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Acid Degradation of Lignin
II1* Formation of Formaldehyde
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The liberation of formaldehyde from spruce lignin and lignin
model compounds on 4 h refluxing with 0.2 M HCI in dioxane-water
(9:1) has been studied. The results indicate that the formaldehyde
produced from lignin on this treatment arises primarily from struc-
tural elements of the arylglycerol- f-aryl ether, phenylcoumaran, and
1,2-diaryl-1,3-propanediol types. Some of the low molecular weight
phenolic products present in the lignin acidolysis mixture are con-
sidered to be formed in reactions involving a release of formaldehyde;
these products include stilbenes I and II, and homovanillin (III).
The detection of compound III is described in the present paper.

It is well-known that formaldehyde is liberated on acid treatment of lignin.
From experiments with 28 9, sulphuric acid as reagent, Freudenberg and
co-workers (see Ref. 1) concluded that the formaldehyde arises from terminal
hydroxymethyl groups in the side chains of phenylpropane units. Some of the
compounds ? in the reaction mixture obtained from Bjoérkman lignin from
spruce on heating with 0.2 M HClin dioxane-water (9:1) at reflux temperature **
for 4 h can be considered to be formed in reactions involving such a release
of formaldehyde from hydroxymethyl groups. These products include the
stilbenes I and II; stilbene I is assumed to originate from 1,2-bis(4-hydroxy-3-
methoxyphenyl)-1,3-propanediol incorporated in the lignin,® and stilbene IT
from structural elements of the phenylcoumaran type, carrying a glycerol
side chain to which an adjacent unit is linked by a g-aryl ether bond.2

A third component of the lignin acidolysis mixture, homovanillin (III},
the detection of which is described in the present paper, is also thought to
arise in connection with the formation of formaldehyde. The homovanillin
is presumed to originate from structural elements of the guaiacylglycerol-f-
aryl ether type. This assumption is supported by the fact that homovanillin

* Part II, see Ref. 2. :
** Throughout this paper the term ‘‘acidolysis’ is used specifically for this treatment.
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also is present in the reaction mixture obtained on 4 h acidolysis of a model
compound representative of this type of structure, vsz. guaiacylglycerol-g-
(2-methoxyphenyl)-ether (IV).

A proposed reaction route for the formation of homovanillin from com-
pound IV is shown in Fig. 1. An equilibrium between compound IV and the
benzylium ion V is established in the acidolysis mixture. Compound IV
decomposes via the benzylium ion V, with loss of water, to the enol ether VI
and formaldehyde. (The formation of stilbenes I and II from structural ele-
ments in lignin is similarly considered to proceed via benzylium ions in an
analogous way.34 This type of reaction can be regarded as a reverse Prins
reaction.) The enol ether (VI) then undergoes hydrolysis to yield homovanillin
(IIT) and guaiacol. Support for this second step was provided in an acidolysis
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Fig. 1. Reaction route for the formation of homovanillin (III) from guaiacylglycerol- -
(2-methoxyphenyl)-ether (IV) on acidolysis.
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experiment with the enol ether VI; brief acidolysis (5 min) of this compound
resulted in the formation of homovanillin and guaiacol. It has previously
been reported (Ref. 5, see also Ref. 6) that compound VI decomposes under
acid conditions and that guaiacol and a carbonyl compound were present in
the reaction mixture.

To elucidate the connection between reactions involved in formation of
compounds I—IITI and the origin of the formaldehyde, the liberation of form-
aldehyde from some appropriate lignin model compounds as well as lignin
on 4 h acidolysis was studied.

From guaiacylglycerol-§-(2-methoxyphenyl)-ether (IV) formaldehyde was
obtained in a 3 9, yield; the yield of homovanillin (III) was of the same
order, which is in accord with the suggested reaction route (Fig. 1). The
major components of the 4 h acidolysis mixture obtained from compound IV are
ketol VII and guaiacol.” Acidolysis of ketol VII gave no formaldehyde, show-
ing that formaldehyde from compound IV had not been formed via ketol VII.

A model compound of the phenylcoumaran type, dihydrodehydrodiconiferyl
alcohol (VIII), gave formaldehyde in 9 9, yield. Stilbene IX, considered
to be formed in connection with a release of formaldehyde, has been detected
in the reaction mixture.® (This compound has previously been obtained in
high yield from compound VIII by treatment under ‘“kraft cooking’ condi-
tios.?) The stilbene was a minor component and its yield appeared to be
about the same as that of formaldehyde. The predominating component of
the acidolysis product obtained from compound VIII is a phenylcoumarone.1®

A third model compound, 1,2-bis(4-hydroxy-3-methoxyphenyl)-1,3-pro-
panediol, yielded 15 9, formaldehyde on acidolysis. In this case also, there
was a reasonable agreement between the yield of formaldehyde and the yield
of the compound considered to be formed in connection with liberation of
formaldehyde, i.e. stilbene 1.3

VII R—CH,—CO—CH,0H
X R—CH=CH—CH,0H
XI R—CHO
XII R—CH,—CH,0H
XTII R’—CH,—CH,—OCOCH,
XIV R’—CH,—OCOCH,

R =4-hydroxy-3-methoxyphenyl
R’=4-acetoxy-3-methoxyphenyl

Experiments with the derivatives obtained from the above-mentioned
model compounds by methylation of the phenolic hydroxyl groups showed
essentially the same picture as the corresponding non-methylated compounds
with respect to formaldehyde formation.

Coniferyl alcohol (X), which is considered to be linked to lignin as end
groups, yielded a small amount of formaldehyde (0.7 %,).

Neither (+ )-pinoresinol nor its dimethyl ether gave formaldehyde under
acidolysis conditions.
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From Bjérkman lignin of spruce the yield of formaldehyde on 4 h acidolysis
was 2—3 9, (calculated per methoxyl group), when the concentration of
sample in the acidolysis mixture was of the same order as in the experiments
with model compounds, i.e. about 0.5 %, With lignin concentrations of 1 9,
2 9%, and 4 %, the yield was 1.1 %, 0.6 %, and 0.4 9%, respectively. It is
therefore clear that an increase in the lignin concentration causes a decrease
in the yield of formaldehyde. A plausible explanation is that formaldehyde
liberated is consumed to a larger extent by reactions with the lignin when the
concentration of the latter is increased. It seems likely that the consumption
is due to condensation reactions leading to diphenylmethane structures.
Variation of the yield of formaldehyde with concentration may also occur
in the experiments with lignin model compounds; this has, however, not been
investigated.

On the basis of the results described above and considering what is known
about the frequency of different structural elements in lignin (see, e.g., Refs.
4 and 1), it seems reasonable to conclude that the formaldehyde obtained
from lignin arises primarily from structural elements of the arylglycerol-g-
aryl ether, phenylcoumaran, and 1,2-diaryl-1,3-propanediol types.

The formaldehyde was determined by colorimetry using the chromotropic
acid method. In addition to the absorption caused by formaldehyde the measur-
ing solutions obtained from lignin acidolysis exhibited an absorption maximum
around 397 nm. This is due to the presence of pyruvaldehyde,* which has
previously been detected 12 in the lignin acidolysis mixture.

Experiments with synthetic mixtures of pyruvaldehyde and formaldehyde indicated
that when substantial amounts of pyruvaldehyde were present, the determined form-
aldehyde values were too low. This effect could conceivably have been of importance in
the experiments with a 4 9, lignin concentration, in which case the absorption due to
pyruvaldehyde was relatively strong compared to that due to formaldehyde. However,
in repeated experiments with this lignin concentration, separation of formaldehyde
and pyruvaldehyde by ion exchange chromatography !* and subsequent determination
of formaldehyde gave results which did not differ significantly from those obtained with
the original mixtures.

It is noteworthy that neither the model compounds examined nor boro-
hydride-reduced lignin gave rise to any absorption at 397 nm. This provides
further support for the earlier proposal!?* that the pyruvaldehyde originates
from glyceraldehyde-2-aryl ether structures.

EXPERIMENTAL

Paper chromatography was performed using the solvent system toluene-acetic acid-
water (4:1:5) (descending, upper layer mobile phase). Paper: Schleicher & Schiill 2043
b Mgl. Temperature: 22°. Diazotized sulphanilic acid in 10 9% aqueous Na,CO; was
used as detecting agent. Rp values: homovanillin (ITI), 0.50 (red-violet); vanillin (XI),
0.74 (orange).

Thin layer chromatography was carried out on silica gel (Merck G) plates with benzene-
ethyl acetate (4:1) as eluent. Ry values: 2-(4-hydroxy-3-methoxyphenyl)-ethanol (XII),
0.10; vanillin (XI), 0.30 (dependent on the amount of the compound); homovanillin
(ITII), 0.35; guaiacol, 0.50. Compounds were made visible as brown spots by exposure
to iodine vapour. Homovanillin and vanillin gave yellow and orange spots, respectively,
on spraying with 2,4-dinitrophenylhydrazine in dilute hydrochloric acid.
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For gas chromatography a Perkin-Elmer Model 880 instrument was used. Column
dimensions: 100 X 0.3 cm stainless steel tubing. Solid support: Chromosorb G, acid-washed
and treated with dimethyldichlorosilane, 80— 100 mesh. Stationary phase: Silicone elasto-
mer SE-30, General Electric (1 9% by weight of solid support), and Carbowax 20 M
terminated with terephthalic acid (0.2 % by weight of solid support). Temperatures:
injection 260°, detector 210° and column 190°. Carrier gas: N,, 30 ml/min. Detector:
flame ionization.

Preparation of diacetate XIII. 2-(4-Hydroxy-3-methoxyphenyl)-ethanol (XII) with
a m.p. of 41—43° (Lit.** 43—44°) was treated with acetic anhydride-pyridine at room
temperature for 24 h. Distillation (1 mmHg, 120° bath temperature) of the crude product
obtained on evaporation of excess reagents gave a colourless oil. (Found: C 61.61; H 6.31.
Cale. for C;;H,,0;: C 61.89; H 6.39.) The NMR spectrum, recorded on a Varian A-60
instrument with deuterochloroform as solvent and TMS as internal standard, was con-
sistent with structure XIII. Singlets at 6=2.00 (3H) and §=2.26 (3H) are assigned
to the methyl protons in the acetoxy group in the side chain and the acetoxy group on
the aromatic ring, respectively.

Converston of homovanilllin (II1I1) to diacetate XI1I1I. Homovanillin was dissolved in
a saturated solution of LiBH, in ether (more than ten-fold excess LiBH,). After 2 h the
reaction mixture was acidified by addition of dilute hydrochloric acid and extracted with
chloroform. The extract was dried over anhydrous Na,SO, and solvent removed by film
evaporation. As indicated by thin layer chromatography, the residue obtained consisted
of 2-(4-hydroxy-3-methoxyphenyl)-ethanol (XII). Acetylation with acetic anhydride-
pyridine gave a product identified as compound XIII by gas chromatography.

Detection of homovanillin (I111) in the acidolysis mixtures from lignin and compound
IV. The separation of a fraction containing homovanillin as a component from the
reaction mixture obtained on 4 h acidolysis of Bjérkman lignin from spruce is described
in Ref. 2. A corresponding fraction, which was about 3 9, of the starting material, was
prepared in a similar way from the product obtained on 4 h acidolysis of guaiacylglycerol-
B-(2-methoxyphenyl)-ether (IV). Homovanillin and vanillin were detected in both
fractions by paper chromatography and thin layer chromatography. In addition, a trace
of p-coumaraldehyde in the fraction from lignin was indicated by paper chromatography.?
The fractions were reduced and acetylated as described above to convert homovanillin
to derivative XIII. The presence of compound XIII in the products obtained was indi-
cated by gas chromatography (retention time 4 min) and was confirmed by mass spectrom-
etry, using an LKB 9000 gas chromatograph-mass spectrometer unit. The gas chro-
matograms showed a second peak (retention time 3 min), which was due to the presence
of the diacetate XIV, which is produced from vanillin on reduction-acetylation.

Acidolysis and determination of formaldehyde liberated. Samples (20—200 mg in the
case of lignin (Bjérkman lignin from spruce, methoxyl content 15.6 %,), 10— 30 mg in
case of model compounds) were dissolved in 5 ml 0.2 M HCI in dioxane-water (9:1).
The solutions in sealed glass ampoules were kept for 4 h in refluxing acidolysis reagent.
After being cooled, the ampoules were opened and the contents transferred to a separatory
funnel (the transfer was made complete with help of some water). The reaction mixture
was neutralized with 5§ ml 0.2 M aqueous NaHCO; and extracted with 5 ml, and then
with 2% 2.5 ml chloroform. To separate the formaldehyde, the aqueous layer (about
10 ml) was distilled. When a few ml remained, 2 ml water was added, and distilling was
then continued until the total distillate was about 9 ml. The distillate was diluted to
10 ml in a volumetric flask, and formaldehyde determined by the chromotropic acid
method according to Ref. 15. By examining solutions of known amounts of formaldehyde
in the acidolysis reagent it was found that losses in the described work-up procedure
were about 10 9. Although the dioxane used was purified first according to Ref. 16, and
subsequently according to Ref. 17, some formaldehyde appeared to be formed from
the dioxane during the acidolysis (about 0.002 mg/ml). The formaldehyde yields given
have not been corrected for losses in the work-up procedure or for formaldehyde liberated
from the dioxane.

Acidolysis of enol ether VI. A sample of the sodium salt of compound VI?® (30 mg)
was dissolved in 5§ ml 0.2 M HCI in dioxane-water (9:1). The solution was refluxed for
5 min. After neutralization with 5 ml 0.2 M aqueous NaHCOj, the reaction mixture was
extracted with chloroform. The chloroform extract was dried over anhydrous Na,SO,
and solvent removed by film evaporation. Examination of the residue by thin layer chro-
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matography indicated the presence of homovanillin (IIT) and guaiacol, and further proof
for the presence of homovanillin was provided by paper chromatography.

Acknowledgements. The authors wish to express their thanks to Prof. E. Adler for
his kind interest in this work. We are grateful to Tekn. lic. K. Anjou for help with the
mass spectrometry; mass spectra were taken on equipment provided through the courtesy
of Prof. E. von Sydow. Financial support from Cellulosaindustriens stiftelse for teknisk
och skoglig forskning samt utbildning is gratefully acknowledged.

REFERENCES

—

. Freudenberg, K. and Neish, A. C. Constitution and Biosynthesis of Lignin, Springer,
Berlin 1968. '

‘Lundquist, K. Acta Chem. Scand. 24 (1970) 889.

Lundquist, K. and Miksche, G. E. Tetrahedron Letters 1965 2131.

Adler, E., Lundquist, K. and Miksche, G. E. Advan. Chem. Ser. 59 (1966) 22.
Gierer, J. and Norén, I. Acta Chem. Scand. 16 (1962) 1713.

Nakano, J., Suzuki, M., Saheki, S. and Migita, N. J. Japan Wood Res. Soc. 13 (1967)
208.

Lundquist, K. Unpublished results.

. Lundguist, K. and Hedlund, K. Acta Chem. Scand. In press.

. Adler, E., Marton, J. and Falkehag, I. Acta Chem. Scand. 18 (1964) 1311.

10. Adler, E. and Lundquist, K. Acta Chem. Scand. 17 (1963) 13.

11. Mitsui, T. and Miyatake, Y. Rika Gaku Kenkyusho Hokoku 38 (1962) 189.

12. Lundquist, K., Miksche, G. E., Ericsson, L. and Berndtson, L. Tetrahedron Letters

1967 4587.

13. Christofferson, K. Svensk Papperstid. 70 (1967) 540.

14. Arlt, H. G., Gross, S. K. and Schuerch, C. Tapp: 41 (1958) 64.

15. West, P. W. and Sen, B. Z. Anal. Chem. 153 (1956) 177.

16. Vogel, A. I. Practical Organic Chemastry, 3rd Ed., Wiley, New York 1966.

17. Tunicliff, D. D. Talanta 2 (1959) 341.

Lo Sopw

Received May 8, 1970.

Acta Chem. Scand. 24 (1970) No. 10



