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ABSTRACT 

The formation of radical intermediates during alkaline, oxidative degrada- 

tion of saccharides and cw-hydroxycarbonyl compounds has been studied by e.s.r. 

spectroscopy. Quantum chemical calculation and experiments in alkaline DzO 

solution showed that the dominant component of the overall spectrum corre- 

sponds to 2,5-dihydro-p-benzosemiquinone. Formation of this radical was also 

observed in the alkaline-degradation products of cellulose, starch. and (4-0 

methylglucurono)xylan in the presence of air. 

INTRODUCTION 

Investigations on the chromophores generated during delignification of wood 

in alkaline medium without additives (peroxides, quinones, etc.), have thus far 

paid little attention to the formation of radical structures from the saccharide por- 

tion’. These products are of interest from the viewpoint of possible resorption of 

the low-molecular weight degradation products on the saccharide component, 

which causes a decrease of brightness of pulp. 

It is well known that free radicals can be generated by the effect of aqueous, 

alkaline solutions on saccharides in the presence of air’. Oxidation with low oxygen 

concentration in alkaline solutions of a-hydroxyketones is a very effective method 

of forming anion radicals of the semidone type; but in an inert atmosphere 

(helium), no e.s.r. spectra were observed’. According to Lagercrantz’, several 

types of radical structures are formed simultaneously during alkaline degradation 

of saccharides. Their concentration depends on the starting material, the concent- 

ration of the aqueous solution, and the temperature and time of reaction in the pre- 

sence of oxygen. This work set out to demonstrate that saccharides-microcrystal- 

line cellulose, starch. (4O-methylglucurono)xylan, and monosaccharides-if sub- 

jected to alkaline degradation, all yield the same aromatic semidone radical, point- 
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ing to a common fragmentation and recombination (r+u aldoi condcns;ttion) path- 

way. 

EXPI:RIMFiNTAI 

Materials. - These were from the sources noted: glycolaidehydc. DI.- 

glyceraldehyde (Fluka AC;); “dihyctroxyacetone” dimer (Koch-Light I-ah. Ltd.); 

I)-mannosc. r)-galacturonic acid (R.D.H. Chem. Lab.); o-glucuronic acid (Sigma 

Chem. Co.); t.-rhamnosc (Calbiochem): microcrystalline cellulose (Avicel); 2.5di- 

~lydroxy-lo-benzoquinonc (Aldrich); tctrahydrofuran. t>-xylosc. I)-arabinose. I)- 

ribose, n-glucose. I>-galactosc, potassium hydroxide (Larhema. i‘SSR. analytical 

grade); and deuterium oxide (Merck AG). (4-O-Met hylglucurono)x~ Ian was pre- 

pared according to Ebringcrovh et ~1.‘. ‘l‘h~ distilled water used was not tlcoxy- 

genated before the experiments. 

General mc~thnds. ---. The e.s.r. spectra were recorded with an X-band spcc- 

trometer (Varian E-4). ‘i’he measurements wcrc taken at 1 mW microwave power 

and 5 PI’ modulation. when no deformation of the spectra was ohscrvcd. A sample 

cell for aqueous solutions was used for the measurements. In dctcrmination of the 

concentrations of spins. tlame-sealed glass tubes wcrc used (inner diameter 2.5 

mm) and the measurements wcrc performed at --- 100” in comparison with I 

standard concentration of Strong Pitch. The g-factors were dctcrmined by 

using as standards Strong Pitch and nitroxide radical. 

Formation of radirrrb. - Solutions (M) of substrate in +I~x.I solutions of 

potassium hydroxide wcrt’ prepared in thcs presence of air and immediately poured 

into the cell, which was kept a~ 100”. After cooling to room trmpcraturc. the e.s.r. 

signals were measured. 2.5Dihydroxy-p-hcnzoyuinone was dissolved in tctruhy- 

drofuran and cxtractcd with 1% aqueous potassium hydroxide. I‘hc ;q.~cous 

phase was transferred into the cell. which was kept at 100” Measurement of c.s.r. 

signals was made after cooling to room temperature. 

In the experimenri with DJI, M solutions of substrate in DJI were also prc- 

pared. TO this solution WIN added granulated potassium hydroxide in such quantity 

as to give concentrations in the range 6--l2hf. After complete dissolution of all com- 

ponents, the solution was put into the measuring cell. kept at I!)()“. and then mras- 

lured at the room tcmperaturc. Some samples were mcasurcd immediately withuut 

keeping at the higher tempcraturc. 

In the experiments in glass tubes, 0.S ml. of &I I>-glucose solution in 

6~ potassium hydroxide was quantitatively introduced (syringe) into the tube. 

which was immediately flame-sealed. The sample was kept at 100” and then cooled 

in liquid nitrogen and measured at - iO(i”. 

Typical forms of c.s.r. spectra observed for alkali-degraded saccharides and 
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Fig. 1. The e.s r. spectra of radicals formed on alkahne. oxidatlve degradatum of aaccharldes A: c)L.- 

Glyceraldehyde III 12~ potassium hydroxide kept for 3 15 mln at 100”. B t.-rhamnose in 12~ potaaslum 
hydroxide kept for 3.25 mm at 100”. C: Water-soluble fraction of starch (mol wt. = 5900) III 6~ potas- 
sium hydroxide kept for 10 mm at 100”. 

a-hydroxycarbonyl compounds are shown in Fig. 1. Detailed analysis shows that 

the spectra are multicomponent (Fig. 2). Component D is the most prevalent in all 

spectra presented here; three other components (see Fig. 2) were also found to 

contribute to the overall spectrum. As a result of the different g-factors of the indi- 

vidual single components, the resulting spectra are asymmetrical. The spectrum of 

D has the same structure in all cases studied. It is a superposition of three further 

single-component spectra: a main component J (triplet, 0.08 mT) and two satellites 

E (doublet, 0.68 mT) of a triplet (0.08 mT), and F (doublet, 0.28 mT) of a triplet 

(0.08 mT). All have the same g-factor and their intensities are in the ratios J:E:F 

= 1:0.016:0.038 in all examples studied. 

In the experiments with DzO, partial substitution of protons by deuterium 

takes place, causing a change in the structure of the spectrum (Fig. 3). Complete 

substitution by deuterium changes the basic triplet (E) into a five-line spectrum (C) 

having the splitting constant 0.0123 mT, which corresponds to deuterium. Partial 

substitution by deuterium changes the triplet E into spectrum D. Addition of these 

two components to component E without deuterium gives the final spectrum. The 

ratios of three components E:D:C = 1:4.8:7.5 was determined by simulation of 

the spectra. 
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Fig. 4 shows the amplitied hatellitc parts (>pCctra E ant1 F) of the <,unples suh- 

stituted by deuterium 3s originally given in Fig. ?. ‘I’hc splitting <)t the doutdtw ap- 

pears to originate in the hydnyx atom>. 
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Fig. 3. The e.s.r spectrum of radicals formed on alkaline degradation of ~-glucose m a DzO solutton 
of potassium hydroxide. A: Experimental spectrum (garn = 4 x IO’). B: Overall theoretical spectrum. 
C: The component of the theoretical spectrum caused by interaction of two equivaIent deuterium atoms 
with an unpaired electron. D: The component of the theoretrcal spectrum caused by interaction of two 
equivalent protons with an unpaired electron. E: The component of the theoretical spectrum caused by 
interaction of two equivalent protons with an unpaired electron. 

0’ mT 
1 t 

Ftg. 4. The e.s.r. spectrum of radicals formed on alkaline degradatton of L -rhamnose m a Da0 solutron 
of potassium hydroxide (gam = 3.2 x Id). The asymmetry of the spectrum IS caused by mutually 
shifted components having different g-factors (see Ftg. 2). The mterpretatton of the central part of the 
spectrum is shown in Fig. 3. 



Lagercrsntz2 ascribe\ the spectrutn J (Fig. 2) to the radicxl I. On the hasts 01 

e.c.r. spectra tnrnsurcd by Reit7 c’f u.“. Russell of ~11. ‘, c0rrt‘ctecl the pi-oposcd 

structure of the radical 1. Kcitr did not \pccit\ the sub\ir;itc u\~il. MC ha\c u~0.1 

?.5-dlhydrouy-p-bcnzoqulnone as the suhstratc to pro\‘e rhe struiturc of raci~c;tl 2. 

The hypothesis that 1.S-dih~dro~~-~~-bcnzoxc’tn~q~~ir~~~ne (2) i\ !ormc~l in alhalinc 

degradation of saccharick~ III the prtxnct’ t~f air \\;I\ thux ccmtirrncti. l’hl\ veritic,l- 

tion IS shown in Fig. 2, m,hrch cornhine~ thrtx Gmple components F.. 1:. and .I in1(1 

a single component D. I’hr h\,pertinc splitting constant> dcterm~neci ~~per~tncn- 

tally by Kett7 c’f ~41.” xc: (i,{ _ (1.079 niT, ftCi ’ z: !I,462 m2 . dwi tic’ ’ ” --- Il.33 nil 

Interestingly. the hvpertix \tructurc ot the spectrum alxo ~rho~v\ lint\ lor “C.‘. al- 

though the structure bv;t\ not cnrichtxl with this nuzlcus. It rn:1! ttlu\ be asumcd 

that interaction of an unpaired electron wth rmo proton> ,tnd;or- the nuclet~\ ot’~>nl\ 

one “C atom will he prexnt In the obscr\,ccl spectrum 2s ;I r~\ult of itic r;lIc cx- 

~~r~enc~ of this interaction. In structure 2. two cliffrrt~nt goup. elf tkluti;klcnI p0s1- 

tions of ’ ’ _~ C atoms csisl with regard to the inter:lction \~f rht* t;nIalrkA ~lcctrt3tt. 

namely. positions 1 .-I and 2.3,F.h. 
Quantum chemical calculation by the INDO method with standard paramet- 

rization’ gives for “C’ the followin& p 7 6 litting constanta: 11~ ’ -I z 1~) 79 ,fl‘ alld &? T~i, 

= 0.31 mT. It follows that. in the t>verall spectrum. three different spectra arc prr- 

sent with respect to a position that has a sufficient conccntratlon hl ’ ‘C-’ :ltoms. 

The natural ahundancc OI “C in ,~dmluture with “C i\ 1, I I I; With regard 

to the number of equivalent positions in radical 2 for the c~~ntrihuti~>n i)f indi\ldual 

components in spectrum D (Fig. 2), the ratios J.E:F = ! .fi.O2l:(t.OJJ art: found. 

These ratios are in good qualitative agreement with that obtaint:d tram the cxperl- 

mentally determined spectrum 

The hyperfine splitting-constants of two aIui\,alent protons according to 

Reitz et al.’ is 0.079 ml‘. C’alculaticjn by the INDO method gave the higher vrtlue 

of UH = 0.74 mT (Table I). However. this value falls into the general range of rc- 

suits obtained by the INDO method for benzosemidontx-. McLachlan‘$ method” 

(ho = 1.5; kc ~() = i .h; h :-: 1: Q == 2.7 mT) gave a[, = 0.1 1’ m7 

When a limited amc>unt of air is present the radical intcrmcdlate~ ()I athalinr 

degradation of saccharik are \tahile. For Instance. the ccmccntratlon of apins, 

generated in the flame-scaled tube for 20 h 31 100“ from ;I h? \olutl<jn of f)-glucose 
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in 6~ potassium hydroxide, was 26.22 x 10ih spin/g of substrate. The original solu- 

tion before thermal treatment did not contain any measurable quantity of free radi- 

cals, whereas after 10 s of generation, under the same conditions as before, the 

concentration was 6.93 x 1016 spin/g. The highest spin-concentration (49.64 X 10lh 

spin/g) was found after 3 min of generation. 

When the radicals were generated in an aqueous-solution sample-cell at 100 

in the presence of air, their lifetime was shorter than one h. These different results 

may be explained on the basis of formation of an anion radical of the semidone 

type. The formation and loss of this radical may be assumed to result from interac- 

tion with an oxygen molecule in the triplet state’. The formation of aromatic com- 

pounds in the alkaline degradation of saccharides under an inert atmosphere is well 

known’. The fact that similar spectra arise from all starting materials used in our 

experiments confirms the assumption that, first of all, fragmentation to two-, 

three-, and four-carbon fragments takes place. These fragments recombine and are 

cyclized in base-catalyzed aldol condensations. The phenols formed give pheno- 

lates in the alkaline medium, and are converted by the action of oxygen (air) into 

semiquinones or semidones; further loss of an electron caused by oxygen of air re- 

sults in formation of benzoquinones’“. 

Fig. 1 shows that alkaline degradation of water-soluble starch (mol. wt. 5900) 

also gives approximately the same spectrum as that from monosaccharides. Similar 

spectra were also found when cellulose and (4-O-methylglucurono)xylan were 

used. It may therefore be concluded that alkaline degradation of polysaccharides in 

the presence of air gives a mixture of aromatic semidone radicals, resulting from an 

identical fragmentation and recombination (L%I aldol condensation) reaction-path- 

way. This observation is an important contribution to our general understanding of 

the mechanism of alkaline degradation of monosaccharides and polysaccharides in 

the presence of air. 
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