated under as mild conditions as any
other group, even at room temperature and atmospheric
pressure over RaNli or Pt-Pd catalysts. In contrast to
this, the ester group requires a temperature of over 200°C
and hydrogen pressures greater than 100 atmospheres for
its conversion to a carbinol group over CuCrO, the most
active oatalyst for 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
gloohol is obtained, Yet, this seemingly hopeless task
is readily accomplished in 35% yields over ZnCr0 at 300°C (185).

Selective hydrogenation ls most commonly attained,

however, through careful control of temperature and reaction
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tilme. This is possible because of a peculiar (and
fortuitous) feature of hydrogenatilon reactiors, namely,

the pronounced tendency for hydrogenation to proceed
stepwise; that 1s, for one functional group to be com=-
pletely hydrogenated before action with another commences.
Generally the most reactive group will hydrogenate at a
somewhat lower temperature, and the reaction is controlled
by cautpuslyrailsing same until the reaction just begins,
then maintaining this, or a lower temperature until the
reaction 1is complete, If the two groups react at about
the same temperature the technique is to slowly raise the
temperature untll the reaction just begins and then rapidly
co0l the bomb by lmmersion in cold water. An example of
this method is the preparation of p-phenylethyl alcohol
from phenylethyl acetate:

. CuCroO
«CHa=COoEt + H =CHo=-CHoOH + EtOH
#-CHz=CO2 2 5roeg P-CHe-CHy
SuCT?  g-cHy-cH 0
#-CHy=CH0H + HZ‘EEEEE 2=CHz + Hy

The optimum yield(about 60%) is obtained only by inter-
rupting the hydrogenation before all of the ester has
undergone the first reaction. (203)

An excellent example of the relative hydrogen-

ations of various groups in one molecule was found in
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the hydrogenation of a-ethoxypropriovanillonse (XX) over
CuCr0 by Cooke, McCarthy and Hibbert (174)., Fifteen
grams of a-ethoxypropriovanillone were treated with
hydrogen at 220 atmospheres pressure over CuCr0O (8.0 g)
at 250°C. The products of this reactlon were water,
ethanol, methanol and 4-«N-propylcyclohexanol. The step-
wise curve, Flgure II,obtained by plotting the hydrogen
in broad outline

concentrat ion versus time dlstinctly indlcatss/that the
following reactions occurred. Filrst, the carbonyl group
adjoining the benzene ring was completely reduced to the

approximately
methylene group with the absorption of/2 moles of hydrogen,
secondly, the ethoxyl group was cleaved with the absorption
of "one mole'of hydrogen; and thirdly, the benzene ring was
saturated and the methoxyl group cleaved with the absorpt-

of about
jon<c/four 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
predliction as to the relative rates of hydrogenation
of the two compounds In a mixture, or of the two groupns
when both are in the same molecule. For example, dea=
pinene 1s much more rapidly hydrogenated than is cinnamic
acld, yet in a mixture of the two, cinnamic acid ls com-
pletely hydrogenated before the former takes up any
hydrogen (205). A reducible substance not undergoing
hydrogenation may greatly accelerate the hydrogenation
of another compound. Thus, pure pinene, which 1is much
more rapidly hydrogenated than pure allyl alcohol was
found to increase the rate of hydrogenation of allyl
alcohol almost sevenfold, without itself belng hydro-

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

The first successful hydrogenation of an isolated
lignin to produce identifiable products was reported by
Harris, D'Ianni and Adkins (73) in 1938, Although lignin
had been treated with hydrogen under various conditions
prior to this time, no compounds were lisolated and ident-
ified. Consequently, these earlier investigations will
not be described In detail In this thesls. The following
workers have attempted to gain knowledge of the structure
of 1lignin by means of its hydrogenation. Fischer and
Sohrader, (206); Fierz-David, (207); Fierz-David and Hannig
(69); Bowen and Nash (70); von Wacek, (208); Lindblad, (209);
Ipatieff and Petrov, (210); Trefliev and Filaterov, (211);
Moldavsky and Vainstein, (212); Freudenberg, (213); and
Hibbert and Moore (214).

Harris, D'Iammi and Adkins (73) hydrogenated
methanol lignin (maple) over CuCrO at 255°C at a hydrogen
pressure of 5,000 psi. The hydrogenation products isolated
and identified were methanol (28%),; 4-nepropylecyclohexanol,
XVII, (1145%); 4-n=propyleyclohexanediol-1l,2, XVIII, (3.8%);
3=(4-hydroxycyelohexyl) propanolel, XIX (25%); and a high-~
boiling resinous residue (32%).

This process has been extended to other lignins by
Harris and Adkins (215). The results obtained by these in-
vestigators are shown in Table XII.



TABLE XII

THE HYDROGENATION OF VARIOUS LIGNINS

OVER COPPER=-CHROMIUM OXIDE

(215)
Proportion of Methoxyl

Produects Isolated

Total Lignin Content of Total

Lignin in Wood Liinin MeOH XVII XVIII IX Reslidue Return
A A A - %(a)
Methanol (Aspen) 60 27.0 26,5 11.0 3.2 24.0 22.0 867
Klason (Spruoe) 30 20,6 19,0 6.0 2.0 15.0 48.0 90,0
Alkali (Aspen) 60 11.6 1045 4,0 l.4 9.0 6640 90,9
Methanol (Spruce) 25 23.0 150 7.0 2.0 12,0 52,0 8840
Alkali (Black Gum) 60 1l.8 11.0 5.0 1.0 14.0 60.0 9l.1

(The following results were reported by Harris, D'Ianni,

Methanol (Aspen) 90

28 .O

11.5 3.8

%(a) = Percentage of origlnal welight of lignin

and Adkins (73))

25,0 32,0 10043

- 61T =
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At a later date Harris (216) reported the hydrao-

genation of these same lignin preparations under the same

condltions to glve the products shown in Table XIII.

TABLE XIIX

THE HYDROGENATION OF VARIOUS LIGNINS

OVER COPPER=-CHROMIUM OXIDE
(216)

Products Isolated

n=Propyleyclo- High-
hexane and its Boiling Total

Lignin Water MeOH Derivatives Resin Return
% % % Z %(a)
Methanol (Aspen) 11.0 26,5 38,2 22,0 97.7
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) 1l0.3 15.0 21.0 52.0 9843
Alkali (Black Gum)1l0.5 11.0 20,0 60.0 101.5

4(a) = Percentage of original welght of lignin

It is interesting to observe the changes 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 hydrogenation
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product was not submitted for publication until after
the criticism made by McCarthy and Cooke (220).
Apparently the ylelds reported by Harris and
Adkins (215) for 3-(4-hydroxycyclohexyl) propanol=l are
open to question, This is particularly true with regard
to ylelds reported in the case of soda lignin (aspen and
black gum); namely 9 and 14%, respectively. Adkins has
found recently (72) that soda lignins from hardwoods

vield 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 1s obtained in only very small ylelds from
the hydrogenation products of ethanol lignin.

The resins obtainsd in the hydrogenation of
lignin have been studled by Harrls, D'Ianni and Adkins (73) .
These investigators found that the resinous residue ob-
tained in the hydrogenation of methanol lignin (aspen)
contained 73% carbon and 10.8% hydrogen. This residue
was dehydrated with alumina and the unsaturated hydro-
carbons thus obtained were rehydrogenated over Raney
nickel to yleld saturated hydrocarbons containing 86.6%
carbon and 12,5% hydrogen. From the physical properties
of 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 in part, of unlts
containing more than fifteen carbon atoms.

A more detalled investigation of the resins was
made by Adkins, Frank and Bloom (72). The high-boiling
residue obtained in the hydrogenation of alkali lignin:
(hardwoods), which contained 79.9% carbon and 11,4%
hydrogen, was dehydrated with oxalic acld and then re-
hydrogenated., The hydrocarbons thus obtained were
carefully fractlonated and analyzed. The results in-
dicated that: (a) The soda lignin was converted to
alcohols and glycols related to polycyclic 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. (¢) The products from methanol lignin
contained one oxygen atom per six carbon atoms, while
the products from soda lignin had one oxygen per average
of 13.5 carbon atoms,

Harris, Saeman and Sherrard (74) have hydrogenated
methanol lignin, alkali lignin, sulfuric acld (Klason)
lignin and cellosolve lignin in an aqueous medium in the



- 123 =

presence of Raney nickel. The reaction products were
stated to include methanol, propylecyclohexane, hydroxy
derivatives of propylcyclohexane and resins, No yields

or properties of thsese products werse reported.
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E. Revlew on the Hydrogenation of Wood

The only investlgators to report the isolation
and identification of propyleyclohexanol derivatives
from wood hydrogenation mixtures are Godard, HcCarthy
and Hibbsrt (217). These workers treated maple wood
meal with hydrogen at 400 atmospheres pressure in pres-
ence of CuCr0 at 280°C for 19 hours, and isolated 4-n-
propyleyclohexanol (19.5%) and 3-(4=-hydroxycyclohexyl)
propanol-1l (5.8%) (The ylelds are based upon the Klason
lignin content of the wood).

Harris (216) recently claimed to have isolated
a high yleld of protolignin hydrogenation products by
hydrogenat ion of wood (maple, aspen and spruce) over
Raney nickel catalyst 1n an aqueous alkaline medium.
Thirty grams of aspen wood suspended in 300 cc. of 1%
aqueous sodium hydroxide were treated with hydrogen
(300 atmospheres pressure) at 1759C for four hours,

The yields of products (percentage of original woods)
were: pulp, 40%; methanol, 5.,1%; propanol, 16%; propyl-
cyclohexane derivatives, 20%; resin, 14%; unidentified
residue, 2%; total recovery, 97%. Since aspen wood con-
tains 20-22% lignin (218), it would appear that the

quant ity of propyleyclohexane derivatives lsolated by
Harris account for about 100% of the Klason lignin content
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of the wood., Since, according to the results obtained
by Zartman and Adkins (201), carbohydrate materials
yield conslderable quantities of water upon hydrogenation,
it is difficult to concéive of a 97% recovery of hydro-
genation products which do not include water, Brewer,
McCarthy and Hibbert (176) have been unable to duplicate
the work of Harris (219).

An excellent general review of the early lit-

erature on the hydrogenation of cellulose and wood was

given in 1935 by Boomer and Edwards (219).
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V. OBJECTIVES OF THE INVESTIGATION

From the survey concerning the present status
of the structure of lignin which has been presented above,
it is apparent that:

l. Of the various lignin lsolation procedures,
the Hibbert ethanolysils extractlion 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 lsolation of the first C5C3 units which contained
substituent groups on the propyl side-chain.

2. The various lignin degradatilon reactions
such as high-pressure hydrogenation over CuCro, controlled
oxidation with alkallne-permanganate, and mild oxldation
with nitrobenzene have each vielded valuable information
concerning the basic structure (guaiacylpropane and
syringylpropane units) of lignin.

3. Since the structures of the simplest products
of ethanolysis have been definitely proven (a-ethoxypropio-
vanillone, vanilloylmethyl ketone, and their syringyl
homologues); and in addition, since the presence of a
large amount of phenylpropane derivatives in lignin has
been established by hydrogenation studles, it was decided
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 ethanolic hydrogen chloride (2%).
By means of such a study 1t was hoped to obtain in-
formation concerning:

(a) The quantity of aromatlic material in the isolated
amorphous lignin fractions,

(b) The manner in which the CgCz ethanolysis "lignin
units® are combined in the polymeric amorphous proto-
lignin and extracted lignin fractions.

(6) The chemical relationships existing between the
various fractions with regards to their structure.

(d) The bearing of these various factors on the struct-

ure of "protolignin™ and "extracted lignins”,
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VI. DISCUSSION OF EXPERIMENTAL RESULTS

A. Alcoholysis of Hardwoods

1. The Ethanolysis of Maple Wood

One kllogram of solvent pre-oxtracted maple
wood meal was treated with anhydrous ethanolic hydrogen
chloride (2%) according to the standard ethanolysis
procedure (151). The experimental conditions used and
the yields of ethanolysis fractions are shown in Flow
Sheets I, II, and III. This ethanolysls was carried
out in order to isolate alcoholysis lignin fractions
for hydrogenation studies. The yilelds of the products
obtained by means of this experiment were in agreement

with those reported previously in the literature (151).



FLOW SHEET I

ETHANOLYSIS OF MAPLE WOOD wEAL

1000 g. Pre-extracted lnaole Wood Meal (21.4% Klason Lignin)
| g 1iters 2% anhyd. EtOH-HOL;

48 nhrs.; reflux temp.; CO»

atmosphere (throughout all oper=tions)

I
6 g. FRACTION A Acid-Ethancl Liguor
Reeidual wood mesl :
contsining 12.0% Neut., NaHCO3
Klason Lignin) ' —
Sodium Bicarbonate Sodium Neutr-l Ethanol Liguor
Chloride Precipitnte
(Discarded) Conc. (50°)
Ppt. into 10 liters |
HoO ‘
[
| N
. ' . | O
Moist Ethanol Lignin Agueous Liquor |
C¢Hg Extn. Concn. (12 mm.)
| B
20 g. FRACTION B Benzene Solution . l |
(EthPnol lignin) 10-15 . FRACTION D Agueous Concentrote
Conc. (12 mm.) ("Red-t=rs" of EtOB-
HoO soluble lignin) Cont. C:Hg
38 g, FRACTION C Extn, (L€ nre.)
("oenzene-shakings" | , n
" or bengzene-soluble Benzene Solution Agueous Soln,
lignin) (Diecarded)

Concn, (12 mm.)

75.5 g. FRACTION E
("Water~Soluoie
Oils" See Flow
Sheet II and TII)




FLOW_SHEET II
FRACTIONATION OF ETHANOLYSIS "WATER-SOLUBLE OILS" (FRACTIOY E)

gcheme # 1

75 _g. Fraction E

Extn. with 20% NaHSO

5

I
Sodium Bisulfite golution

Decompn. with acid
Back-extn. with 06H5

I
Benzene golution A ueou;1solution
(Discarded)

concn,

ontents: Syr galaenyae,

Benze

ne éolution

Extn., with 8% NaHCO3

sod ium Bioarbonate Benéene
Solution Solution
(Contents: minor
quantities of un~ Extn,
identified organic with
acids) 5% Wa0H

|
Sodium Hydroxide goluticn Benzene Solution

gyringoyl methyl ketone,
vanillin (?), vanilloyl
methyl ketone (?).

]
Benzene Sclution

conen,

acid

06H6

32:7 g. Alkali-goluble pilse

Distillation

Agueous
oiution

!Discaraed

I ]
20.0 g. NON-DISTILLABLE PHiNCLS 9.0 g. DISTILLABLE PHENOLS
cal with rraction F,; !con%ents;d-eonxyprOpio-

see Flow Sheet III)

eyringone and -vanillone)

Deoompn, with

Back~extn. with

conecn,

7.2 g. "NEUTRAL"

)

Fraction
(contents: wunder
investigation)

- 041 -



FLOW SHEET III

FRACTIONATION OF "UATER-SOLUBLE OILS" (FRACTION E)

Scheme No.?2

/5 g. Fraction E

Pptn. of acetone soln,
into 30-50° pet. ether

Petrol Solution
Concn.
33 o, FRACTION F Lo o FRACTION G
(Water-Soluble Lignin"; (Distillmble Oils.
iQenFiCQI with "Non- Oonpains: Syringe~ldehyde,
distilleble Phenolat Syringoyl methyl ketone,
See Flow Sheet II) a-ethoxypropiosyringone,

a-ethoxypropiovanillone,
v=anillin (?), venilloyl
methyl ketone (7))

- 1¢1 -
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2. The Liethanolysis of Hardwoods

(a) 1Introduction:

Investigations on the methanolysis of wood have

been made by Friledrich (spruce) (125), Hibbert and co-
workers (spruce) (1ll2, 121k, 153, 154, 223, 234), and
Harris and co-workers (black gum and aspen) (73, 78).
Friedrich failed to report either lignin analyses of

his starting material and wood residues or the actual
yield of 1lignin 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
methanolic hydrochloric acld is 1lsolable as an amorphous,
water-insoluble producte. By refluxing solvent pre-extracted
aspen sawdust (450 g.), containing 22% lignin (99 g. lignin
in the wood), for three days with 4.5 liters of methanol
containing 3% (by weight) hydrogen chloride, he was able

to dissolve 65 g. of lignin (65% of the total lignin)

from the wood., This was isolated by concentrating the
methanol solution (no data on the pH of this was given)

and pouring the concentrate into 10 liters of cold water.
By repeated treatments of the residual aspen wood meal
with methanolic hydrogen chloride the yleld of water-
insoluble 1lignin could be increased to 90 g. (91% of the

total Klason lignin). Although Harris has claimed that 90%
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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 81l) (150).
In addltion to thls discrepancy in the quantities of
lignin removable, there 1ls the very important observation
of many other investigators that all of the lignin

removed from the wood 1s 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 Hibbert aloeoholysls process, to give the same al-

coholysis type of lignin fractlons (amorphous, water-

insoluble lignin; water-insoluble, non-distillable tars
and oils) as obtained by the ethanolyslis of wood. An

early attempt to substitute methanol for ethanol, how-
ever, was unsuccessful (223).

Finally, Harris, D'Ianni and Adkins (73) have
shown that the highest ylelds of propylcyclohexanse
derivatives obtained by the hydrogenation of lignin

are those obtained from methanol lignin (aspen).

In order to check the observations that (1) acid
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methanolysis of wood yilelds no appreciasble quantities
of water=socluble materials; (2) practically all of the
lignin (90%) can be removed from hardwoods by repeated
treatment with methanolic hydrogen chloride (3%); and
(3) methanol lignins are converted to propylchelohexanol
derivatives 1In a very high yield by means of hydrogenat-
lon, a short study was made of the methanolysis of

maple and aspen woods.

(b) Experimental results

(1) Methanolysis of Maple VWood

Usings the conditions employed by Harris for the
methanolysls of aspen wood (73) the following results
were obtained when applled to both maple and aspen woods

(TABLE XIV):
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TABLE XIV

Methanolysls of liaple and Aspen Woods

Water
Lignin in Insoluble Water Total
Methanolysils iiethanol- Tars Soluble Lignin
ood Wood Residue  Lignin (b) 0ils Re turn
%(a) %(a) %(a) %(a) %(a)
Maple 27.8 42 8 8.2 26 ol 10409
(20.,8% lignin)
Aspen 29 .4 47.9 19.1 11.9 106.3

%(a)
(b)

Percentage of lignin in untreated wood.
Tars precipltated on concentration of
aqueous precipltating lliquors.

(2) Methanolysis of the Methanolysis Wood Residue

The maple methanolysis wood resldue was re-treated
twice with methanolic hydrogen chloride (3%) with results

as detalled below.
15t Preatment (A): 373 g, of maple wood (l.1%

moisture; 20.8% lignin; 77.0 g. lignin) ylelded 202 g. of

a methanolysis wood resldue contalning 0.8% moisture and

10.6% lignin (2le4 ge 1lignin); loss in lignin 56.6 g. or 72.3%.
ond preagtment (B):‘ 50 grams of the air-dried

methanolysis wood residue (4.5% moisture and 10.6% lignin;

5112 ge. lignin) from (A) ylelded 45,0 g of a methanolysis

residue containing 0,74 moisture and 9.15% lignin (4.12 g.

lignin)e.
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3°4 Dpreatment (C): 40 grams of the methanolysis

wood resldue (3.66 g. lignin (B) ylelded 37.7 g. of a
.methanolysis wood residue containing 0.8% moisture and
9.12% lignin (3.45 g lignin).

These results are summarized in (TABLE XV).

TABLE XV

Effect of Repeated Methanolyses on the Lignin Content

of Maple Wood

Lignin Content Quantity of
Residue of Wood Residue Lignin Removed
Treatment %(a.) % Z(b)
First 2l.2 10.6 72 o2
Second 91l.1 9.16 546
Third 94 .6 9,13 s 13

%(a) = Percent of wood or wood residue treated.

%(b) = Percent of lignin in original untreated wood.

(¢) Conclusions

From the data given in TABLE XIV and XV it is
apparent that when hardwoods are treated with methanolic
hydrogen chloride (3%), according to the conditions em-
ployved by the writer:

(1) A portion of the lignin is isolated in a
water-soluble form (TABLE XIV).

(2) A large portion of the lignin is very slightly
soluble in water (tars which precipltated upon concentration

of the aqueous extraction liquors).(TABLE XIV).
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(3) The quantity of lignhin which can be removed
from maple wood on repeated treatment with methancliec
hydrogen chloride rapidly reaches a limit. Apparently
this 1limit is approximately 78=80%. (TABLE XV).

Since~methanol reacts in the same manner as do
ethanol, propanol, and butanol in the Hibbert alcoholysis
procedure, it is apparent that this reaction is a goneral
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 conslderable evidence indicating that the simpler
ethanolysis derivatives are degradation products. West,
Hawkins and Hibbert, for example, have shown (Table IX, p.86)
that the water-Ilnsoluble ethanolysis fractions can be
partially converted to distillable lignin derlvatives
by re-treatment with 2% ethanoliec hydrogen chloride. The
theory for the mechanlism of the Hibbert alcoholysis re-
action will be descrlbed in deteil In the following section.
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B. HYDROGENATION STUDY OF ZTHANOLYSIS LIGNIN
FRACTIONS FROM MAPLE WOOD

l, Hydrogenation of Monomolecular Lignin Units

(a) 8tudy of A -Ethoxypropiovanillone,

(1) Introduction

As mentioned previously (see p. 35), Hibbert and co-
workers have isolated a-ethoxypropiovanillone (XX), vanilloyl-
sethyl ketone (XX1) and their syringoyl homologues (XXII) and
(XXI1l) from the water-soluble ethanolysis producte of maple
wood while Adkins and co-workere (see p. 32) isolated 4-n-
propyl cyclohexanol (XVII), 4-n-propylcyclohexanediol-l, 2
and 3<4hihydroxycyclohexyl)propanol«l (XIX) from the hydrogena-
tion products of methanol (aspen) lignin, The striking relae
tionship which would appear to exist between these two series
of compounds suggested that at least two of the hydrogenation
products (XVII and XVIII) would probably be formed by hydrogena-
tion of the above Hibbert ethanolysis products (XX, XXI, XXII
and XXIII).

On the basis of observations made by Adking concerning
the hydrogenation of orgenic compounds over copper-chromium
oxide catalyst (esee pp. 101-112), vanilloyl methyl ketone should
undergo the following successive reactions I and II when treated
with hydrogen at 300 atmospheres pressure and 250® C in the

presence of copper-chromium oxide,
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MeO

(1) 1%10C>cc-co-cn:13 “0.° HOOOH2-CH2-GH3 + 2H 0
XxI (see p. 108)
MeO
CuCro -CH., -
(Iza)noo-oneecnawcri} 5500 O CH2 CHy=CHy + MeOH
(see pp. 109 and 110)

MeO

(I10)HO H,~CH,~C Culro yg -CH,_ -
) > 33 5505 H,-CH, 033 + CH

(see pp. 109 and 110)

In the case of d~ethoxypropiovanillone, however,
there are no good examples in the literature on which to bege
theoretical speculations concerning the successive stepe of
its hydrogenation under the above conditions, The following

reactions are possibleg

MeO
CuCro
III HO «CH-C HO ‘CH, CH~CH
e O""l 3 250% Hgl ’

OEt OEt
294
: CuCr
(I111.0) 6.4 2—5678 H052 IH CHy
H

(I110) X CuCTo uoa OH_«CH -
& 250°C 2“0,

XVII
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(2) Experimental Investigation snd Results

Fifteen grams of A -ethoxypropiovanillone was hydros
genated over CuCr0 at 250¢® at a hydrogen pressure of 5000 psi,
The hydrogen absorption curve is shown in Figure II (pp. 115
and 116) and the hydrogenation resulte in Table IV,

TABLE IV

Hydrogenation Products from A «Ethoxypropiovanillone

Yield
Product Yield Yield (% of
s 4 (a) theoretical) (b)
Methanol 1.15 (¢) 7.66 55
Ethanol 2.50 (c) 17.20 86
Water 1.57 (c) 10.40 130
4-n-Propyle- 7.00 (a) 46.59 78
cyclohexanol
Reeidue 0,60 4,06
(a) - Calculated on weight of original o -ethoxy-

propiovanillone,
(b) - Besed upon reaction (III) above.
(e)
(a)

Determined by quantitative analyses,

Identified by physical properties and
derivatives (phenyl- and o -naphthyl
urethanes)

The following observations can be made on these resultsy

(1) ¥o oyclohexane derivatives containing either sthoxyl



- 141 -

or isopropanol groups were present in the reaction products,
s0o that reactions (IIla) and (IIIb} could.have beer no.more
than intermediate réactions.
(2) No cyclohexanediol-l,2 derivative was present,
(3) The yield of water was high and the yielde of
methanol, ethanol and 4-n-propylcyclohexanol were low in the
light of reaction (IIIc) as representing the principal hydro-

genation mechanism,

(3) Conclusions and Deductions
(A) An ethoxyl group in the B position with respect to an
aromatic ring undergoes hydrogenolysis readily; so that all
subetituted groups on the propyl side-chain of the simple
units thus far isolated from the ethanolysis should undergo
readily conversion to Men-propyloyclohexanol upon hydrogenation.,
(/3) It would appear that ths guaiacyl nucleus i& not the pre-
cursor of the hexane-1l,2-diol foun® among the hydrogenation
product from lignin, since only the mornohydroxy cyclohexane
derivative was obtained from the hydrogenation of cA-ethoxypro-
piovanillone, Also, while on the other hand, only 55% of the
theoretical quantity of methanql was isolated, on the other,
water amounting to 130% was obtained, This result finds &
satisfactory explanation in the atJsamption of & partial occur-
rence of reaction (;;p) to give k-n-propylcyclohexanediol-1,a
and methane, followed by the hydrogenolysis of the hydroxy groups
(see p. 106) thus formed to yield 4-n-propyloyclohexanol and water:

HO :

<or CuCr -
HO ° CH,=CH,, 0332578 HO ° OH,-CH, OHB + H,0
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(¥ ) 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, 108), Theapparent ease with which the
sthoxyl group is cleaved is probably due to the proximity of
the aromatic ring., It was emphasized during the discussion

of typical hydrogenolysies reactions that the phenyl group, as
well as the hydroxyl, carbonyl, and carbethoxyl grcups and
unsaturated bonds labilize adjacent C-0-C linkages towards
hydrogenolysis.

(§ ) O considerable interest is the fact that the yield of

4 -n-propyleyclohexanol was only &0% of theory, This result

is not surprising when it is realized that considerable Cee+Q
hydrogenolysis had occurred during the reaction. Probably

an apprecieble amount of Ce+*+C cleavage also took place, Un-
fortunetely there is very little data in the literature con-
cerning C+-+C hydrogenolysis over CuCr0O, but that it can &and
does occur is known (71, pp. 79 to 8). Although the investi-
gations in this laboratory have been concerned chiefly with
the application of hydrogenation reactions to & comparative
study of isolated lignins and protolignine, some work has been
done on analysis of the gaseous hydrogenation products (228),
Preliminary investigations have shown the presence of at least
6-10% (calculated on the weight of lignin treated) of hydro-

carbong in the bomb gases after & lignin hydrogenation,
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(4) oObservations of Importance with Regard to Hydroe

genation of Non-distillable Ethanolysis Lignin

Fractions

If K <ethoxypropiovanillone is considered to be the
simplest lignin unit, or if the amorphous ethanolyeis products
(Floew Sheets I, II, III) are considered to be condensation poly-
mers of this, or of an isomeric unit, then the hydrogenation
products obtained from it should be representative of the first
member of the polymeric serises in which the bengzene-insoluble
ethanol lignin (Fraction B, Flow Sheet I) is the highest member,
8ince, however, Hibbert and co-workers have shown that hardwood
lignins contain the guaiacyl and syringyl nuclei in approximately
equal proportions (61, 62, 63, 97) the theoretical yield of

4-n-propylcyclohexane from the simplest unit (a2 mixture of

A -ethoxypropiovanillone and -syringone) should be 55% of the
weight of the starting material, instead of 53%, while the
yield of L4-n-propyleyclohexanol actually obtained would, the-
oretically, be changed from 50.8 to 4&.1% for a guaiacyl-

eyringyl group mixture (1:1).

2. Hydrogenation Study of Ethanol Ligning Ethanolysis

Fraction B

In order to make a preliminary comparison of the hydro-
genation products obtainable fram ethanol lignin with those ob-
tained by Harris, D 'Ianni and Adkine (73), ethanol lignin in
dioxane solution was hydrogenated over CuCrO at 250°C 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, Y-n-propylcyclohexanol, and Y-n-propyleyclo-
hexanediol~1l,?, Instead of obtaining 3-(l4t-hydroxylcyclohexyl)
propanol-l, however, a fraction which analyzed for 018H3h°3

was obtained in the same boiling range (125-127°C 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°C (the boiling point of the solvent, dioxane)
into water-soluble and water-insoluble fractiones it was possible
to separate the components of the constant boiling mixture,

The component present in the water-soluble fraction was shown

to be 3-(lU-hydroxycyclohexyl)propanol~l, The component insoluble
in water is believed to be a new compound having a refractive
index (25°C) of zbout 1.4975, a boiling point of 130-132e¢ & ¢

1 mm, pressure, and a carbon and hydrogen content of 80,2 and
12,3% respectively,

The presence of this constant boiling mixture in the
hydrogeration 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 case of the former,
3-(4-hydroxycyclohexyl)propanol-l is obtained in small yields,

(2-3%) whereae from methanol lignin (aspen) it ie found in a



_145_

25% yield, The unidentified component of the mixture (ethanol
lignin) wae also present (2-3%),

It is noteworthy that the earliest published recoge
nition of the fact that water is & major product of lignin
hydrogenation wes made by the writer (226)., The water is
isolated from the hydrogenation reaction mixture as & compo=
nent of a binary azeotrope with dioxane n§5 = 1,4705,
b.pe = &7.0 at 760 mm. pressure,

A summary of the yield of products isolated and posi-
tively identified (excepting the reein) from the ethanol lig-

nin (maple) hydrogenation is shown in Table XVWI:
TABIE XVI

Hydrogenation Products from Ethanol Lignin (Maple)

Yield Yield

Product Lo % (a)
Methanol 10,6 10,0
Ethanol e el
Water (minimum yield) &.0 7.5
}-n-propyloyclohexanol 8.5 g,0
3-(u—hydroxycyclohexyl)propan01~1 3.0 P 4
Compound of ngs = 1,4975 2.8 2.6
Residue 34,2 2.0

Total  70.9
(a) Ppercentage of yield based on original ethanol

lig'nin.

The followirg observations can be made:
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(1) Similar producte to those obtained by Harris,
D'Ianni and Adkins in the hydrogenaticn of methanol lignin
(aspen) have been obtained in the hydrogenation of ethanocl
maple lignin 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 and only a small quantity of
3= (4<hydroxycyclohexyl)propanol-1.

The ethanol is probably formed as a hydrogenation
product of the ethoxyl groups known to be present in ethanol
lignin, 8ince the presence of carbonyl groups in ethanol
lignin has not been established it would appear that water
may result from the hydrogenolyeis of ether linkages and
poesibly hydroxyl groups., The only explanation of the small
yield of 3-(lt-hydroxycyclohexyl)propanol-l ies that difference
in structure exists between ethanol lignin (maple) and methanol

lignin (aspen),
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3. Comparative Hydrogenation Study of Amorvhous,

Non-Distillable Ethanolysis Maple Lignin,

Fractions (Flow Sheets I, II, and III)

(a) pProcedure for Idsntification of Products from Small-

Scale_Hydrogenations.
In order to make the hydrogenation studies orn the

ethanolysie fractions strictly comparable it was necessary

to devise a technique for the quantitative determination of
the entire hydrogenation products obtained from relatively
small samples of ethanolysie fractions. Up to the present
time it has been necessary to hydrogenate from 100 to 500 g,

of an isolated lignin in order to obtain enough material for
enalyeis by fractional distillation, Since certain of the
ethanolyeis fractions are obtained in yields of only 6-20 g,
from 1 kilogram of wood, & lengthy and expensive program of
preparative work would have been necessary to obtein enough
material for hydrogenation studies., However it was found
poseible to develop a method of hydrogenation by which satis-
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 componente (methanol, ethanol, and
water), and a combination scheme of sclvent and distillation
fractionation for the high boiling components (l4-n-propylecyclo-
hexenol, 4-n-propylcyclohexanediol-1,2, 3-(4-hydroxycyclohexyl)



- 148 -

propanol-1l, and an unidentified compound with a refractive
index (25°C) of 1.4975).

The quantitative analytical methods included:

(a) Determination of water by estimation of the
acetylene formed by interaction with calcium carbide. The
acetylene was isolated as copper acetylide, and determined
volumetrically 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, 8Since the methanol
content was already known, tne ethanol content 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 concerned 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°C at 760 mm, pressure thess were first
gseparated into water-soluble and water~insoluble fractions,
The basgis for this fractionation was the previous observation
(see section B, (1), above) that U-n-propylcyclohexanediol-1,2
and 3-{4-hydroxycyclohexyl)propanol-l which are water soluble
could be separated from the water-insoluble U-n-propylcyclo-

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&ls investi-
gations it was carefully distilled through a modified Podbielniak
fractionating column; the descripticn of which is given in
Experimental Section B, 7, (b).

This entire analytical procedure, carried out on ths
hydrogenation products from 10-1% g. samples of the ethanolysis
lignin fractions, was standardized by reference to the behavior
of the producte ocbtained using 15 g. of ethanol lignin, 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 is 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 & lLarger One-Hundred and Nine Gram Sample

109 g Run 15 g, Run

Product Yield % Yield %
Methanol 10,0 13,6
Ethanol 5.1 4.9
Water 7.5 8.7
h-n-propylecyclohexanol 8.0 8.1
h-n-propylcyclohexanediol-1,2 1.9
3-(U~hydroxycyclohexyl)propanol~l 33 i 2
Compound of q§5 = 1.4975 3e3 2.1
High Boiling Resin 22,0 29,5
Total 71.1 72.3

(b) Hydrogenation Results from Ethanolysis Fractions B; C,

D and F (€thanol Lignin, Benzene Shakings, Red Tars and

Non-Distillsble Phenols) (Flow 8heet I, II and IIJI)

(1) Ezperimental Regults

The following ethanolysis lignin fractions were
hydrogenated in dioxane solution over CuCr0 at 250°C with
hydrogen at 5000 to 6000 psi, The hydrogenation data are

given in Table XVIII,



- 151 =

TABLE XVIII

Hydrogenation Data for Ethanclysis

Meple Lignin Fractions

(Flow Sheets I, II, III)

Weight Time to Moles Hp

of Complete consumed

Ethanolysis Fraction Hydrogenation per 100g,

Fraction e krs,. of fraction
B Ethanol Lignin 15,0 16,0 3.90
C Benzene Shakings 12,2 5.0 3.80
D Red Tars 15.0 h,g 3.68
F Non-Distillabls
Phenols 9.5 4,0 3.80
Ethoxypropio-

vanillone 15.0 3.5 3. 4o

The yields of methanol, ethanol and water have not
been determined, as yet, for Ethanolysis Fractions C, D and

F. The yields obtained from Fraction B were given in
Table XVII,

The hydrogenation products boiling above 101°C 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,

w 156 -

V and VI) and non-distillable (resins) portions-of the

water-insolubls hydrogenation produbts, as well as the

yields of water-soluble glycols, from-the varloiug ethanoly-

gis fractione are given in Table XIX.

TABLE XIX

Comparieon of Yields of Hydrogenaticn Producte
from Ethanolysle Lignin Fractions

Yield
Dietil- Yield Total
Yield lable Water Yield
Water = Water - Insoluble Water«
Soluble Insoluble Regin Inscl, (a )
Fraction % %
B. Ethanol Lignin 5ol 16,0 29.5 45.5 }f6.55
C. Benzene Shakings 5.2 27.4 14,8 ho,2 5/&.9
D. Red Tars 6.0 32,5 14,6 47.1 }/é.u
F, Non-distillable
’ phenole 5.9 42,7 6.0 ha,7 /7.1
a~=ethoxypropiovanillone=~
TPTOP syringone 0.0 48,0 2.0 50.0 1/2.4

(a) Ratio of Distillable Water-
insoluble to Recin,
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(2) Review of Experimental Results

From the hydrogenation and fractionation data
it oan be seen that:
(A) The ease with which an ethanolysis lignin fraction
undergoes hydrogenation (and hydrogenolysis) increases
with inorease in solubility of the fracetion (Tables XIX
and XX). A distinct diftference is observable between
the rates of hydrogenation of the first two frastions,

B and C (ethanol lignin and benzene shakings).

(B ) The shapes of the four fractional distillation

curves are essentially identical, the only marked
differences in the four distillations being: (1) increase
in yields of distillaple products with increase in solu=-
bility of the ethanolysis lignin fraction; (2) conversely,
deorease in yield of non-~distillable resin with increase
in solubility of the traction; and (3) rapid increase

throughout the series in the ratio ot distillable to

non-distillable materials.

(Y ) The total yield of water-insoluble and water-soluble

hydrogenation products for the entire series remains
practically constant.

(§ ) Within the boiling point range (96°-97°C at 7 mm.)

of 4-n-propyloyolohexanol (n3° = 1.4600, 1.4675) two
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flat portions or "plateaus" are observed. The refractive
index of the lower-boiling component varies slightly
among the various lignin fractions (n%5 = 1,4605 to
1.4675) whereas that of the higher-boiling component is
constent (nZ° s 1.4675).

( € ) Examination of the four distillation curves

(Figures III, IV, V and VI) shows that a slight elevation
in refracti%e index is observable at the initial point

of a fraction "plateau". Sincee the size of this elevation
has been shown to bse dependent upon the rate of distile
lation it is reasonably certain that this phenomenon is
due to the fact that insufricient time had been allowed
for the liquid and vapor of the new fraction, to reach

true equilibriume.

(¥ ) Except for the fact that no water-soluble glycol
fraction is obtained, the results predictable from the
hydrogenation of a theoretical mixture containing

A =ethoxypropiovanillone and -syringone fit nicely into
the lignin frastion series. (The data used for this
theoretical fraction are the values (see Seotion B, 1,
abové) obtained from A ~ethoxypropiovanillone "aorrected”
for s hypothetiscal cA~ethoxypropiovanillone- X -ethoxy-

propiosyr ingone mixture.
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(3). Conclusions Congcerning the Structure

of the Ethanolysis Lignin Fractions

and the Mechanism of the Ethanolysis

Reaction

(o) Introduction

It seems advisable first to summarize all the
available data concerning the physical and chemigal
properties of the lignin fractions. The pertinent data

are given in Table XX.

TABLE XX
Yield of Reduced
Lignin Reduced OMe OEt Distillable Viscosity
Fraction Viscosity Content Content Oils upon of non-dist.
% Et0H-HC1 residue left-
treatment after Et0H~HC1
% treatment
B 600 19.0 8.8 10 "
c 469 18.0 12.3 22 541
F 589 19.9 13.0 30 538

The following information concerning the
hydrogenolysis of C-C and C-0 bonds and the structure of
the non-distillable resin fraction obtained in the hydro-~

genation of lignin is also essential to the discussion.
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(1) The hydrogenolysis of the C~C bond oceurs
%o a very limited extent over CuCrO and this is especially
true for the short hydrogenation time employed w ith
ethanolysis Fractions C, D and . On the other hand,
hydrogenolysis of C-0 bonds occuxrs readily over CuCrO
at 250°C (see pp. 106-111).

(ii) Adkins has shown conclusively that the
lignin hydrogenation resins are composed of compounds

having hydrocarbon nueclei which contain a minimum of

fifteen carbon atoms.

(iii) 4~-n-Propyleyclohexanol and %= (4~hydroxy-
gyclohexyl )propanol-1 are obtained in yields of 20 and
6%, respectively by hydrogenation of maple wood over
CuCr0 at 280°C for nineteen hours. (217).

(iv) It must be emphasized that while the
lignin struotures proposed by Freudenberg (pp.43-47),
in which the 09 units are connected jointly by C-C and
C-~0 bonds, are applicable to softwood lignins, the fact
that in hardwoods (maple) at least 50% of the aromatioc
nuclei oonsist of syringyl groups circumsoribes their

usefulness to this extente.

(/3) Conolusions Regarding the Structure of the

Amorphous Ethanolysis Products from Wood

From a comparison of the hydrogenation data

obtained by use of ethanolysis lignin fractions, as well



as from the available data of other investigators summarized
in the preceding section, it may be concluded:

(i) The observed physical (solubility and
viscosity) and chemical (ethanolysis and hydrogenation
data) differences associasted with these lignin fractions
are due to differences both in chemical structure anad

degree of polymerization. (See Tables XIX, XX).

(1i) The difference in chemical structure is
primarily one of a difference in mode of linkage between
the 0603 units comprising the lignin polymers. At least
two types of union are involved in the maple ethanol
fractions; in one there exists a C-C bond between adjacent
C _C, units while others are united by means of an oxygen

6 3
linkage.

(iii) The extent to vwhich the C~0-C type
linkages ococur in a given ethanolysis fraction is indiocsted
by the solubility of the fraction. That is, the water-
goluble, non-distillable phenols contain the C-0~C bond
almost exclusively, whereas, the water-yethanol-water,
benzene~, and ether-insoluble ethanol lignins are composed
mainly of CgCz units connected with C-C bonds. (Compare

Adkins' dats pp.l06-111 and Table XIX).

(iv) In addition, it would seem that both the
C-C and Cw0~C types of isolated ethanolysis lignins
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diftfer in structure from protolignin. The only basis
for this conclusion at the present time is that
3~(4~hydroxycyolohexy1)prOpanol is obtained from maple
wood in 6% yield, whereas for ethanol lignin the yield
is less than 3%. This appears to indicate that the
structure in the plant giving rise to Sm (4ehyd Y 0Xyaycloe
hexyl)propanol-l had either undergone condensstion ar a
rearrangement during the ethanolysis extraction process.
(Compare Table XIX and data of hydrogenation of wood by
Godard, pd24).

(¥ ) Conclusions Regarding the Mechanism

of the Ethanolysis Reaction

Certain hitherto inexplicable changes connected
with the ethanolysis of hard- and softwoods would seem
to find & satistactory explanation in the light of the
preceding discussion. Chief among these are the now
well-established reversible character of gertain of the
ethanolysis reaction products and the non-reversible
type shown by others.

Thus while the simple ethanolysis spruce
lignin units, such as & ~hydroxypropiovanillone, on
refluxing with ethanol~HCl, are converted into irrever-
sible, higher molecular weight 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 o0ils when subjected to
the same treatment. In agreement with the theoretiocal
views of Freudenberg and of Hibbert the first type
(irreversible) is exemplified in the -C-C model of con-
densation polymer such as exists in benzofurane groupings
etc., while the latter (reversible) presupposes an ether
or acetal linkage as the connecting link between the
lignin units.

That these two types have a very definite
existence in different fractions of ethanolysis lignins
is evident on the one hand from the hydrogenation data
in Table XX, and from the previously mentioned data of
Adkins' (see p.1l20) on the much greater resistance to
fission of a C-C as compared w ith a C-0-C linkage over
CuCr0, together with that author's data concerning the
structure of the resin obtained by the hydrogenation of
lignin (see p.1l22-123%).

Hagglund has shown (ppe. 71-72) that the alkoxyl
group added on during ethanolysis, can be readily removed,
at least in large measure, by the action of hot dilute
acid, a behaviour which led him to conclude that acetal
formation has ocourred.

This eonclusion finds support in the formmation

of o\ -methyl mannoside during the methanolysis of spruoce

wood, as found by Compton, Greig and Hibbert (16a) and
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in the recent discovery of the presence of a ketal
grouping in the neutral ethanolysis fraction.
Yossibly the reversible t ype of ethan olysis,
assocgiated with an acetal union, may be connected with
changes involving a primary hal f-acetal (ethylal )
formation between the carbonyl group in the lignin unit
side chain and the solvent followed by a further inter-
molecular half-acetal union between two moles of the

primary hal f-acetal to give a "mixed" acetal as shown

below :
R=CO-CHOH-CH,, —oou=HC R Cc OHOH~CHg
oEt OH
OEt

R-(-CHOH-CH; ————> R-C(OEt)(OH )-CHOH~CHy
Et

R &0
CHOH-CHg

Dilute acids would bring about removal of
ethanol and formation of a C-C linked, irreversible
polymer from the liberated "activated" lignin units.

On the other hand sny re-union of two molecules to give

an e ther type -COugH~O~CH-CO— would give a product capable
Hz CHg

of hydrogenolysis into two moles of the individual

lignin units, but incapable of being oleaved by ethanolic

hydrogen chloride.



This point of view finds confirmation in the
close relationship indicated (Table XX) in the comparable
yields, shown to exist between the amounts of monomolecular
lignin units formed on ethanolysis of the various ethanol
lignin fractions and the yields o1 distillable products
found on hydrogenation.

Recent unpublished work of Hewson, McCar thy
and Hibbert (160) in which it is shown that repeated
successive ethanolysis of a maple wood ethanol lignin
gives two products, namely water-soluble oils snd an
ethanol-insoluble lignin, also provides additional
support for the theory of reversible and non~reversible
polymer formation as well as the work of West, Hawkins
and Hibobert on the action of ethanolic HC1l (2%) on
vanilloylmethyl ketone and (\-hydroxypropiovanillons

whereby amorphous lignin-like materisls are formed({110).
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VII. EXPERIMENTAL SECTION

A. Alcoholysis Experiments

1. The Ethanolysis of Msple Wood

The ethanolysis of 1000 g. of maple wood meal was car-
ried out according to the standard procedure as described by
Pyle, Brickman, McCarthy and Hibbert (151). The products shown

in Tabley XI were obtained (See Flow Sheet I).

TABLE XXI

The Ethanolysis of Maple Wood-Lignin Balance

(1000 g. untreated wood meal contained 215 g. lignin)

Ethanolysis Yield Portion of Original
Fraction g. Lignin in Wodd
%
A - Wood Residue 68 32.0
(565 g. 12% 1lignin)
B - Ethanol Lignin &80 57.0
C - Benzene Shakings 38 17.7
D - Red Tars 6 2.3%
E - Water-Soluble Oils 76 55.5

Total 119.5

The water-soluble oils (Fraction E) were separated according to

the method outlined in Flow Sheet III. Instead of separating



FLOW SHEET I

ETHANOLYSIS OF MAPLE WOOD MEAL

1000 g. Pre-extracted Maple Wood Meal (21.4% Klason Lignin)
& liters 2% anhyd. EtOH-HCL;

4% hrs.; reflux temp.; COp

atmosphere (throughout all operations)

] |
6 . FRACTION A Acid-Ethanol Liguor

Residual wood meal
containing 12.0% Neut., NaHCO3z
Klason Lignin)
Sodium Bicarbonate, K Sodium Neutral Ethanol Liqguor
Chloride Precivitate
(Discarded) Conc. (50°)
Ppt. into 10 liters
Ho0 .
| | ;
Moist Ethanol Lignin Aqueous Lioguor ~
CgHg Extn. Conen. (12 mm.) '
[ | .
80 g. FRACTION B Benzene Solution | T
"{®hanol lignin) 10-15 g. FRACTION D Aqueous Concentrate
Conc. (12 mm.) T"Red-t~rs" of EtOB-
HoO soluble lignin) Cont. %LE6
Extn. S.
2% o, FRACTION C , xtn. (48 hre.)
("benzene-shakings" . " L
oT benzene—soluble Benzene Solution Aqugous Soln.
(Discarded)

lignin) Concn. (12 mm.)

5.5 g. FRACTION E
("Water-Soluble
O0ils™ See Flow
Sheet II 2nd III)




FLOW SHEET II

FRACTIONATION OF ETHANOLYSIS "WATER-SOLUBLE OILS" (FRACTION E)
Scheme No. 1

75 g. Fraction E
Extn. with 20% NaHSO3

Sodium Bisulf&te Solution Benzene éolution
Decompn. with acid Extn. with &% NaHCO
Back-extn. with CgHg Sodium Bacarbonate Benéene
| | Solution Solution
Benzene Solution Agueous Solution (Contents: minor
(Discarded) quantities of un- Extn.
Concn. identified organic with
acids) 5% NaOH
15.7 g. BISULFITE-SOLUSLE OILS |
(Contents: Syringaldehyde, Sodium Hydroxide Solution Benzene Solution
Syringoyl methyl ketone,
Vanillin (?), Vanilloyl Decompn. with
methyl ketone (?) acid Concn.
Benzene|Solution Back-extn. with
Cehg
Conen. 7.9 g. "NEUTRAL!
Fraction
29.7 z. Alkali-Soluble Qils Aqueous (Contents: under
| Solution investigation)
Distillation (Discarded)
I
~ NON=DISTILLASLE PHENOLS 9.0 g. DISTILﬂABLE PHENOLS
iIden%ical with Fraction F; (Contents:a-ethoxypropio-

see Flow Sheet III) syringone and -vanillone)

- 89T -



FRACTIOLATION

FLOW SHEET III

OF "WATER-SOLUBLE OILS" (¥RACTION E)

Scheme No. 2

75 g. Fraction E

Pptn. of acetone soln.
into 30-50° pet. ether

33 g, FRACTION F
(Water-Soluble Lignin";
identical with "Non-
distillable Phenolgh

See Flow Sheet II)

Petrol Solution

Concn.

Lo z. FRACTION G
(Distilleble Oils.
Conteins: Syringaldehyde,
Syringoyl methyl ketone,
a-ethoxyprovniosyringone,
a-ethoxyproosiovanillone,
vanillin (?), wvanilloyl
methyl ketone (7))

-69'[’
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the non-distillable-from the distillable phenols by distillation,
however, a solvent fractionation procedure was used (See Flow
Sheet II). By precipitating 300 cc, of a benzene solution con-
taining 29.7 g. of "alkali-solulble oils" into 6 liters of 30-50°
petroleum ether, it was possible to isolate 9.6 g. of amorphous

"water-soluble lignin" (non-distillable phenols).

2. The Methanolysis of Maple Wood

Maple wood meal (40 mesh) was first air-dried and then
extracted for U8 hours with a 1:1 mixture (by volume) of sbsolute
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 4% hours at 50°C. 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.) and dry methanol (3.&2
liters) containing anhydrous hydrogen chloride (9% 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 liters). The wood residue,
after air-drying, weighed 211.5 g. and contained 4,5% moisture

and 10.6% Klason lignin.

The combined methanol liquors were neutralized with
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solid sodium bicarbonate, the sodium bicarbonate-sodium chloride
precipitate removed by filtration, and the methanol filtrate con-
centrated at 100 mm. pressure to a volume of 500 cc. The meth-
anol concentrate was dropped in a very fine stream into vigor-
ously-stirred distilled water (9 liters) and the precipitated
methanol lignin was filtered and washed well with water. . The
methanol lignin was air-dried over night and then reprecipitated
from a methanol solution (800 cc.) into 12 liters of distilled
water. The amorphous precipitate was removed from the aqueous
liquor by filtration, washed carefully with distilled water,
and then air-dried. The air-dried methanol lignin Weigbéd 33 g,
The combined precipitation liquors and washings were con-
centrated to = small volume (1.2 liters) at 50°C 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 exhaustively extracted with
benzene, the benzene removed, leaving 19.96 g. of a viscous
oil.

A summary of the yields of methanolysis products from

maple wood is given in TABLE XXII.
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TABLE XXII

THE METHAYOLYSIS OF MAFPLE WOOD-LIGWIN BALANCE

(373 £. untreated wood meal contained 77.0 g. lignin)

Methanolysis Yield Portion of Originsl
Fraction g. Lignin in Wood
(4

Wood residue 21.4 27.8

(202 g., 10.6% lignin)
Methanol Lignin 33.0 42,8

"Red Tard' 6.3 g.2
Water-Soluble Oils 20.0 26.1

Total 104.9

3. The Methanolysis of Maple Methanolysis Wood Residue

Fifty grams of the air-dried wood residue (4.5% moisture;
10.67 1lienin) from the methanolysis of maple wood was again re-
fluxed with boiling 3% methanolic hydrogen chloride (500 cc.)
for 36 hours. The mixture was cooled, filtered and the residual
woad meal washed with hot, anhydrous methanol. After drying
in the vecuum oven for 24 hours the residue weighed us g,
(9.15% lignin).

Forty grams of this residue was subjected to an addi-

tional methanolysis reaction. The vacuum-oven-dried wood meal

residue weighed 37.7 g. and contained 9.12% 1lignin.
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h. The Methanolysis of Aspen Wood

Aspen™ wood meal (150 g.) was extracted with 30-50°
petroleum ether (24 hours), ethyl ether (2L hours), ethanol
(6 days), and 1:1 ethanol-benzene (48 hours) in the order given.
After sir-drying, the wood meal was dried in the vacuum oven
(20 mm. pressure) for 5 hours at 50°C. The wood meal, upon anal-
ysis, showed » Klason lignin content of 17.5% and a moisture
content of U%,

The aspen wood meal (150 g.) was treated in exactly
the same manner as was the maple wood (see preceding gsection).
A summary of the yields of the methanolysis products from aspen

wood is given in TABLE XXI:I.

TABLE XXIII

THE METHANOLYSIS OF ASPEN WOOD-LIGNIN BALANCE

(150 g. of untreated wood meal contained 25,1 g. lignin)
Portion of Original

Methanolysis Yield Lignin in Wood
Fraction g. %
Wood Residue 7.4 29.4
(89 g., 8.7% lignin)

Methanol Lignin 12,0 47.9
Red Tars 4.8 19.1
Water-Soluble O31s 3.0 11.9

Total 106,3

* The aspen wood was obtained from a three-year old tree;
therefore the quantity of lignin present in the wood was re-
latively low (see p.8).
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B, Hydrogenation Experiments

1. Apvperatus, Catalysts and Solvents

(a) Apparatus

The following pieces of equipment were used in the

hydrogenation expetriments,

One 577 cc. capacity high-pressure reduction
apparatus manufactured by the Parr Instrument Company
and described in Bulletin E-UL published by that

company.

One 2500 cc. capacity high-pressure hydrogensior,
No.406-7"s, described in Catalog 406 of the American
Instrument Company. Temperature control was maintained
with this electrically heated appar~tus by the use of
a Type 100 Variac manufactured by the General Radio

Company.

One hydrogen pressure "booster" pump, No.U06-135,

also manufacturec by the American Instrument Company.

Both hydrogenation units were connected to the booster
pump in such a2 man neT that hydrogenations could be run simul-
taneously or separately. Voltages were measured with a simple

gslide-wire potentiometer. The arrangement of the hydrogena-

tion equipment is shown in Figure VI.
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FIGURE VII

HYDROGENATION APPARATUS

Parr Apparatus

Aminco Apparatus

Booster Pump

2 & W

Slide-wire Bridge
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(b) Catalysts

Copper-chromium oxide (156) and Raney nickel (157)
catelysts were prepared according to the methods of Adkins.
The activity of the CulCrQ catalysts was tested with scetone

(71, p.50); the Raney nickel, with acetone and with benzene

(71, p.50 and 57).

(¢c) Solvent

In order to eliminate the catalyst-poisoning content
of commercial dioxane, the solvenf was purified by refluxing
in an all-glass apparatus with sodium for 36 hours. During
the treatment a thick sludge always formed on the bottom of
the reaction vessel. At the end of the herting treatment the
purified anhydrous dioxane (b.p. 101°C; 22 = 1.4202) wes
separ~ted by distillation at atmospheric pressure. It wes

not necessary to use a fractionating column.

2. Hydrogenation of Ethanol Lignin (Fraction B,

Flow Sheet I); Series I

(a) Experiment No.l (The Effect of HC1l Contamination)

Ethanol lignin (15 g.) was dissolved in absolute
dioxane (150 cc.) and placed in the Parr bomb with 8.8 g. of
CuCr0 catalyst. Hydrogen was admitted at a pressure of 3200
psi. (pounds per square inch). The shaker was then started

and the bomb temperature was rapidly increased to 250°C. The



- 177 -

reaction was allowed to proceed for 18 hours, at the end of
which time 0.6 moles of hydrogen per 100 g. lignin had been
absgorbed. The heating was stopped, the bomb 2llowed to cool,
and the bomb contents transferred to a 40O cc. beaker. The
bomb was washed carefully with absolute dioxesne, and the com-
bined reaction mixture and washingsfiltered with suction
through a sintered glass funnel (Jena, No.4). The catalyst
residue was dark red, and the filtrate dark brown in color.

The frct thet (a) the catalyst was red in color,
(b) that the hydrogen consumotion was only 0.6 moles hydrogen
per 100 g. lignin (Adkins (73) reported 4.0 moles hydrogen
per 100 g. me thanol lignin), and (c) that the dioxane solution
was not colorless indic~ted that the reaction hsd not gone to
completion. The color of the catalyst suggested that it had
been poisoned; and since hydrochloric acid had been used in the
preparation of the ethanol lignin, it appeared that traces of
acid had destroyed the catalyst. A sample (1 g.) of the
lignin was heated for one hour with 10 cc. of boiling water
to which had been added 2 drops of concentrated nitric 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 was to be used for hydrogenation

experiments, a large quantity (300 g.) of this material was
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reprecipitated three times from ethanol solution into water.
The lignin thus purified gave no test for the C1™ ion. The
test for Cl™ was always made prior to the hydrogenation of a

given lignin preparation.

(b) Experiment No.2 (Successful Hydrogenation of Ethsanol Lignin)

A sample of the C1l~ ion-free ethanol lignin (15 g.)
was hydrogennated according to the procedure described in
Experiment No.1l. During the reaction 3.88 moles of H, per
100 g. of lignin were absorbed, the catalyst residue was black,
and the dioxane solution of the hydrogenatim product was color-

less.

(c) Experiment No.3

A hydrogenation, duplicating Experiment No.2, was
made in the 2500 cc. Aminco apparatus with 90 g. of Cl1™ -ion-

free lignin.

3, Separamtion and Identification of Hydrogenation

Products Obtained from Experiments Nos. 2 and 3

(a) Preliminary Fractionation of Hydrogenation Products

The combined dioxane solutions obtained in Experi-
ments Nos. 2 and 3 (1.4 liters) were placed in a 2-liter
round-bottomed flask and fractionated through a 30 mm. Widmer
fractionating column packed with 1 om. lengths of 1 mm, glass

tubing. A total of 145 g. of material (Fraction I) boiling
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from 63° to 101°C at atmospheric pressure was collected and
placed over "drierite".

The dioxane in the remainder of the solution was re-
moved at atmospheric pressure at 101°C. This material upon
refractionation through the same column distilled constantly
at 101°C.

After the dioxane had been removed at atmospheric
pressure, the orange-colored residue (£6.6 g.) wes placed in
a2 125 cc. Claisen flask and distilled =t reduced pressure
(10-12 mm.) 2nd a bath temperature of 105°C. The distillate
had » conet=nt refractive index (25°C) of 1.4204, which is

the value for pure dioxane. The residue (Fraction II) weighed

55.5 g.

(b) Fractionation and Identification of Products Boiling Below

101°C (Fraction I)

The materiml boiling below 101°C, which was allowed to
stand over "drierite" for 3 days, was fractionated carefully
in a 24" Widmer column containing o glascs spiral 18 inches long

and 1/2 inch in dismeter. The following frasctions were iso-

lated:

Fraction Ia (Methanol):

2
Boiling point, 63%-66°C at 760 mm. pressure nD5 =

1.3520. Identified as methanol by means of the o-naphthyl
urethane derivative, m.p., 123-124°C. Mixed melting point

with an authentic sample, 123-124°C.  Yield, 10.6 g.
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Fraction Ib (Ethanol):

Boiling point, 73-79°C =2t 760 mm. pressure. n2d =
D
1.3670. Identified by means of the a-nsphthyl urethane, m.p.,
69-80°C.  iiixed melting point with authentic derivative of

ethanol, 79-80°C. Yield, 5.4 g.

Fraction Ic (Dioxane-VWater Azeotrope):

Boiling point, 86.9 - 87.2°C at 760 mm. pressure.
n§5 = 1.4079. A positive test for water wes obtoined with an-
hycrous CuSOu. After the addition of several small pieces
of anhydrous 03012 to 1 cc. of Fraction Ic, the refractive in-
dex of the liquid grodually incressed to 1.4200, the velue for
dioxane. This result indicoted that the fraction wes an azeo-

tropic mixture of water and dioxane. The indication was veri-

fied by the following experiment:

Distilled weter wrs added from a burette to HO cec
of pure dioxane until the refractive index (25°C.) of
the dioxane-water solution re=ached 1.4079 (11.5 cc. of
water required). The solution was then fractionally dis-
tilled through an 18" Widmer column; the entire quentity
distilled at &7.2°C and samples of the distillate taken

at frequent intervals 211 had the ssme refractive index

of 1.4709 (25°¢).

Therefore Fraction Ic consisted of water and dioxane as
an azeotropic mixture. Since a portion of the water wes pro-

bably absorbed by the "drierite", the yield of 8.0 g. of water
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represented a minimum v=lue.

(c) Fractionertion 2nd Identificotion of Products Boiling

above 101°C (Fraction II)

The products boiling from 97°C »%t 7 mm. pressure to
185°C at 0.65 mm, pressure (21.76 g.) (Fraction II) were re-
fractionarted crrefully from s 35 cc. vacuum jacketed Widmer-

Claisen flmask. This flask has been described by Perry and

Hibbert (12%5).

Fraction IIa (4-n-propylecyclohexanol):

Boiling point, 93%-95°C at 7 mm. pressure. n§5 =
1.4630. Identified by means of the phenyl- and a-naphthyl
urethanes (m.p. 129-130°C and 133%-134°C, respectively). Mixed
melting point with the phenyl urethene from a synthetic sample

of Y-n-propylecyclohexanol, 129-130°C. Yield, 7.5 g.

Fraction IIb (4-n-propyleyclohexanediol-1,2):

Boilino point, 106-110°¢ at 1 mm. pressure. n§5 =

1.4820; ngo = 1.4709., 1Identiried by means of the a-naphthyl

urethane, m.p. 21%-219°C. Adkins reports 2 melting point of

£18-219°C for this derivative (73). Yield, 0.92 g.

Fraction IIc (Product X):

. 60
Boiling point, 126-129°C at 1 mm. pressure. nD =

1.4842. vyield, 6.1 g.

In a2ddition, 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 Fractions IIa and IIb

(n25 = 1.4720); 0.42 g. of a mixture of Fractions IIb and IIc

D

(ngo 1.4750); and 1.10 g. of a mixture of Fraction IIc and

high boiling materials (n;O = 1.4g12) .

Resinous Residue:

It was impossible to obtain a refractive index of the
- 3 - - /
vigcous (2lmost so0lid) resinous residue on the Abbe refracto-

meter. The resin gave the following results upon analysis:

C

73.6, 73.8

H 10.8, 10.9

Yield, 33.0 g.

(d) Summary of Results from the Hydrogenation of Ethanol Lignin

A summary of the products obtained in the hydrogena-
tion of 107 g. of ethanol liznin (maple) is shown in Table YXIV
Note that the yields of M—n-propylcyolohexanol,4—n-pr0pylcyclo—
hexanediol-1,2, and Product X include the raterial isolated

in the intermediate fraction.



- 183 -

TABLE XXIV

ETHANOL LIGNIN HYDROGENATION PRODUCTS

Boiling

Compound Point Feight Yield
°3 g. %(a)
Methanol 63-66° 10.6 10.0
(760 mm.)
Ethanol 78-79° 5.4 5.1
(760 mm.)
Water (minimum) g7°(azeotrope) &.0 7.5
| (760 mm.)
4-n-Propylcyclohexanol  93-95° 8.5 8.0
(7 mm.)
Y-n-propylecyclo- 106-110° 2.0 1.9
hexanediol-1,2 (1 mm. )
Product X 126-129° 7.0 6.6
(1 mm.)
Residue 130+° 34,21 32.0
(0.5 mm.) —_—

Total=71.1

%(a) = Percentage yield on basis of original ethanol
lignin

(e) Examination of Product X

(1) Analytical Data

Found: C = 73.5, 73.3%; H = 11.6, 11.7%

Rast molecular weight = 236, 232
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Grignard Analyses:

Yoles active hydrogen

- = 2.01, 2.1
Mole comnound (018) ’ 3

0.0

f

Carbonyl

Calc. for 018H3403:

C = 73.05; H = 11.5%. Mol. wt. = 297.

(2) Derivatives of Product X

(o) Dichloracetyl Ester of Product X

The preparation of this derivative was carried out ac-
cording to the method of Bell (159).

A benzene solution (1 cc.) containing 0.53 g. of di-
chloracetyl chloride was added drdopwise to 2 well-stirred and

cooled (-&°C) solution of Product X (0.3 g.) in 2.2 cc. of an-

hydrous pyridine.

After 211 of the dichloracetyl chloride had been added,
the reaction mixture wes allowed to stand =t 0°C for 3 hours.
A 1:1 mixture (10 cc.) of benzene and water was then added to
the resction mixture, the}water layer removed in a separatory
funnel, and the benzene layer washed 3 times with 5 ¢c. portions
The benzene layer was then allowed to stand over

of water.

"drierite" for 10 hours. Upon removal of the benzene under re-

duced pressure in s vacuum desiccator, a2 light reddish-colored

0ily residue was obtained.
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Attempts to obtain a crystalline product from ethanol,
chloroform, ethyl acet=ate and oenzene solutions were unsuccess-
ful, consequently the materisl weas distilled at reduced pres-
sure. A sample of the oily derive~tive (200 mg.) was placed
in the first bulb of 2 three-bulb micro, vacuum distillation
apparatus (constructed from » single length of { mm. pyrex
glass tubing) (160). In the distillation, carried out at 10
microns pressure, 150 mg. of material distilled smoothly from the
first to the second oulb 2t a bath temperature of 125-140°C.

The second bulb weas then heated slightly and t wo drops of mater-
inl were distilled into the third bulb. The latter material
had a» refrrctive index (250) of 1.4915. Since the refractive
index (25°C) of the main portion of the distillate (in the
second bulb) was 1.4919, it was assumed that the distillate was
a8 pure compound. A Stepanow analysis on 120 mg. of the dis-
tillate indiceted a chlorine content of 27.3%. The theoretical

value for the bis-dichloracetyl derivetive of a dihydroxy

i .4% chlorine.
compound, 018H3403’ ig 27.4% chlorine

(B) Other Derivatives of Product X

The 3,5-dinitrobenzoyl ester of Product X was prepared
according to the method of Reichstein (161). The phenyl- and
a-naphthyl urethanes were prepared according to the method of
French snd Wirtel (162). The trityl derivative was prepared in
the same manner as the 3,5-dinitrobenzoyl ester (161). 4ll

attempts to isolate derivatives in a crystalline form by methods -

suggzested by Morton (160) were unsuccessful.
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(3) Refractionation of Compound X

An additional supply of this meterial was obtained by
the hydrogenation of 90 g. of ethanol lignin (maple). By means
of » fractionel distillation in a Perry flask a mrterial having

the following properties was isolated:

b.p. (1 mu.) = 122-125°Q
25 - 1.4970
nD 97
a0 -1 nang
D
C = 73-6> 73'7%
H = 11.6, 1176%

It can be seen that these results compare favorably
with those for fhe original Compound X.

Upon redistillation from a Perry flask, the same refrac-
tive index was found for the distillate, e.g., ngo = 1.484¢,

A portion of this material was then fractionally dis-
tilled through a modified Fodbielniak column (See Experimental

Section II,6,(b)) with the following results:
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Fraction ngo Boiling Pressure Weight
A=) B(b) Point - e;f’

1 1.478L 117 1.6 0.164

2 1.44861 117 1.6 0.117

3 1.4861 117 1.6 0.154

L 1.4861 121 1.8 0.910

5 1.4839 1.4892 124-12% 1.8 0.166

6 1.48%2 1.4893 128.5 1.8 0.147

7 1.4822 1.4900 128.5 1.8 0.209

8 1.4825 1.4893 13) 1.9 0.602

9 1.4825 132 2.0 0.365

10 1.4825 125 2.0 0.289
11 1.4829 - 2.1 0.259
12 1.483% - - 0.279
Residue - - - 0.106

§a§ Bottom Liquid Layer
b Top Liquid Layer

Fractions 5, 6, 7 and & seprrated into two distinct layers,

indicating the presence of at least two components in those

fractions.

4. Hydrogenstion of Ethanol Lignin; Series II

(a) Experiment No.1l

Two-hundred and fifty grams of ethanol lignin were hy-

drogenated in three portions in the Aminco apparatus. The
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hydrogenation conditions and the method of preliminary fraction-
ation of the hydrogenation products were carried out according
to the procedures described in Experimental Sections II,2,(Db)
and II,3,(2), respectively.

Fraction II (Experimental Section II,3,(a)), composed
of compounds boiling above 1l01°C, was dissolved in an equal
volume of ether (400 cc.), and the ether solution extracted
10 times with 100 cc. portions of water. The residual ether
solution, Fraction III, was dried over Naesou.

The combined agueous extracts were then concentrated to
2 volume of 300 cc. by distillation through an 18" Widmer column.
The distillate, which contained ether, dioxane and water, was
not exemined further. The residue was saturated with sodium
sulfate and extracted continuously with ether for 48 hours.
After drying the ether extract over Na2804 for 10 hours, the
ether was removed under reduced pressure, leaving 6.8 g. of a

viscous 0il (Fraction IV).

(1) Fractionation of Water-Soluble Oils (Fraction IV)

Fraction IV (6.0 g.) was fractionally distilled through
the modified Podbielniak column at 0.5 mm. pressure. The follow-

ing fractions were collected:



Fraction n§5 ngo Bgé%i%g Pressure Weight
°oQ mm, g.
1 1.4820 105 1.0 0.470
2 1.4822 106-118 0.7 0.741
3 1.4gho  1.4742 121.5 0.6 0.948
n 1.hghe 14744 121.5 0.6  1.137
5 1.48-- 1. 474k 120 0.5 0.649
6 - - 121 0.5 0.561
Total = 4.30

Residue = 1.59 g.

Fractions 1 and 2, which were clear, colorless oils,
app~rently consisted ol 4-n-propylcyclohexanediol-1,2

25 _
(nD = 1.4821).

(2) Identification of 3-(Y4-cyclohexyl)propanocl-1

Fractions 3, 4, 5, and 6 were semi-crystalline so
that once the material had chenged from =2 viscous to » crystal-
line paste it was impossible to obtain setisfactory refractive
index meagurements. Attempts to separate the crystalline por-
tion from the oil were unsuccessful. Upon analysis, a sample

from Fraction 4 gave the following values:

C = 68.2; H=11.5%
Calc. for 3-(4-hydroxycyclohexyl)propanol-1l:

¢ = 68.3; H = 11.5%
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Oxidstion of Fraction 4 to 4-keto—cyclohexane propionic

acid:

A sample of Fraction 4 (500 mg.),dissolved in 2 mixture
conteining 1.1 g. of Croz, 10 cc. glacial acetic acid, 5.3‘00.
water and 10 cc. benzenefwas shaken at room temperature for &
hours. At the end of this time thé benzene layer was removed
and the green aqueous layer extracted three times with 4 cc.‘por-
tions of benzene. The combined venzene extracts were then ex-
tracted with three portions of 10% ra2003 solution, the Na.E,GO3
solution then acidified with dilute HCl (no precipitation), the
acidified solution saturated with sodium sulfate and back extrac-
ted with six 10 cc. portions of bengzene. After drying the:
combined benzene extracts over "arlerlte“ for 15 hours, the ben-
zene was removed a2t reduced pressure (20 mm.). The lighf
yvellow viscous resldue welghed 250 gm Yield, 50% of theoretical.

Two hundré& mllllgrams of the oxidation product was then
distilled in a micro-distillation bulb at 25 microns pressure.

The distillate (130 mg.) solidified to a camphor-like mr terial-

upon standing. Melting point, 62-64°C.

Preparation of the semicarbazone of the keto-acid:

The keto-acid (100 mg.) ,dissolved in 0.8 cc. of Uo%
aqueous ethanol was added to a solution of 100 mg. of semicarbazide
in 1.5 cc. of a buffered (pH 5) aqueous solution. Precipitation
occurred immediately, and the precipitate after two recrystalli-

zations from water melted at 201-202°C.
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Mixed melting point with the semicarbagzone of the

synthetic keto—-acid, 201-202°C.

(3) Fractionation offWater-Insoluble Oils (Fraction III)

The material (102 g.) in Fraction III (water-insoluble
products boiling above 101°C, 760 mm.) wes separsted into four
fractions by rapid distillation (not fractionation) from a

260 cc. Claisen flask. The following four cuts were made:

Fraction IIIa: B.p., below 105°C at 1 mm.

U IIIb: B.p., 100-140°C 2t 1 mm. (boil-
ing range for Product X)

" IIIc: B.p., 140-150°C at 1 mm.

" IIId: Residue, 59.2 g.; n22 greater than
- 1.4978 D

Fractionation of Fraction IIIc:

Fraction ITIc (15.6 g.) was refractionated in the Pod-

bielniak column. The following fractions were cbtained:

Fraction 25°an co0s Bgégiﬁg Pre;;?re Weight
1 1.483% 1.4700 110-116 0.9 0.855

2 1.4947 1.4816 116-125 0.9 0.479

3 1.4974 1.4gho 126-138 0.8 1.697

b 1.4997 1.4860 139 0.8 _0.615
Total = 3.67

Undistilled portion = 11.5 g.
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No material corresponding to Compound X was thus pre-
sent in the hydrogenation products from this experiment (II,4,(a) -
Experiment No.l) but on extracting with water the compound 3-

(hydroxycyclohexyl)propsne-1l was isolated.

5. Comparative Hydrogenation Studies of Ethanolysis

Fractions

(a) Hydrogenation Study of a-Ethoxypropiovenillone

a-Ethoxypropiovanillone (15.0 g.), dissolved in 150
cc. of 2absolute dioxane, was hydrogenated over CulrO catalyst
(18.5 g.) at 250°C with hydrogen at a preessure of 5000 psi.
Seven moles of hydrogen per mole of compound were absorbed over
a period of 6 hours (see p.116).

The hydrogenation products were sep-rated from the
catalyst and dioxane according to the procedure described in
Experimental Section II,3(a) and gave two fractions, Fraction I,
boiling below 101°C and Fraction II, boiling above 101°C.

Fraction I was analyzed for methanol, ethanol and water
according to the procedure described in Experimental Section
I11,6,(a).

Fraction II wae distilled in a Perry flask at 7 mm
pressure and gave 6.9 g. (78% yield) of pure 4-n-propyleyclo-
hexanol; n22 - 1.4615 (refractive index constant throughout the
distillation). The U4-n-propylcyclohexanol was further charac-

terized by conversion to its phenyl- and a-naphthyl urethanes,

m.p., 128.5-130°C and 131-132°C, respectively.
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When it was found that 4-n-propylcyclohexanol (1.0 g.)
upon heating at 140°C for & hours yielded a small quantity of
resinous product (200 mg.), it wes assumed that at lemst a por-
tion of the residue obtained above was due to the polymerization
of Y-n-propylecyclohexanol.

The results of the hydrogenation of a-ethoxypropiovanil-

lone are shown below:

. Portion of Theo-
Product Weight retical Yield

g. %

Methanol 1.15 55
Ethanol 2.58 86
Water 1.57 130
Y-n-propylcyclohexanol 7.40 78

Total weight

12.59 g.
Total return = 8&4%

(b) Hydrogenation Studies on Amorrhous, Non-distillable

Ethanolysis Products

(1) Procedure:

Ten to fifteen gram samples of each of the amorphous,
non-distillable fractions isolated from the ethanolysis of maple
wood (see below) were dissolved in 150 cc. of absolute dioxane
and hydrogenated at 250°C with hydrogen at a pressure of 5000-

5500 psi. The hydrogenation products were separated according
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to the method employed in Experimental Section‘Ll,u,(a). In
brief, the low boiling hydrogenation products (Fraction I) and
dioxsne were removed by distillation through a Widmer column.
The products boiling above 101°C (Fraction II) were then se-
parated into water-insoluble (Fraction III) and water-soluble
(Fraction IV) fractions.

Fraction IV, which was shown to contsin 3-(4-hydroxy-
cycléhexyl)propanol—l and 4-n-propylcyclohexanediol-1,2 (Ex-
perimental Section II,4,(2),(2)) was never found to contain more
than 4-5% by weight of the total materisl hydrozenated. Since
it was impracticable to fractionate 500 mg. samples, the yield
of these two comnounds were combined under the heading "Propyl-
cyclohexane Glycols".

Fraction III (gener~lly 40-50% of the weight of the
starting material) was frectionally distilled through the Pod-
biélniek column. This fraction contesined 4-n-propylecyclohexamol
and the high boiling resins. In addition, the presence of a
¢ompound or compounds héVing a refractive index (25°G) of about
1.4950-1.5000 was indicated by the fractionation curves. Ap-
proximafely 100 mg. of material remained (liquid holdup) in the
column after each fractionation and this quantity:was added to
the weight of the distillable portion.

The fractional distillations in the Podbielniak column
were carried out in ail cases at a distillation rate of 100 mg.
per hour. Thélinitial distillate pressures were approximately

20 mm., and were gradually lowered during the period of a frac-

tionation (24-36 hours) to 1 mm. pressure. The fractions in



FLOW SHEET IV

METHOD of SEPARATION and IDENTIFICATION of PRODUCTS from

SUALL-SCALE LIGNIN HYDROGENATIONS (S8ee p, 194 )

Hydrogenation Reaction Mixture

in Dioxane

Filter
CulCro 'Catallst Dioxane*Solution
(Discarded)
Distill through
3-plate Widmer Column
% 1 R -
FRACTION I DioXane FRaCTION I1

(Hydrog'n, Products Boiling
below 1C1eC (760 mm.) and
Dioxane:Analyzed quantita-
tively for MeOH, EtOH and
HoO ~ see pp. 208-222)

b,p, 101°C, 760mm.
(Discarded)

(Hydrog 'n, Products boiling
above 10l°¢, 700 mm, )

Extr, with etherx

FRACTION III j Ether Solution
Remove ether and
fractionate through

9-plate Podbielniak
column

Y

L_n_propyleyclohexanol
Unknown material, n§9=1.4980
Resin

* Ether refers to diethyl ether,

_ v
FRACTIuUN IV - Water Soln,

Back-extract
with ether

ggneoug Residue
(Discarded)

Y
Ether Solution

Remove ether
Dy evaporation

Propylcyclohexane Glycols
-n-pIOpylcyclohexanediol_l,2;
3_(4_hydroxycyolohexyl) DT008N0 L 1)

(eh61)
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the n§5 = .1.4600~1.4700 range distilled uniformly at a tempera-
ture of 122°C at 20 mm. pressure. The fraction in the n§5 =
1.4900-1.5000\range distilled uniformly at a temperature of

130°b at 1 mm. pressure. The wire spiral in the column ggnerally
became completely dry between the n§5 = 1.4600-1.4700 range and
the 1.4900-1.5000 range.

_The maple wood ethanolysis fractions studied according

to this procedure were (Flow Sheets I, II and III): Ethanolysis

Fraction A, the ethanolysis wood residue; B, benzene-extracted,
water-insoluble lignin, commonly called "ethanol lignin";

C, benzene-soluble, water-insoluble fraction commonly called
"benzene shakings"; D, the ethanol-water soluble fraction com-
monly called "red tars"; and F, water-soluble, 30-50°C petrol-

insoluble lignin commonly called "higher-boiling phenols'.

(1) Hydrogenation Study on Fraction A (Ethanolysis

Wood Residue)

Due to the fact that this fraction was chiefly carbo-
hydrate in nature, the experimental procedure veried slightly

from that described above.

Carefuliy washéd'(Cl_—free) maple ethanqusis residual
wood meal (150 g.) containing 12.2% Klason 1ignin'(18 g. lignin)
was suspended in 950 cc. of dioxane with 89 g. of CuCrO and
hydrogenated at 280°C 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 was observed.
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The higher-boiling hydrogenation products were gseparated
from the catalyst, the low-boiling alcohols and the dioxane accor-
ding to the stendard procedure. The materials boiling above
101°C and having a refractive index (25°C) higher than 1.4500
were rapidly distilled in a 100 cc. Claisen flask at 1 mm. pres-
sure (final b~th temperature of 220°C). The resin obtained at
thie point weighed 5.96 g. ané the distillate, 38.69 g. The
distillete was then separated into water-insoluble and water-
insoluble fractions. The water-soluile fraction has not been
examined ac vet.

The water-insolutle fraction (25.2 g.) was then frac-
tionally distilled through the Podbielniak column with the fol-

lowing results:

Portion of o5
Fraction Weight Original . n
g. material D
(4
1 O.EOO 0.194 (Two layers
2 .400 .258 ( present
E . 150 . 100 in Fractions
. 300 .19k 1 to U
5 .126 .100 1.4092
6 L147 .092 1.4111
{ . 564 .36 1.4168
g . 302 .195 1.4173
9 . 280 .181 1.4171
10 .236 .152 14174

(continued)
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Fraction Weight Pgiggggagf .25
g. matsrial D
70

11 0.220 0;14& 1.&18;
%2 :gﬁg :%27 1143%3
1 437 .282 1.&319
A R
17 . 235 .152 1.4319
18 .226 .138 1.43%26
19 . 230 .1 2 1.&333
2t i
22 :220 :125 1.4280
2 .373 L2l 1.4283
2 .2%0 .181 1.4299
2 233 .121 1.4277

2% .220 .1h2 1,407
27 137 .088 1.429%
0% .230 1.429%
29 122 -g;g %.ﬁ} ?
51 55 151 133377
%2 '?33 :122 1:4 gg
3 . 2k2 .169 1.4430
35 . 262 169 1.4480
36 135 '037 1.4502
2 $220 : 1. 450k
37 . 280 .181 1 npog
B B i b
2 ' 22¢g ’ 1)4_7 1. 4425
i -2l L1449 1.4h22
Yo ) 152 .098 1.4hog
Iy - 256 .165 1.4h72
43 - 256 .165 1. 4495
45 . 160 .103 1. 4498
s - olig “161 1.4LEs
47 . 255 .16k 1.4491
b . 200 1129 1.4495
49 .130 .116 1.4520
50 234 .151 1.4565
51 .291 .188 1.4586
52 .213 .%72 %.ﬁggg

242 . .

% .228 .14 1.4595
55 . 322 .210 1.4625

(continued)
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Portion of 5
Fraction Weight originel n 5
g. material D

Y

56 0.254 0.164 1.4614
57 .267 .173 1.4511
58 .2l .15 1.4610
59 .207 .13 1.461g
60 .321 . 207 1.461

61 .198 .136 1.4676
62 . 254 .1£4 1.4693
62 . 239 .16k 1.4709
6 .221 .152 1.4709
65 . 189 .129 1.4711
66 .129 .086 1.4710
67 . 206 J141 1.4733
68 .095 .065 1.4780

Total=16.90 g.

At the end of this fractionation the residual resin

weighed 1.4 g. The material collected in the cold trap

weighed 5.8 g.
‘Fractions Nos.50 to 62 (3.19 g.) were recombined and

refractionated with the following results:

Fraction nveight n2>

g. D

1 0.191 -
2 .155 1.4348
E .090 1.4369
.095 1.4382
5 .105 1.4h02
6 .100 1.4402
7 . 104 1.4375
g J112 1.4298
9 .106 1.4254
10 .090 1.4247
11 .090 1.4248
12 .070 1.4250

Total=1.287 g.
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The remainder of this material (1.62 g.) was collec-
ted in the cold trap. Apparently the compounds boiling in this
range were too volatile to be distilled at such a low rate of
distillation (100 mg. hour) at 100 mm. pressure (boiling point
of 92°0).

Fractions Nos. 15 to 29 (3.06 g.) were also recombined

and refractionated with the following results:

Portion of

. - 25
: Weight original n
Fraction g. material D

1 0.040 0.026 1.4420
2 . 083 .056 1.4512
.092 062 1.4570

2 .083% og 1.4585
.072 .048 1.4541

2 .035 .025 1.4581
7 .180 .120 1.4591
& .050 023 1.4591
9 .06k 1.4591
10 .101 1.4591
11 .092 002 1.4595
12 .138 ogz 1.461%
1 .070 1.461%
1 .087 058 1.4614
15 .100 .067 1.4634
15 .100 .067 1.4631
17 .100 .067 1.46%1
1% J114 .076 1.4631
19 .110 Moyl 1.4620
20 .110 .ogu 1.4616
o1 .103 .069 1.4609
22 .075 .050 1.4610
> . 110 074 1.4618
o .098 .066 1.4608
25 077 .052 1.4622

(continued)
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Portion of

Preotion Teight  SAGal 2
g. 4 D

26 0.086 0.05% 1.4635

28 .098 .066 1.453g

27 .100 .067 1.4k

20 .102 .068 1.4653

51 .120 .080 1.4660

Total =289 g.

(2) Hydrogenstion Study on Fraction B (Ethanol Liomin)

Fifteen gramss of ethanol lignin were hydrogenated

according to the procedure described above. The hydrogenation

was comvlete in 14 hours, and 3.98 moles of hydrogen were ab-

gorbed per 100 g. of lignin.

The water—soluble fraction (Propylcyclohexane Glycols)

weighed 0.82 g., or 5.3% of the weizht of the lignin.

The water-insoluble fraction was fractionally distilled

through the Podbielniak column with the following results:

Portion of o5

s Weight original n
Fraction g% material D

1 0.0 0.51 1.4608
2 .1%% 1.223 1.4634
2 .153 1.02 1.4634

.195 1.3%0 1.4635
5 .156 1.04 1.467%5
6 .129 0.860 1,4633

(continued)
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Portion of

‘Fraction Wieight original n25
g materisl D
A
7 0.115 0.266 1.L465%
& .1015 0.676 1.2679
g L0942 0.628 1.4620
10 L134 0.89% 1.4678
11 L0745 0.496 1.4620
12 .0876 0.584 1.4697
1; .08l2 0.562 1.470%
1
15 .0610 0.406 1.4701
16 .053%9 0.359 1.4701
17 .0783 0.495 1.4795
18 .1168 0.778 1.492%3
19 L0943 0.628 1.4940
20 .0915  0.61C 1.4940
21 L0749 0.499  1.49u0
02 .0939 0.626 1.4965
22 .01¢6 0.119 1.4582
2
25

The distillable portion weighed 2.56 g., or 17.0%
of the weight of the lignin.

The undistilled residue weighed 4.40 g., or 29.5%
of the weight of the lignin.

Samples from those fractions in the center of a

group of fractions of constant refractive 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

(Calc. for Y-n-propyleyclohexanol:
C =76.1, H=12.7%)

23 80,4 12.3
23 g0.2 12,2

(3) Hydrogenation Study on Fraction ¢ ("Benzene-

Shakings"

A sample of the "benzene-shakings" (12.2 g.) was
hydrogenated according to the procedure described abore, The
hydrogenation was complete in 5 hours and 3.5 moles of hydrogen
were absorbed per 100 g. of material,

The water-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

. 25
Weight original n
Fraction g. material D
1 0.061 0.50 1.4560
2 L4l 1.12 1.U560
3 .195 1.60 1.4625
.186 1.53 1.4631
) .126 1.1% 1.4627
6 J14h 1.11 1.4625
7 .172 1.41 1.4625
8 .158 1.28 1.46%2
9 .069 0.58 1.4660
10 .228 1.84 1.4673
11 .140 1.13
12 .120 0.97
13 142 1.12 1.4675
1 .140 1.11 1.4673
15 .05 0.41 1.4690
16 .096 0.785 1.4742
17 074 0.60 1.4810
18 .097 0.80 1.4868
19 .156 1.29 1.4900
20 .153 1.26 1.4900
21 .167 1.36 1.4935
22 157 1.29 1.4942
2 .104 0.€5 1.4960
2 -023 0.43 1.4970
2 . 0l1 0. z 1.4986
2 .052 0.6 1.4997

Total=3,347

The distillable portion weighed 3.347 g. or 27.4%
of the weight of the starfing material.
The residue weighed 1.69 g., or 13.8% of the weight

of the starting material.

(4) Hydrogenation Study of Fraction D {fRed Tars")

Fifteen grams of the "red tars" were hydrogenated
sccording to the procedure described above, The hydrogenation

was complete in 48 hours, and 3 .68 moles of hydrogen were
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absorbted per 100 g, of startine material.

The water-soluble fraction weéighed 0.90 ¢. or §.96%
of the weight of the starting material.

The water-insoluble fraction was fractionally dis-

tilled through the Podbielniak column with the following results:

Teioht Portion of 25
. eign original n
Fraction 2. material D
1 0.051 0.34 1.4541
2 .115 0.76 1.&583
3 .135 0.90 1.459
.285 0.57 1.&208
.233% 1. 1.4621
2 ,2%2 1. % 1.4618
7 .120 1.00 1.4616
g .063 0.42 1.4616
9 177 1.18 1.4616
10 .330 2.20 1.4616
11 .510 3.40 1.4616
12 L1448 1.00 1.462¢
1 .162 1.07 1.4678
1 .109 0.72 1.4672
15 .083 0.55 1.4710
16 .156 1.56 1.4686
17 .219 1.h46 1.4668
18 .122 0.81 1.4683
19 .164 1.09 1.4735
20 .08l 0.56 1.4842
21 .106 0.71 1.48U43
22 .079 0.53 1.4865
2 . 055 0.36 1.4872
o ,332 2.2 1.3886
2 348 2.32 1.4993
22 .153 1.02 1.4996
27 .96 0.64 1.5018
28 .ogo 0,60 1.50%0
29 .0bo 0.27 1.50

Total=L.96
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The distillable portion weighed 4,96 g. or 33%.10%

of the starting meterial.

The residue weighed 2.17 g. or 14.55% of the weight
of the starting material.

(5) Hydrogenstion Study of Fraction F (Higher-

Boiling Phenols)

A sample of the "hicher-boiling phenols" (9.6 g.)
was hydrogenated according to the procedure described above.
The hydrogenation was comvlete in 4,0 hours and 3.80 moles of
hydrogen were absorbed per 100 g, of starting meterial.
The water-soluble fraction weighed 0.56 g., or 5.9%
of the startinc msterial,
The water-insoluble fraction wes fractionally distilled

through the Podbielniak column with the following results:

Weigh Portion of

Fraction © i.t original n25

- material D
1 0.152 1.60 1.4532
2 .201 2.12 1.4501
153 1.61 1.4545
ﬁ .690 0.97 1.U4565
5 .157 1.72 1.4508
6 .21 2.33 1.4608
7 .36 4,00 1.4606
g .126 1.39 1.4604
9 133 1. % 1.4604
10 .269 2.9 1.4604

(continued)
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Portion of

‘ Weight original 25
Fraction c. material D

11 n.290 3.20 1.460L
12 L1754 1.95 1.4604
13 .170 1.86 1.4665
1 .133 1,46 1.4693
15 147 1.61 1.4676
15 . 080 0.875 1.4674
17 .076 0.73 1.4720
18 J111 1.21 1.4826
19 .153 1.67 1.4876
20 .ozo 0.33 1.4898
21 2Ly 2.68 -
22 .159 1.73 -
2 .179 1.95 -
2 .115 1.25 -

The distillesble portion weighed 4,035 g. or 42,27 of
the weicht of the startine materi-1.

The residue weighed 0,58 g¢. or 6.1% of the weight

of startinc masterial.

6 Hydrogenation Study of Methanol Lignin (Maple)

Fifteen grams of methanol lignin (maple) were hy-
drogenated according to the procedure described above. The
hydrogenation was complete in 16 hours and 4.4 moles of hydrogen
were absorbed per 100 =z, of lignin.

The water-soluble fraction (Propyleyclohexyl Glycols)
weighed 0,50 g. or 3.5% of the weight of the original lignin,

In concentrating the aqueous soluvtion containing the "Glycol"
fraction entrainment avparently occurred. & a result the

agueous distillate, instead of having the correct refractive
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index (25°) of 1,3330, had a value of 1.3960, The material
isolated from the aqueous concentrate doubtlessly was only a
fraction of the actual quantity of "“glycols" The given value,
therefore,is open to question and must be confirmed.

The water-insoluble fraction was fractionally dis-

tilled through the Podbielniak column with the following results:

Portion of
Weight original neb
Fraction g- material D

1 0.121 1800 1.4652
2 .05 .366 1.4610
ﬁ .10 .80 1.4630
111 . 740 1 ugog
5 .105 .700 1.4610
5 J110 .760 1.4607
7 11 . 766 1.4608
g 11 .760 1.14840
9 .116 T 1.4659
10 .119 .g9u 1.4655
11 098 .653 1.4655
12 1109 727 1u6R2
1 .118 .78£ 1.u65a

1 .122 .81 1.469
15 .120 .01 1470k
16 113 . 755 1.473L4
17 117 . 781 1.L4822
18 L1441 .942 1.4881
19 .100 .667 1.4920
20 .098 .653% 1.49z1

21 .110 725 1.49
22 .107 <715 1.4939
2 L1yl .362 1.4935
2 .065 A3k 1.49540

Total= 2,64

The distillable portion weighed 2.63 g. or 17.6% of

the weight of the lienin. (0.80 g. or 5.5% of the low boiling

components with n%5==1.h650 and lower collected in the cold trap)

The undistillable 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
Maschmann (163b), Schiitz and Klauditz (16lc), and

Barellini (161d).

(X). Reagents
N/10 KMnOs: Dry aenalytical KMnO, (3.3 g.) wes

dissolved in one liter of distilled water and heated on
the steam bath for one hour. The cool solution was
filtered through a sintered glass funnel, and the filtrate
was stored in a clean, glass-stoppered bottle. The

KMnO4 solution was standardized against oxalic acid.

Copper Absorption Solution: Cu(NOs)a.BHzo

(1 g.) was dissolved in a smell amount of distilled water

in a 50 cc. volumetric flask. To this solution, 4 cc. of

20% NH4OH were added dropwise, and then a saturated
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solution of NHon.HCl and distilled water was added to

make a total volume of 50 cc.

Acid Fe++4'Solution: To a suspension of Fez(SO4)5

in 300 cc. of distilled water in a one liter volumetric
flask was slowly added 110 ec. of concentrated H2804. The
solution was maintained at room temperature during the
addition of the Ho80, by cooling the flask in a stream of
cold water. After the addition of the H2304, the solution
was diluted to a volume of 1 liter by the eddition of
distilled water. Upon standing for about 30 minutes the

suspension changed to a clear solution.

(G ). Apparatus

The apparatus consisted of a £5 cc. ground-glass
round-bottomed flask, a reflux condenser equipped with a
male ground at the bottom, and an eabsorption train con-
gisting of 3 test tubes (8" tube, 5" tube, and 3" tube,
in that order). The condenser was placed in a vertical
position (reflux) ahd was fitted 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 through which tube was passed dry, Coz-free

nitrogen. The other hole was connected to the absorption

train with glass tubing.
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(Y). Procedure

Enough sample was weighed into the dry flask
to give 18-72 mg. of H,0 (0.5 = 1.0 g. semple containing
3-10% Hy0). The sample was diluted with 5 cc. of 98%
ethanol and 0.15 - 0.20 g. of finely ground calcium carbide
was added. The flask was thén immédiately 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 (1 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. Erlemmeyer flask and the copper acetylide
precipitate filtered through a Jena, G/4 sintered glass
funnel and washed free of chlorides. 3Since the preciplitate
was quite flocculent, it was found that 1.0 - 1.5 liters
of distilled water was required. Since copper acetylide 1s
very slightly soluble in cold water it is advisable to use

the same volume during the determination as was used during

a blank determination.



- 211 -

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 15 cec.) of the acid-Fe™*  solution.
The filtrate was then titrated with N/10 KMnO, according

to the reactions:
10FeSO, + 2KNMNO, + 8HgSO, == Fey(S0,) 5+ KSO,+ 2MnSO0, +8Hy0

One cc. of N/10 KMnO, 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).

(S8 ). 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 ligquid
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was required to make possible the running of blank deter-
minations. The test solution contained 4.87% water,

5.95% metkanol and 4.698% (by weight) in dioxane solution.

Liquid Blank H,0 Found
(co. of N/10 n Test
KMno, ) Soluti on
%
Dry Dioxane (10 co.’) 1.81 3.8
1.89 28
Dry Methanol (10 ac.) 2.60 °
Dry Methanol (10 cc.) - 47
Dry Methanol (10 aa.) - 4,6
Stoek Ethanol (5 coc.) 5.1 -
Stock Ethanol (5 oc.) 5.2 -
Stook Ethanol (6 co.) ~- 4,6
Stoock Ethanol (56 ca.) - 4.9
Stock Ethsnol (5 co.) - 5.7(2)
60-70°C Petrol (10 ac.) 1.2
60-709C Petrol (10 eac.) - 4.5
60-70°C Petrol (10 co.) - 4.7

Although the use of ethanol is desoribed in the
procedure, 60-70°C petrol is probably & better diluent since
the blank is smaller. The results obtained with dioxane

were probabiy low due to the fact that the water-dioxane
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azeptropic mixture boils at & lower temperature then does

dioxane (87°C as compared to 101°C.)

(11) Choice of Absorbing Solution

Schutz and Klauditz suggested the use of ascetone
in the absorbtion train, but the writer found that acetone
did not absorb acetylene quantita&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 abovse.
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 Determination of Methanol

in Organic Solutions Containing Dioxane,

Bthanol, Water and Methanol

The following procedure for the quantitative
determination of methoxyl is based upon the procedure for
the determination of methoxyl and ethoxyl groups as

described by Willstatter and Utzinger (192).



- 214 -

(X ) Reagents

The reaction flask was filled with a charge
consisting of 15.0 ce. of constant boiling HI.H,0 (b.p.
127°C) and 7.5 g. of recrystallized analytically pure

rhenol. This charge was sufficient for six determinations.

Scrubber Solution: The scrubber was filled with

a 1:1 solution of 6% CdS0, and 5% Na,S;0z. This solution
was renewed at the same time as the HI-phenol charge.

Absorption Solution: The absorption solution

congisted of a 10% solution of trimethylamine in absolute

ethanol.
AgNOS: A silver nitrate solution approximately

N/10 was used.

(8) Apparatus

The apparatus consisted of a modified Zeisel
apparatus equipped with a reflux condenser as described

by Peniston and Hibbert (164).

(¥ ) Procedure

A sample containing 2-4 mg. of methoxyl (80-150
mg. samples for liquids conteining &-4% MeOH) i§ weighed
into & 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 nichrome



- 215 -

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 COp (et a rate just sufficient to prevent
loss of liquid through the COp inlet) is passed through
the apparatus. At the end of this time the condenser
temperature is raised to 45-50°C and the CO, flow is
increased to 1.5 bubbles per second. Complete absorption
of CHzIl 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 cec.,

3 cc., and 2 cc.,) respectivgggfggyghgtgggg%ﬁatant 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



- 216 -

through a tared sintered glass filter. The precipitate
was washed with water until free of Cl"ions and then
with a small quantity of acetone prior to drying at 110°C
for 1 hour.

One mole of AgI is equivelent to one mole of

methoxyl.

(6 ) Development of Procedure

(i) Choice of Apparatus

The ordinary Zeisel methoxyl apparatus could
not be used because a portion of the methanol was volatil-
ized before it haed 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
golution 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 Brg-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 02H412). For example, 500 mg. samples of dioxane
gave results indicating the presence of 8.2, 6.7 and 10.2
mgs. of ROH.

(iii) Preparation of the Sintered-Glass Filters

Since a finely divided suspension 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 Agl and then washing
continuously with about 4 liters of water to remove all
finely divided particles from the pores. Filters thus

prepared could be used for an indefinite number of anslyses.

( €) Analytical Results Obtained with a Known Solution

A known solution containing water, ethanol,
methanol and dioxane was anmalyzed for 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).

(X) Reagents

N/5 KoCro0,: 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 ahalyses.

() 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 256 cc. of water, £.0 ce. of concen=-
trated sulfuric acid, and a measured excess of N/5 potassium
dichromate (about 15 cc.). The pressure bottle was gealed
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
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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 &acetiec

acid.

(cc. KgCrgOp)(N)
(4)(wt. sample)

= mg. moles alcohol per gram of 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
conteining 20 ml. of water plus sample, 10 ml. of 10%
gulfuric acid, and the required amount of dichromate would
oxidize methanol and ethanol completely in 25 minutes at
100°C. When the writer treated & known sample containing
36 mg. moles of alcohol per gram of sample according to
Harris' conditions he obtained values of £.10 and 2.4 mg.
moles ROH per gram of sample. In addition, a sample known
to contain 0.505 mg. moles of ethanol gave & value of

0.288 moles under the same conditions.
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A study was then made of the effect of changes
in the sulfuric acid concentration on the extent of the
oxidation of the alcohols to the respective acids.

The following results were obtained (25 cc. of
water and 15.0 cc. of N/5 KoCrgOnp were present in each
oxidation). The time of heating at 100°C was 30.0 minutes

in each case.

Sample m.g. moles cc. Conc. mg. moles
ROH HpSO4 @dd-  found
ed ml.
l. EtOH 0.602 1.0 0.498
2. EtOH 0.615 1.5 0.53b
3. EtOR 0.680 2.0 0.672
4. MeOH 0.729 Z2.0 0.727
5. MeOH 0.592 2.0 0.590
é. Dioxane 0.000 2.0 0.07
7. Dioxane 0.000 2.0 0.09

8. EtOH,MeOH, :
Dioxane 3.60 2.0 3.69

9., EtOH,MeOH, - -
Dioxane 3.60 2.0 3.67

(&) Further Investigations on Dichromate
Oxidation of Alcohols

In eddition Harris reported that after the total

alcohol had been determined, a further known excess of
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together
dichromate was added/with 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 fomic acid (from MeOH) was supposedly
oxidized quantitatively to COp and HsO.

These conditions were examined by adding 10 cc.
of concentrated sulfuric acid to Sample #5 (above) and
refluxing the solution for 15 minutes. Only £.45 cc. of
dichromate were used; 5.05 cc. was the theoretical value.
Therefore, under these conditions only 48% oxidation
ocecurred.

In addition, a sample containing 0.573 mg. moles
of methanol was treated with 19 cc. of concentrated sulfuric
acid, 70 cc. of water and 80 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 COg end HgO was
obtained.

A third experiment, employing 18 cc. of H2804,
50 cc. of water and a reflux of 30 minutes gave 98%
oxidation of methanol to HZO and 002. In a similar
experiment containing only dioxene and water in the sample

1.4 cc. of N/5 dichromate (equivalent .150 mg. moles) was

reduced.



(b). Design and Construction of Fractionating Columns

(1) Column #1

(A ) 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 (167).

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"
diemeter. The tight coil was then slowly stretched until
the spiral fitted snugly in the pyrex tube. The column head
(partial condenser), which is seeled directly onto the
3.8 mm. column, made of 8 mm. I.D. tubing, had & height of
4 cm. and was equipped with & thermocouple well (made of
2 mm. I.D. tubing inserted to & depth of 1.5" from the top
of the column). The side-arm, or delivery tube, which
projected from the top of the column head with a negative
glope of 45° was equipped with a small, all glass condenser.
The bage of the column consisted of & standerd #12/18 male
pyrex ground.

The column was wrapped with 1/16", 36 geuge 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 104 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 proteéted 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-arm through which a capillary bubbler was inseried,
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 15 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.



FIGURE VIII

Distillate Receiver for Podbielniask 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 meens of #13 rubber stoppers. The
stopper at the top was equipped with three holes, the
center one of which eontained 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 delivery tube respectively. This
entire unit was mounted rigidly. The lower stopper con-
tained one hole in the center through which was passed

the lubricated (glycerine) brass turning rod. On this rod
were mounted three brass disecs 54" in diameter. The lowest
of these discs was solid while the two upper ones were
equipped with 12 holes arranged evenly in & 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 (50 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 resigstance of the
heating wire was 50 ohms for the 400 cc. vessel and 60 ohms
for the 600 cc. bath,

The electrical system was & 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 constructed from 24 geuge 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 hed a 1/8" pitch.
This spiral was then spirally wound around a one foot length
of 1" glass tubing which had been wrapped with asbestos.

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
registance spirals.

The quantity of electricity to be applied to the
column or bath was determined by a voltmeter which was 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. Actuelly,
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, a&s 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 gompletely wet
the thermocouple tube. The thermocouple voltage was
actually of inestimeble value in indicating the quantity

of liquid in the head, and, therefore, the approximate

rate et which the material would distil.



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 Cenco Hyvac or a water pump,
thus it was possible to obtain pressures from 760 mm. to
15 microns. DPressure measurements were made on a barometer-
typre manometer or a McCleod gauge, depending upon the
pressure. To eliminate chamges arising from slight changes
in pressure, a 6 liter flask was placed between the mercury
pump and the system. Satisfactory pressure control was
maintsined with the use of a hand-operated "bleeder"”
stop-cock.

The fractionating unit is shown in Figure IV.



FIGURE IX

Modified Podbielniak Fractionating Column

(B ) 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 + CCly

Distillation ) (%) Theor. H.E.T.P.

(drops/min.) Vapor Liquid Vapor Liquid Plates (cm.)
2 1.4690 1.4775 71.5 50.8 7.9 11.6
2 1.4710 1.4785 68.0 47.0 7.9 11.6
2 1.4688 1.4776 72.0 50.2 8.1 11.3
4 1.4695 1.4747 70.2 50.8 6.5 14.1
6 1.4761 1.4788 b54.b 47.0 2.7 34 .0

(2) Column #2

Later an additional column was designed 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 the 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. pyrex tubing (air jacket).

The following results were obtained by means of
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an efficiency determination according to the same

procedure used with column #1.

Rate of n2d CCl,

Distillation D (%) Theor. H.E.T.P.

(drops/min.) Vapor ILiquid Vepor ILiquid Plates (cm.)

Total Reflux 1.4710 1.4789 67.5 47.0 7.3 5.75
0.5 1.4729 1.4791 62.5 46.82 6.1 6.89
2.0 1.4731 1.4786 62.2 47.5 5.2 8.10
2.2 1.4751 1.48156 62.0 4]1.8 5.8 7.30
3¢ 1.4752 1.4810 b7.1 42.5 4,9 8.60
14 1.4739 1.4739 59.0 59.0 0 -

8. Synthesis of Compounds used for Identification

Purposes in Lignin Hydrogenation Studies

(a). Synthesis of 4-n-Propylcyclohexenol

4-n-Propylcyclohexanol was synthesized according
to the procedure of Harris, D'Ianni, and Adkins (73) and

embodying the following reactions(Fries Rearrangement);

<(:::>LOH-ngHSCOOH S0c1 <<:::>>o-g-cgﬂ5 (96% of theory)
0
A1C1
0=C=C Hp ——=3 5 HO- C~CgHgs (30% of theory)
TR 0

Ng
- - (260 atm.)  pgo- CHo=CHo=CH

2500C
4 hrs. (80% of theory)
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(v). Synthesis of 3-(4-hydroxycyclohexyl)propanol-1

3-(4~-hydroxycyclohexyl)propanol-1l was synthesized
by the procedure of Adkins, Frank, and Bloom (72),

according to the following reactions:

(I).

MeO CHO + CH_-CO.Et —% > Me0 CH=CH-COZES
3 "2 o°¢C
2.5 hrs. (76% of theory)
(11).
) Hy
(76 atm.)
MeO CH=CH-COoEt —fams —> MeO CHy=CHg=COgEt
1000¢
20 min. (99% of theory)
(111).
~HI.Hs0
MeO CHgmCHp=COpEt ——— 2 5 HO CHy~CH,,~COOH
1450C
20 min. (89% of theory)
(IV).
EtOH
~CH o=-COOH > HO CHo=CH,~CO Et
780C
24 hrs. (78% of theory)
(v).
(2002atm. )
auvie.
«CH = > CH,-CH_~CO_Et
HO CH,=CH,=CO,Et ——— HO 27 e e
2100C

3 hrs. (96% of theory)
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(VI).
(2502
2507atm,. )
H CH,+CH,~CO,E% — CH w -
2"2™%2% “oucro HO H,~CH,~CH,0H
2500¢ &
5 hrs. (89% of theory)

The mode of synthesis, as desaribed by Adkins,
was found satisfactory with the exception of reaction III
and the physical properties of the product of reaction v
4~ (propiorylethylester )oyolohexanol.

Reaction III:

According to Adkins the hydrogen iodide cleavage
of pemethoxyhydrocinnamyl ethyl ester is carried out at
moderate temperatures. It was found that this compound
(256 g.) when heated with constant boiling hydriodie acid
(bepe 127°C)(50 co.) for 45 minutes gave 17 grams of
pemethoxyhydrocinnamic gcide On esterification with
absolute ethanol containing a trace of soncentrated sulfuric
acid, 16 grams of p-methoxyhydrocinnamyl ethyl ester
(n2° = 1.5143) was obtained.

A second alkoxyl cleavage was run on 9.6 g. of
p»methoxyhydrocinnemyl ethyl ester, using 25 cc. of ocon-
stant boiling HI (4 # 1.7) and carried out in a 125 @o.
ground-glass flask. The flask was equipped with a vertioal
condenser, the top of which was connected to a dry-ice
trap. The reaction mixture was heated at 959C for

40 minutes in an attempt to follow Adkin's instructions to

"heat gently until jodides are removed". At the end of



- 233_

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 crystaelline 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 11l.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-Bydroxyhydrocinnamyl ethyl ester (39 gnm.),
dissolved in 10 ec. of ethanol, was treated with hydrogen
et 200 atmospheres pressure and 210°C over RaNi catalyst
(56 g.) for three hours. A yield of 37 g. of a liquid
distilling at 118°C at 0.6 mm., ng5 = 1.4690, dzg: 1.0310
was obtained. (Adkins reported b.p. 102-103°C at 0.2 mm;

n§5 = 1.5661; 42% = 1.0309).
25 '

Molecular refractivity (Cooke's results) 53.9

Molecular refractivity (Adkins' results) = 63.2

Theoretical molecular refractivity 53.87
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Reaction VI:

The ester (37 g.)(with a refractive index of
1.4690) was hydrogenated over CuCr0 (3 g.) at 250°C using
hydrogen at 250 atmospheres pressure for £ hours. Twenty-
five grams (89% of theory) of a material boiling at 132-
134°C &t 0.7 mm. (nZ° = 1.4878 just before solidification)

which solidified into a wax-like white product was obtained.

Oxidation of 3-(4-hydroxyoyclohexyl)propanelel-

4-keto-cyclohexylpropionic 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: The keto-acid (100 mg.)
in 0.8 cc. of 40% EtOH-Ho0 was added to a solution of 100 mg.
of free semi-carbazide (m.p. 94-96°C) (not the hydrochloride)
in 1.5 cc. of a buffered (pH 5) aqueous solution. Pre-
cipitation occurred immediately, and after two recrystalligze

ations from water geve a product melting at 201-202°C.
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Acid Equivalent of Semi-carbazone:

Pound: = 224.

Theoretical: = 2287.2

Analytical Results on Semi-carbazone:

Found: % C = 52.2, 52.4; % H = 8.0, 8.1l.

Theoretical: % C = 52.6; % H = 7.9.
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VIIT SUs.ARY

A. A new, simple and efficient method has been devised for
the hydrogenation at hizh pressures, of small quentities of plant
material and for the ~nalysis =nd identification of the hydro-

genated vroducts.

B. The work of Harris, D'Ianni and Adkins (73) on the hydro-

genstion of methanol lignin (mspen) hess been confirmed by anplica-

tion of same procedure to ethenol liznin (maple).

C. Each of the verious groups of eth?nolysis products obtained
in the ethanolysis of menle wood meal, 2nd including (1) the
distillsble oils; (2) the non-distilleble amorphous fraction of the
water-soluble oils; (3) the so-called '"benzene-shakings"; (4) the
- non-water-soluble tar; (5) the water-insoluble ethanol lignin and
(6) the residual lignin in the wood, hrve been hydrogenated and the

resulting products separated, snalyzed and very largely identified.

D. Based on these results, and on the previously published

data on hydrogenation, the type of linkage (-¢-C- or -C-0-C-)

present in the individual fractions and the extent to which these

are present, have been determined.

8/
E. The experimental data and theoretical consideration/would

seem to nrovide m rational working theory of the mechanisx

ethanolysis.
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F. Contrary to general velief, it was found possivle to obtaein

simple water-soluble lignin units by the metheanolysis of maple and

aspen woods. The woter-insoluble methonol lignin (maple) he~s been

hydrogenated and the products shown to be identical with those

obtained by hydrogenation of the ethonol lignin (maple).



O B’ N O\

10.

11.
12.

13,

1k,

- 238 -

REFERENCES

. Schulze: Chem. Zentr., 2&, 321 (1&57)
. Payen: Compt. rend % 1052, 1125 (183%); &, 51, 169
1

(1939); 10 (1240)
Schwalbe: Enz., d. techn, Chemie, 6, U417 (1919)

(a) Krschner:"Zur Chemie der Ligninkérper", Ferd. Enke,
Stuttgart (1925), 1.8

(b) Freudenberg: "Cellulose, Tannin, Lignin%, J., Sprincer,
Berlin (1933) D. llé

. X8nig and Rump: "Chemie und Struktur der Pflanzen-Zell-

membran", (1914), p.&5
Hilpert: Ber., 67, 1551 (1934); 68, 156, 386, 1575 (1935)
Fuchs: "Die Chemie des Lignins"; J. Springer, Berlin (1926)

. Friedrich and Diwald: Monats., 46, 31 (1925)

Brauns: J. Am. Chem. Soc., 61, 2120 (1939)

{a) Freudenberg, Zocher and Dlirr, Ber,, 62, 1%14 (1929)
(b) Bailey, I. W.: J. Arnold Arboretum, 15, 327 (1934);
(c) Bailey, I. W., Ind. Eng., Chem., 30, 40 (1938)

(d) Batley, A. J.: Ind. Eng, Chem,, Anal. Ed., &, 52, 389
(1936

(e) Richter: Ind. Eng. Chem., 33, 75 (1941)

Phillips and Goss: J. Agric. Research, 51, 301 (1935)
Tilghmenn: Eng. Pat. 2924 (1866), 385 (12367)

(a) Pederson: Papier Z., 15, 422 (1890)

(b) Lindsay and Tollens: Ann., 267, 341 (1892)

H4gglund, "Holzchemie", Akad. Verlag.,, Leipzig, 2nd ed.
(1929), p.145-169



18,

19.

20.

21.

22,

23

2L,

25,
26.

27.

28.

29.
30.

- 239 _

- Beckmann, Liesche, and Lehmann: Z. angew. Chem,,3k4,

285 (1921)

. Phillips: J. Am. Chem. Soc., K0, 1986 (192%)

* ) )

(a) Mehta: Biochem. J., 19, 958 (1925)

(b) Doreé and Barton-Wright: ibid., 21, 290 (1927)

(c) Powell and Whittaker: J. Chen. Soc., 127, 132 (192%)
(a) K#nig: Ber., 39, 3564 (1906)

(b) Fischer, F. and Schrader: Vgl. abh. Kohle, 4,613 (1919);
5, 200, 221, 322 (1920)

Klason: Ber. Hauptversammlung des Vereins der Zellstoff
u. Papier Chemiker, pp. 52-53% (1908)

(a) Paloheimo: Cellulosechem., 9, 35 (1928)

(b) Sherrard end Herris: Ind. Eng, Chem., 2L, 103 (1932)
(a) Willstdtter and Zechmeister: Ber., 46, 2401 (1913)
(b) Willstdtter and Kalb: Ber., 55, 2637 (1922)

Urban: Cellulosechem.,7, 73 (1926)

Ritter, Seborg end Mitchell: Ind. Eng, Chem,, Anal, Ed,,
4, 202 (1932)

(a) Freudenberg, Harder and Markert: Ber., 61, 1760 (192%)
(o) " Zocher, and Dirr; Ber., 62, 1£14 (1929)
Kalb and Lieser: Ber., 61, 1011 (1928)

Freudenberg, Belz and Niemann: Ber., 62, 1554 (1929)

HYgglund: Biochem. 2., 206, 245 (1929); H8gelund and
Sandelin: Svensk, kem. Tidskr., 46, &3 (1938)

(a) von Fellenberg: Biochem. Z., 85, 79 (1918)

(b) Dore: Ind. Eng. Chem., 12, 475, 9%6 (1920)

Van Beckum and Ritter: Paoef T. J., 108, 67 (1929)

(a) Hgglund and Bj8rkman: Biochem. Z., 147, 74 (192k)



- 2o -

30. (b) H#gelund 24 Rosengvist: ibvid., 179, 276 (192A)
31. (a) Freudenberg and Harder Ber., 60, 581 (1927

(b) Freudenberg, Klinck, Flickinger and Sobek, Ber., 72,
217 (1929)

32. Hunter and Hibbert, J. Am, Chem., Soc., 61, &68 (1939)

33. Huater, Wright and Hibbert: 71, 734 (1932)

34. Tomlinson and Hibbert? J. Am. Chem., Soc., 5%, 345, 34g (19%)
5, Hibbert and Wright: ibid., 59, 125 (1937)

36. Friedrich: Z. physiol. Chem,,168, 50 (1927)

37. HFé~clund, Johnson and Trygz: Svensk. Pspperstidn., 32,

415 (1929)
38, (a) Freudenbergz, Ber., 62, 1554 (1929)

(b) Harris, Sherrard and Mitchell: J. Am, Chem. Soc. 56,
889 (1934)

39. ‘Dimroth: Ber., 53, U84 (1920

40. (2) Freudenberg, Sohns, D#rr and Niemenn: Cellulosechem.,

12, 263 (1931)

(b) Gray, Brauns and Hibbert: Cen. J. Research, B,13,
bs (1935)

41. Freudenberg and M#iller: Rer., 71, 2500 (1938)

42. M#ller: Papier Fabrik. 37, 184, 221 (1939)

43, Staudinger and Dreher: Ber., 69, 1729, 1734 (1936)
4Yhs. Wedekind and Katz: Ber., 62, 1172 (1929)

LUb.Pauly et al.: Ber., 67, 1193 (1934)

45 . HYegglund and Klingstedt: 2. orhysik. Chem. (4) 152, 295

(1931)
46. Herzog and Hillmer: Ber.,60, 365, 1600 (1927); 64, 1288
(1931)

47, Bdcolund: Chem. Zentr., 90, III, 186 (1919)



- 241 -

48. (a) Heuser and Skidldebrand: Z. ancew. Chem., 32, 41 (1919)
(b) Erdmann: %. angew. Chem.,34 309 (1921)
(c) Fischer and Schrader: Ges. Abh, Kohle, 5, 106 (1922)
(d) Tropsch: ibid., 6, 293 (1923)

49. Pictet and Gaulis: Helv. chim. acta 6, 627 (1923)

50. (a) Phillips and Goss: J. Am. Chem, Soc.,51, 2420 (1929);
Ind. Eng. Chem.,24, 1U436 (193%2)

(b) Phillips and Goss: J. Am. Chem. Soc., 54, 151% (1932)
1. Smith and Howard: J. Am. Chem., Soc., 59, 234 (1937)
52. Fischer and Tropsch: Ges. Abh. Kohle, 6, 271 (1923)
53. Klason: Ber., 53, 706 (1920)
54, Higelund: Arkiv Xemi, Miner=1l., Geol., 7, 15 (1918)
55. (a) Heuser, Roesch and Gumkel: Cellulosechem., 2, 13 (1921)

N
(b) Heuser and Winsvold: ibid,, 2, 113 (1931); k4, Lo, 62
(1923); Ber., 56, 902 (1923)

56. Urban: Cellulosechem., 7, 73 (1926)

57. (a) Bec%manns Liesche, and Lehmann: Biochem. Z., 139, 491
1923

(p) Holmberg and Zintzell: Ber., 5L, 2417 (1921)
58. (a) Grafe: Monatsh., 25, 982 (1904)
(b) Kdrschner: J. prakt. Chem., 118, 238 (1928)

(c) Pauly and Feuerstein:; Ber., 62, 297 (1929); 67, 1177
(1934)

(d) Hénig snd Ruziczka: Z. angew. Chem.,Ll, 845 (1936)

59. (a) Hdgelund and Brote: Svensk Papperstidn., 39, 347 (1936)
(b) Hgelund and Alvfeldt: ibid., 40, 236 (1937)

60. Leger and Hibbert: Can. J. Research, B,16, 68 (1938)

61. Buckland, Tomlinson and Hibbert: J. Am. Chem. Soc., 59,
597 (1937)



- 242 -

62, Bell, Hawkins, Wright and Hibbert: ibid., 59, 598 (1937)
63. Leger and Hibbert: ibid., 60, 565 (1938)
64, Freudenberg, Sohns and .snson: Ann., 518, 62 (1935)
65. Freudenberg, Janson, Knopf and Haag: Ber., 69, 1415 (1936)
66. (a) K8nig: Ber., 39, 3564 (1906)
(b) Doree and Hall: J. Soc. Chem. Ind., 43, 257T (1924)
(c) Rassow and Zickmann: J. prakt. Chem. (2) 123, 228 (1929)
(d) Heuser and Samuelson: fellulosechen., 3, 78 (1922)
(e) Horn: Brennstoff Chem.,10, 364 (1929)

(f) Schaarschmidt, Nowak, Zetzsche: Z. ancgew. Chem., 42
618 (1929)

(g) Phillios and Goss: J. Am. Chem. Soc., 55, 3466 (1933)

’

67. Freudenberg, Meister and Flikinger, Ber., 70, 500 (1937)
68. Freudenberg, Lautsch, Engler: Ber.,73, 167 (1940)

69. Fierz-David and Hannig: Helv. Chim. Acta, &, 900 (1925)
70. Bowen =nd Nash: Fuel, 5, 138 (1926)

71. Adkins: "Reactions of Hydrogen", Univ. of Wisconsin Press

(1937)
72. Adkins, Frank and Bloom: J. Am. C hem. Soc., 63, 549 (1941)
7%. Harris, D'Ianni and Adkins: J. Am. Chem. Soc., 60, 1467 (1938)
74, Harris, Saeman and Sherrard: Ind. Eng. Chem., 32, 440 (1940)
75. Godard, Ph,D. Thesis, McGill University (1941)
76. Harris: Paper Trade J., 111, 297 (1940)

77. Brickman, Pyle, Hawkir= and Hibbert: J. Am., Chem, Soc.,
62, 986 (194)

78. Oramer, Hunter and Hibbert, ibid., 61, 2198 (1939)
80, Hunter, Cramer and Hibbert, ibid., 61, 516 (1939)



g1.

g2,
&3 .
gl
&5.
86.

g8,
&9.

91.
90.

92.
93.
9L,

%5.
96.

97.
99.
100.
101.

- 243 -

(a) Cross and Bevan: Ber., 25, 2520 (1893)

(b) Green: 2. Farben Textilchemie, 3, 97 (1904)
(¢) Schresuth: 2. angew. Chem., 36, 149 (1923)
(d) Fuchs: ibid., 44, 111 (1931)

Klason: Svensk. kem., Tidskr. 9, 133 (1897)
Klason: Ark. Kemi, Mineral. Geol. 3, No.5 (1908)
Kl=son: ibid., 6, Vo.l (1917)

Klason: Ber., 53, 1864, 1873 (1920)

Klason: ibid., 56, 300 (1923)

. Klason: ibid., 6&, 375, 1761 (1925); 61, 171 (1928); 62,

635 (1929)
Klason: ibid., 63, 792 (1930); 64, 2733 (1931)
(2) Tiemana and Haarmann: ibid., 7, 60% (1%74)
(o) Tiemann: ibid. 11, 659 (1278)
Freudenberg: J. Chem. Education, 9, 1171 (1932)

Freudenberg: Abhandlung Sitzungsberichte der Heidelberger
Akademie der Wissenschaften (1928)

Erdtmann: Ann,, 503, 286 (1933)

Cousin and Herissy: Compt. rend., 147, 247 (1908)
Freudenberg: Papier-Fabr., 36, 34 (1938)

Loutsch and Piazolo: Ber., 73, 317 (1940)

Creighton, ¥cCarthy, and Hibbert, J. Am. Chem, Soc., 63, 312
(19%41)

Creighton, McCarthy and Hibbert: Unpublished results.
Freudenberg: Ann. Review of Biochemistry &, 22-89 (1939)
Hibbert, J. Am. Chem. Soc., 61, 730 (1939)

(a) Sachs: "Lehrbuch der Botanik", Leipzig, Uth ed. (1€74)
p.cl



101.

102,
103 .

104,

105.

106,
107.

108,

109.

110.
111.
112,
113,
114,
115.
116.

- ik —

(b) Sonntag: Landw. Jahrb., 21, 839 (1892)

(c) Schellenberg: Jahrb. wiss. Botas-ik, 29, 237 (196)
(d) Leon: 2. Ver. D. Ing., 62, 341 (1913)
Szent-Gydregyi: Ber.; 72, 53 (1939)

(7) Szent-Gybrgyi: Acta Med. Szemed, 9, 1 (1937)

(b) Szen%-Gy&igyi et 2al.; 2. physiolog., Chem, 254, 147
1938

(a) Beng%lggg)Szent—Gyérgyi: Z. physiol. Chem., 2585, 57

() Yeuberg and Hirsch: Biochem, Z., 115, 242 (1921)

(c) Yeuberg and Liebermen: ibid., 115, 121, 311 (1921)

(d) Neuberg and Ohle: ibid., 127, 327 (1922); 128, 610 (1927)
(a) Brauns and Hibbert, J. Am. Chem. Soc. 55, 4720 (1933)

(b) L " " Can. J. Research, 13, 2% (1935)

(c) Thomas: Biochem. J., 19, 927 (1925)

Favorsky: Bull. soc. chim., 39, 215 (1926)

Onslow: "Principles of Plant Biochemistry", Cambridee Univ,.
Press (1931)

Oppenheimer and Stern: "Biological Oxidation", “ordeman
Pub. Co., N.Y. (1939), pp. 268-373

Hibbert: "Present Stztus of the Lignin Problem", Presented
2t ew York Meeting of Tech. Assoc. Pulp and Paper
Ind. Feb. 1941

West, X, A., Hawkins and Hibbert: Unpublished results

Brauns and Hibbert: J. Am. Chem., Soc., 55, 4720 (1933)

Brauns and Hibbert:; Can. J, Research, 13, 28 (1935)

Klason: Tekn. Tidskr. Avd., Kemi 23, 55 (1893)

Mangin: Compt. rend., 110, 295 (1%90)

Griiss: Ber. botan. Ges., 3%, 351 (1920); 41, 4¢ (1923)

Aronovsky and Gortner: Ind. Eng. Chem., 28, 1270 (1936)



117.

118,

119.

120.
121,

122,

123,

124,

(b)
(e)
(a)

(b)

(a)
(b)

T

Yibbert and Rowley: Can. J. Research, 2, 357 (1930)
Hibbert =nd Marion, ibid., 2, 364k (1930); 5, 302 (1931)

Hibbert, Gray, King and Brauns, ibid., 13, 35 (1935)

Rass?w an% Gabriel: Cellulosechem,, 12, 227, 299, 318
1931

Rassow and Wagner: Wbl, Papierfabrik., 63, 103, 161,
2h3, 303, 342 (1932)

Fuchs: Ber., 62, 2125 (1929)

Fuchs and Davis: Cellulosechem., 12, 103 (1931)

Hibbert and Thillips: Can. J. Research, 3, 65 (1930)

(2
(

o] o

fo}

)
)
)
)
)

]

H

(
(
(
(
(2)

t

(1)

(i)
(k)
(a)
(b)

Blthler: Papnier-Ztz., 25, 3526 (1900)

Hochfelder, J. Diss,, Minich (1915) (see Ref.1k, p.172)
Jonas: Z. anegew. Chem., 34, 289 (1921)

Legeler: Cellulosechem., 4, 61 (1923)

Schrauth and Guazebrath: Ber., 57, 854 (192L4)

yd~zlund snd Johnson: Biochem. Z. 187, 98 (1926)

viederl, Smith, McGreal: J. Am. Chem, Soc., 53, 3390
(1951)

Wedekind, Engel, Storch and Tauber: Cellulosechem., 12

163 (1931)

b

Freudenberg and Sohns: Ber., 65, 265 (1933)

Brauns and Hibbert: Can. J. Resea%chﬂ;li, 78 (1935)
Hillmer: Cellulosechem., 6, 169, 187 (1925)

Kalb and Schoeller: ibid., 4, 37 (1923)

Wise, Peterson and Herlow: Ind. Eng. Chem., Anal, Ed., 11,

(2)

18 (1939) -
Storch: Cellulosechem,, 11, 4 (1930)

(b) Wedekind: Faturwis., 23, 70 (1935)

(c)

Wed ekind: Cellulosechem., 17, 47 (1936)



125,
126.
127.
12%,
129.
130.
131.
132,
133.

134,
135,

142,
143,
1ul,
145,
146,

- U6 -

Friedrich: 2, physiol. Chem., 176, 127-143 (192%)
Aronovsky #2d Gortner: Ind. Eng. Chem,, 22, 264 (1930)
Fawley and Campbell: ibid., 19, 1742 (1927)

Klason: Rer., 65, 625 (1932)

Brouns: J. Am., Chem. Soc., 61, 2120 (1939)

Friedrich and Brfida: ¥onatsh., 46, 597 (1925)

Harris: Ind. Eng. Chem., 32, 1049 (1940)

Aronovsky and Gortner: Ind, Eno, Chem,, 28 1270 (1935)

McMill?n, Ggrtner, Schmitz =nd Bailev: ibid., 30, 1407
193 &

Bailey: Paper Trade J., 110, ¥o.1l, 29 (19k0)

(a) Kleinert and Tayenthal: Z. angew. Chemie, U4l 6 722
(1931) '

(b) Bailey: ibid., 111, ¥Wo.7, 27 (1940); 111, 26 (1940)
(a) Bailey: Paper Trade J., 110, ¥o.2, 29 (1940)

(o) Brewer, Lovell and Hibbert: Unpublished results

. Hachihama and Shegush: J. Soc., Chem., Ind. Japan, 37,

Suppl. 5&4, 1771 (1934) (C.4.29, 1276, 1941
(1935))

Phillips: Chem. Rev., 1k, 126 (1934)
H4cplund and Urban: Cellulosechem., 8, 69 (1927)

Higglund and Urban: ibid., 9, 49 (192%)

. Meyer: "Anazlysen und Konstitutionsermittlung", Berlin,

3rd ed., (1916) p. 751
Willstdtter and Utzinger: Ann., 382, 147 (1911)
Campbell; Biochem. J., 23, 1225 (1929)
Aronovsky and Lynch: Ind. Eng. Chem., 36, 790 (193%)
Miller snd Bartholome: Papier-Fabrik., 37, 103 (1939)

Holmberg and Runius: Svensk Kem. Tidsk., 37, 189 (1925)
(abs. Cellulosechem., 7, 9 (1926)



147,

148,
149,
150.
151.

152,

153,
154,
176,

157.
15%,

159.
160.

164,
165,
165,
167.

168.

_ 247 -

Peniston, McCarthy and Hibbert: J. Am, Chem. Soc. A1,

530 (1939)
Brawn, Heddle and Gardiner: ibid., 62, 3251 (1941)
Test, K., Hawkins and Hibbert: Unpublished results
Hewson, McCarthy and Hibbert. Publication pending

Brickman, Pyle, McCarthy and Hibbert: J. Am. Chem. Soc.,
61, 868 (1939)

MacInnes, West, E., ¥cCarthy and Hibbert: ibid,, 62

2203 (1940 ’
King and Hibbert: Can, J. Research, B,14, 12 (1936)
Comoton, Greig and Hibbert: ibid., B,14, 115 (1935)

Conner, {olkegs, and Adkins: J. Am. Chem. Soc,, 54, 113%
1932

Covert and Adkins: ibid., 54, L4116 (1932)
Perry and Hibbert, ibid., 62, 2561 (1940)
Bell: J. Chem. Soc., 1935, 1180

Morton: "Lavoratory Technique in Organic Chemistry",
YcCGraw Hill (1938) b.74

. Reichstein, Helv. Chim. Acta, 9, 799 (1926)

French and Wirtel, J. Am. Chem. Soc., U8, 747, 1736 (1926)
(a) Ilosovay: Ber., 32, 2693 (1%99)

(b) Willstdtter 2nd Maschmann: Ber., 53, 939 (1920)

(c) Sch#itz and Klauditz: 2. angew. Chem. L4 L2 (19%1)

(d) Borellini: Chem. Abs., 30, 7495 (1936)

Peniston and Hibvert: Paper Trade J. 109, No.l7, 46 (1939)
Viebbck and Schwappach: Ber., 63, 2318 (1930)

Harris: Analyst, 62, 729 (1937)

Podbielniak: Ind. Eng. Chem., Anal., Ed., 3, 177 (1931);
5, 119 (1933)

Cramer, Zartman, and Adkins: J. Am. Chem, Soc., £3, 1h25
(1931)



169.
170.

171.
172,
173.
174,
175.
176.
177.
178.
179.
120,
141,
182,
183,
184,
125.
186,
147.
18%.

189.
190.

191.
192,

- o4& -

Corson and Ipatieff: ibid., 61, 1056 (1939)

Groggins, "Unit Processes in Organic Synthesis", McGraw-
Hill, 1st ed. (1935)

Sweeney and Vorhess: Ind. Eng. Chem., 26, 195 (1934)

Cramer, Conner and Adkins: J. Am, Chem. Soc., 53, 1402 (1931)
Kuick, Farlow, Wojcik and Adkins: ibid., 56, 2425 (193L4)
Cooke, Mclzrthy ond Hibbert: Unpublished results

St. Pfau: Helv. Chim, Acta, 22, 550 (1939)

Brewer, YcCarthy »nd Hibbert: Unpublishea results

Carothers =and Adams: J. Am. Chem. Soc., 45, 1071 (1923)
Frolich, Fenske, Terry and Furd: ipvid., 51, 127 (1929)
Frolich, Fenske a~d Quiggle: Ind. Eag. Chem., 20, A9L (192%)
Graves: 1ibid:,23, 1381 (1931)

Frolich and Cryder: ibid., 22, 1057 (1930)

Lewis and Frolich: ibid., 20, 285 (1928)

Conner snd Adkins: J. Am. Chem, Soc., 53, 1091 (1931)
Covert, Conner and Adkins: ibid., 54, 1651 (1932)

Sauer and Adkins: ibid., 59, 1 (1937)

Lazier: U.S. Pat. 2,094,127, Sept. 28 (1937)

Frolich: Trasns. Electrochem. Soc., 71, 313 (1937)

Adkins, Folkers and Conners: J. Am. Chem. Soc,, 54, 1651
(1932)

stinnz1l Regearch Council: "Twelfth Catalysis Report',
Wiley (1940)

Zartmen, Cramer and Adkins: J., Am, Chem. Soc., 53, 1425
(1931)

Burdick: Y.S. Thesis, Univ. of Wisconsin

Covert: M.S. Thesis, Univ. of Wisconsin



193.
194,
195.
196.
197.
198.

199.
200,
201.
202,
203 .
20k,
205,

206.
207 .
208,
209.
210,
211,

212,

213,
214,
215,
216,

_ 249

Zartman and Adkins: J. Am. Chem. Soc,, 54, 1668 (1632)
Cramer and Adkins: ibid., 52, 4349 (1930)

Von Duzee and Adkins: ibid., 57, 147 (1035)
deBenneville =nd Conner: ibid., 62, 223, 3057 (1940)
Burdick and Adkins: ibid., 55, 438 (1934)

Jordan: U.S. Pat, 1,782,621 (1930); Chem. Abs. 25, 303
(1931)

Wojecik and Adkins: J. Am, Chem. Soc. 55, 1293 (1933%)
Conner and Adkins: ibid., 54, 4678 (1932)

Zartman and Adkins: ibid., 55, 4559 (1933)

Sprague and Adkins: ibid., 54, 2649 (1934)

Wojcik, Covert and Adkias: ibid., 55, 1669 (1933)
Lazier: U.S, Pat., 1,839,974 (1932)

iwoky, Broderick, and Adkins: J. Am. Chem. 8oc.,51,
3412 (192%)

Fischer and Schrider: Brennst. Chem., 2, 161 (1921)
Fierz-David: J. Soc. Chem. Ind., 44,6 942 (1925)

von Wacek: Ber., 63, 222 (1930)

Lindblad: Ing. Vet. Akad., 107, 7 (1931); C.A.26, 4L62 (193
Ipatieff and Petrov. Ber., 62, Lol (1929)

Trefliev =1d Filaterov: Ukrain. Xhim. Zhur., 10, U450

(1935); (C.A., 36, UA50 (1936)) T

Moldavskii and Vainstein: Zhim. Tver Top., 6, 652 (1935)
(C.A. 36, 570 (1936))

Freudenberg: Ann., 518, 62 (1935)
Hibbert and Moore: Can. J. Research,BlU Lol (1936)
Harris and Adkins: Paper Trade J. 107, 236 (1938%)

Harris: ibid., 111, 297 (1940)



227,
22,
229
230,

- 250 -

Godard, McCarthy and Hibbert: J. Am. Chem. Soc,, 62
986 (1940) —

3

Schorger: "The Chemistry of Cellulose and Wood", McGraw-
Hill (1925), p.126

Boomer and Edwards: Can. J. Research, B,1L 337 (1935)

McCarthy and Cooke: Oral discussion, Baltimore Meeting
of American Chemical Society, April, 1939

deBennev%llﬁ ?nd Conner: J. Am, Chem. Soc., 283, 3067
1940

Dorland and Hibbert: Unpublished results

¥ockinney and Hibbert: Osr. J, Research E,1U, 55 (1936)
Compton and Hibbert: ibid., B,15, 38 (1937)

Godard, Cooke, McCarthy =2ad Hibbert: Unpupblished results

Cooke, McCarthy and Hibbert: Proceedings Royal Society
Can., Yey (1939), v».26

Cooke and Macbeth: J. Chem. Soc. 1937, 12L5-7
Gouch, Hunter and Kenyon, ibid., 1926, 2052
Skita and Feust: Ber. 64, 2&78 (1931)

Patterson, Lovell, Hawkins and Hibbert. Publication
pending.












	1941_COOKE_0000
	1941_COOKE_0001
	1941_COOKE_0002
	1941_COOKE_0003
	1941_COOKE_0004
	1941_COOKE_0005
	1941_COOKE_0006
	1941_COOKE_0007
	1941_COOKE_0008
	1941_COOKE_0009
	1941_COOKE_0010
	1941_COOKE_0011
	1941_COOKE_0012
	1941_COOKE_0013
	1941_COOKE_0014
	1941_COOKE_0015
	1941_COOKE_0016
	1941_COOKE_0017
	1941_COOKE_0018
	1941_COOKE_0019
	1941_COOKE_0020
	1941_COOKE_0021
	1941_COOKE_0022
	1941_COOKE_0023
	1941_COOKE_0024
	1941_COOKE_0025
	1941_COOKE_0026
	1941_COOKE_0027
	1941_COOKE_0028
	1941_COOKE_0029
	1941_COOKE_0030
	1941_COOKE_0031
	1941_COOKE_0032
	1941_COOKE_0033
	1941_COOKE_0034
	1941_COOKE_0035
	1941_COOKE_0036
	1941_COOKE_0037
	1941_COOKE_0038
	1941_COOKE_0039
	1941_COOKE_0040
	1941_COOKE_0041
	1941_COOKE_0042
	1941_COOKE_0043
	1941_COOKE_0044
	1941_COOKE_0045
	1941_COOKE_0046
	1941_COOKE_0047
	1941_COOKE_0048
	1941_COOKE_0049
	1941_COOKE_0050
	1941_COOKE_0051
	1941_COOKE_0052
	1941_COOKE_0053
	1941_COOKE_0054
	1941_COOKE_0055
	1941_COOKE_0056
	1941_COOKE_0057
	1941_COOKE_0058
	1941_COOKE_0059
	1941_COOKE_0060
	1941_COOKE_0061
	1941_COOKE_0062
	1941_COOKE_0063
	1941_COOKE_0064
	1941_COOKE_0065
	1941_COOKE_0066
	1941_COOKE_0067
	1941_COOKE_0068
	1941_COOKE_0069
	1941_COOKE_0070
	1941_COOKE_0071
	1941_COOKE_0072
	1941_COOKE_0073
	1941_COOKE_0074
	1941_COOKE_0075
	1941_COOKE_0076
	1941_COOKE_0077
	1941_COOKE_0078
	1941_COOKE_0079
	1941_COOKE_0080
	1941_COOKE_0081
	1941_COOKE_0082
	1941_COOKE_0083
	1941_COOKE_0084
	1941_COOKE_0085
	1941_COOKE_0086
	1941_COOKE_0087
	1941_COOKE_0088
	1941_COOKE_0089
	1941_COOKE_0090
	1941_COOKE_0091
	1941_COOKE_0092
	1941_COOKE_0093
	1941_COOKE_0094
	1941_COOKE_0095
	1941_COOKE_0096
	1941_COOKE_0097
	1941_COOKE_0098
	1941_COOKE_0099
	1941_COOKE_0100
	1941_COOKE_0101
	1941_COOKE_0102
	1941_COOKE_0103
	1941_COOKE_0104
	1941_COOKE_0105
	1941_COOKE_0106
	1941_COOKE_0107
	1941_COOKE_0108
	1941_COOKE_0109
	1941_COOKE_0110
	1941_COOKE_0111
	1941_COOKE_0112
	1941_COOKE_0113
	1941_COOKE_0114
	1941_COOKE_0115
	1941_COOKE_0116
	1941_COOKE_0117
	1941_COOKE_0118
	1941_COOKE_0119
	1941_COOKE_0120
	1941_COOKE_0121
	1941_COOKE_0122
	1941_COOKE_0123
	1941_COOKE_0124
	1941_COOKE_0125
	1941_COOKE_0126
	1941_COOKE_0127
	1941_COOKE_0128
	1941_COOKE_0129
	1941_COOKE_0130
	1941_COOKE_0131
	1941_COOKE_0132
	1941_COOKE_0133
	1941_COOKE_0134
	1941_COOKE_0135
	1941_COOKE_0136
	1941_COOKE_0137
	1941_COOKE_0138
	1941_COOKE_0139
	1941_COOKE_0140
	1941_COOKE_0141
	1941_COOKE_0142
	1941_COOKE_0143
	1941_COOKE_0144
	1941_COOKE_0145
	1941_COOKE_0146
	1941_COOKE_0147
	1941_COOKE_0148
	1941_COOKE_0149
	1941_COOKE_0150
	1941_COOKE_0151
	1941_COOKE_0152
	1941_COOKE_0153
	1941_COOKE_0154
	1941_COOKE_0155
	1941_COOKE_0156
	1941_COOKE_0157
	1941_COOKE_0158
	1941_COOKE_0159
	1941_COOKE_0160
	1941_COOKE_0161
	1941_COOKE_0162
	1941_COOKE_0163
	1941_COOKE_0164
	1941_COOKE_0165
	1941_COOKE_0166
	1941_COOKE_0167
	1941_COOKE_0168
	1941_COOKE_0169
	1941_COOKE_0170
	1941_COOKE_0171
	1941_COOKE_0172
	1941_COOKE_0173
	1941_COOKE_0174
	1941_COOKE_0175
	1941_COOKE_0176
	1941_COOKE_0177
	1941_COOKE_0178
	1941_COOKE_0179
	1941_COOKE_0180
	1941_COOKE_0181
	1941_COOKE_0182
	1941_COOKE_0183
	1941_COOKE_0184
	1941_COOKE_0185
	1941_COOKE_0186
	1941_COOKE_0187
	1941_COOKE_0188
	1941_COOKE_0189
	1941_COOKE_0190
	1941_COOKE_0191
	1941_COOKE_0192
	1941_COOKE_0193
	1941_COOKE_0194
	1941_COOKE_0195
	1941_COOKE_0196
	1941_COOKE_0197
	1941_COOKE_0198
	1941_COOKE_0199
	1941_COOKE_0200
	1941_COOKE_0201
	1941_COOKE_0202
	1941_COOKE_0203
	1941_COOKE_0204
	1941_COOKE_0205
	1941_COOKE_0206
	1941_COOKE_0207
	1941_COOKE_0208
	1941_COOKE_0209
	1941_COOKE_0210
	1941_COOKE_0211
	1941_COOKE_0212
	1941_COOKE_0213
	1941_COOKE_0214
	1941_COOKE_0215
	1941_COOKE_0216
	1941_COOKE_0217
	1941_COOKE_0218
	1941_COOKE_0219
	1941_COOKE_0220
	1941_COOKE_0221
	1941_COOKE_0222
	1941_COOKE_0223
	1941_COOKE_0224
	1941_COOKE_0225
	1941_COOKE_0226
	1941_COOKE_0227
	1941_COOKE_0228
	1941_COOKE_0229
	1941_COOKE_0230
	1941_COOKE_0231
	1941_COOKE_0232
	1941_COOKE_0233
	1941_COOKE_0234
	1941_COOKE_0235
	1941_COOKE_0236
	1941_COOKE_0237
	1941_COOKE_0238
	1941_COOKE_0239
	1941_COOKE_0240
	1941_COOKE_0241
	1941_COOKE_0242
	1941_COOKE_0243
	1941_COOKE_0244
	1941_COOKE_0245
	1941_COOKE_0246
	1941_COOKE_0247
	1941_COOKE_0248
	1941_COOKE_0249
	1941_COOKE_0250
	1941_COOKE_0251
	1941_COOKE_0252
	1941_COOKE_0253
	1941_COOKE_0254
	1941_COOKE_0255
	1941_COOKE_0256
	1941_COOKE_0257
	1941_COOKE_0258
	1941_COOKE_0259
	1941_COOKE_0260
	1941_COOKE_0261
	1941_COOKE_0262
	1941_COOKE_0263
	1941_COOKE_0264
	1941_COOKE_0265
	1941_COOKE_0266
	1941_COOKE_0267

