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Lignin, the ubiquitous component of terrertrial plants, has been 8bown to b8 paranagnet- 

i&2,3 . The psramgnetism of lignin preparation8 increases with the extent of chemical or 

enz.ymatic degradation. 4 Hardwood lignine (which contain a high proportion of 3,5-dimethoxy-h- 

hydroxy-phenyl groups) have a higher spin content than analogou8 softwood lignins (which have 

3-methoxy-h-hydroxyphenyl element8 a8 the chief constituent). Alkali or soda ligninr ahow the 

highest radical content of all preparations. Becaure of the lack of hyperfine splitting in the 

single-line ESR spectra of these solids, however, no deduction could be made concerning the 

nature of the radical species. 

To obtain structural information from the RSR technique, we dissolved lignin aamplee in 

dilute aqueous RaOH and examined the solution with high resolution ESR rpectrometry. All hard- 

wood samples gave the same 8pectrum (pigure la); the only variation wan in the signal intenrity. 

Corncrcial specimen8 such a8 Maadol, Indulin and graft products, were used. Softwood alkali 

lignina gave weak, unresolved spectra. In strong base (0.1 M to 1.0 M RaOH) spectrum la 

changed rapidly to spectrum lb. Par a 5$ mixture of Meadol and 0.1 M base, the 8ignal inten- 

sity corresponded to a radical concentration of 2 x 10 -4 M or approximately 1 mole percent of 

the parent substance. The signal intensities were pH dependent, increasing iron zero at pH 10 

to a maximum at pH 13. 

When native aspen lignin (a hardwood) was treated with 0.1 M base as above, a very weak 

signal was obtained. After the eolution was boiled for one hour, a strong rignal of spectrum la 

appeared. Continued boiling served to increase the smount of the radical species la. This 

would ruggest that alkaline cleavage of hardwood lignin is a free radical process. 5 

The spectrum of the free radical specie8 la corresponds to structure II, which could ari8e 

from several sources. We observed the RSR spectrum of this radical (pig. la) using a solution 

of 2,6-dimethoxyhydroquinone exposed to air, a6 well as by a similar aerial oxidation of a 

2,6dimethoxyphenol solution. Since 2,6_diwthoxyquinone (I) in aqueous base gives the same 

npactrum, and can be demonstrated by thin-layer chromatography to ba present in the aqueou8 

5041 



5042 No.57 

extracts of lignin preparations (Meadol, Krafts, etc.), this compound was chosen as the best 

model for our investigation. 

The primary radical (II) results from I in aqueous sodium hydroxide or buffer solutions 

exposed to air only when the concentration of I is sufficient to cause scavenging of dissolved 

oxygen by the resulting radicals. Excess air exposure was found to destroy the semiqulnone. 

To eliminate this variable, experiments were conducted on 1 x 10e3 M concentrations of the 

quinone (I) In aqueous base at various pH values in a closed apparatus filled with nitrogen. 

,(L3 qo4H3 
0 o- 
I II 

The aqueous base was purged with nitrogen before mixing it with the quinone. The results are 

highly dependent on the pH as shown in Table 1. 

Table 1 

Effect of pH on Radical Concentrations 

&!!! Observed Spectrum 

9.18 (Buffer) Very weak; develops strong signal of II on 
overnight (17 hours) standing. 

Il.98 (?iaOH) Moderately strong signal of II, increasing in 
intensity over 3 hours. Overnight standing 
(17 hours) produces spectrum of III (Mg. lb). 

13 (0.l.M NaOK) Strong signal of II changing to III after 2.5 hours. 

14 (l.OM NaOH) Spectrum of III almost immediately. 

The details of the mechanism of formation of the primary radical II from the quinone I 

is the subject of our continuing investigation, but it is reasonable to assume that it involves 

addition of the OH- ion to the quinone to produce a phenolic anion which can participate in 

a redox reaction with the quinone (as shown by the work of M Eigen and P. &tthies6). In 

this regard, we have found more intense ESR signals resulting from alkaline mixtures of the 

quinone I and other monowdric phenols than with the quinone alone. Although we did not 

observe a radical intermediate due to the oxidized phenolic anion, it is quite possible that 
7 

its existence is transitory. (V an a araman and Praenkel did observe mixed spectra with k t 

alkaline solutions of p-benzoquinone, which they attributed to the presence of sn hydroxy- 
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hydroquinone anion radical). 

As the pH is increased (Table 1) a sixteen-line secondary radical spectrum appears 

(Pig. lb). Interpretation of this spectrum shows that the unpaired electron interacts with 

three equivalent and two non-equivalent protons. This indicates the loss or exchange of a 
8 

methoxy group, consistent with the results of Pilar, Ruben and Pospisil on 2-tert-butyl-6- 

methow-p-semiquinone. Therefore, we assign structure III to this radical species. 

To confirm the above assignment (III), the monomethyl ether of phloroglucinol (IV) was 
9 

prepared according to the method of Rodighiero and Ante110 and this was oxidized with Premy's 

Salt to 2-hydrov-6-methoxy-p-benzoquinone, V. The resulting yellow oxidation solution was 

made alkaline (pH, 11-12) with RaOH, without isolating the qulnone; its ESR spectrum was iden- 

tical to that for the secondary radical (III) resulting from compound I and base. 

If the above quinone solution Is made alkaline with a saturated solution of Ca(OH)2, an 

eight-line spectrum results (pig. lc). We observed the same spectrum for the secondary radical 

when compound I is treated with Ca(OH)2 solution. These results are consistent with the 
10 

known chelation behaviour of 0-semiquinones in the presence of Group II ions. Marked changes 

in the ring coupling constants of semiquinones over the non-chelated radicals are produced with 

Group II ions. Presumably, complex formation in the case of radical III has sufficiently re- 

duced the coupling of one of the ring protons, so that it is not observed. 

We can conclude tentatively that aerobic alkaline degradation of hardwood lignins produces 

I, which rapidly yields stable radical species II and III. Apparently the reaction sequence 

for softwood lignins follows an entirely different course. The reaction of I to II to III in 

base is accelerated by the presence of numerous phenollc groups in lignin, as well as by the 

concentration of base and the absence of oxygen. A detailed mechanism for this reaction is 

the subject of continuing investigation. 

TABLE 2 

merfine Splitting Constants of Semiqulnones (in gauss) 

Semiquinone 
aH 
OCH3 

aH 
ring 

2,6-dimethoxy-p-benzosemiquinone 0.80 1.49 

2-hydroxy-6-methoxy-p-benzosemiquinone 0.70 2.50 0.20a 

2-hydroxy-6-methoxy-p-benzosemiquinone 0.70 2.76' 
(Ca complex) 

(a) Ring protons not specifically assigned. 
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a. 

b. 

CO -I ii”- 
Figure1 

a. ESR spectrum of semiquinone II produced by treatment of 1 x 10v3M 2,6_dimethoxyquinone in 
aqueous sodium hydroxide under nitrogen; b. ESR spectrum of the secondary radical (III) 
occurring in the treatment of 1 x l@-3W 2,6-dimethoxyquinone in aqueous sodium hydroxide under 
nitrogen; c. ESR spectrum of the secondary radical (III) occurring in the treatment of 
1 x lO'-3H 2,6_dimethoxyquinone in saturated calcium hydroxide under nitrogen. 
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