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ELECTRON TRANSFER REACTIONS IN PULPING SYSTEMS (I): THEOQRY
AND APPLICABILITY TO ANTHRAQUINONE PULPING

Donald R, Dimmel
The Institute of Paper Chemistry
Appleton, Wisconsin 54912

ABSTRACT

A key step in the delignification of wood is the breakage of the
f-aryl ether bonds of lignin. Two mechanisms are discussed for
how anthrahydroquinone (AHQ) brings about this particular fragmen-
tation. The "adduct" mechanism involves bond formation between
lignin quinonemethide (QM) intermediates and AHQ, followed by frag-
mentation. The other mechanism ("SET" mechanism) involves a single
electron transfer between AHQ and a lignin M followed by fragmen-
tation. The literature concerning adducts and SET reactious is
reviewed and analyzed., The SET mechanism must be considered as a
viable alternative to one based entirely on adduct formation.
INTRODUCTION

Alkaline pulping processes, such as soda and kraft, were devel-
oped long before the structures and the nature of the major com—
ponents of wood were understood.l As structural studies on
cellulose, hemicellulose, and lignin progressed2v3 so did the
chemistry of pulping. Theories have evolved which now explain
how hydroxide and hydrosulfide fons (OH™ and SH™) cause carbo-
hydrate2a4‘6 and lignin3r7 to dissolve during pulping. Most of
the theories are based on experiments with model compounds rather
than actual wood.

The advent of anthraquinone pulping in 1977 revitalized inter-
est in pulping chemistry.8 How could an organic material at a
0.1% level cause the same effect as SH™ at a 6% level? VWhy did AQ
processes exhibit better pulping selectivities (the amount of lignin
removed vs. the amount of carbohydrates removed)? Would an under-

standing of AQ's chemistry provide new insights into improving

Copyright © 1985 by Marcel Dekker, Inc. 0277-3813/85/0501-000133.50/0
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pulp yields, decreasing pulping reaction times, altering the struc-
ture of "residual” lignin, and developing innovative processes?
Only a detailed understanding of AQ's chemistry will provide
answers to these questions.

Early in the mechanistic AQ studies came the realization that
anthrahydroquinone (ABQ, a reduced form of AQ) played an important
role during pulp:Lng.g‘ll There are several types of compounds
capable of reducing AQ to AHQ, one being carbohydrates. 1In a re-
action with AQ, carbohydrate end groups are oxidized and are there-
by stabilized toward yleld-reducing alkaline reactions.l2 Certain
lignin groups are also capable of converting AQ to AHQ.13,15

Model compound studies indicate that AHQ probably promotes de-
lignification by a combinatiocun of at least two effects: promotion
of lignin fragmentation reactions!6~22 and retardation of lignin
condensation reactions,23 During the course of these reactions,
AHQ 1is oxidized to AQ, completing one reduction-oxidation (redox)
cycle.24 Repetition of this cycle explains the catalytic activity

of AQ, high pulp yields, and fast delignification rates (Fig. 1).
The next level of sophistication in the mechanistic studies

was to understand the details of each of the redox reactions. In

this regard, only the AHQ induced fragmentation of lignin model

compounds has received much attention. Lignin fragmentation

REDOX CYCLE

CARBOHYDRATES SOLUBILIZED

LIGNIN

AQ

LIGNIN

ZO0—=->»0—x0
ZO0——0OCcom>x

STABILIZED
CARBOHYDRATES

AHQ

e it m— p—
YIELD GAIN RATE GAIN

Figure 1. A redox cycle proposal for explaining the catalytic
action of anthraquinone during pulping.
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steps, which are crucial to effective alkaline pulping, are be-
lieved to involve quinonemethide (QM) intermediates.7 Two theories
have evolved to explain the chemistry of an AHQ and QM interaction

that gives rise to efficient fragmentation of lignin.

ADDUCT MECHANISM THEORY

At temperatures below 60°C, AHQ couples with simple QMs ro

«24

give high yields of "adducts. An example 1s shown below. At

about 60°, the reaction of AHQ with a simple Q4 (1) is reversi-

ble.25 At 100°C, simple adducts such as 2 disproportionate to AQ

3 This latter oxidation--

and a substituted anthrone product 3.2
reduction reaction has been interpreted as involving single

electron transfer (SET) steps.

H,

2 3

Several research groups have synthesized adducts [Eq. (3)]
which contain g-aryl ether groups (5) and have shown that such struc-
tures, when warmed with alkali, fragment [Eq. (4)] to liberate AQ
and two phenolate ions.m—19 Lignin contains large numbers of -
aryl ether linkages.3 The model studies suggest that rapid pulping
rates are a result of AHQ adding to lignin QMs having neighboring
B-aryl ether groups and that the resulting adducts ftagment.l6_18
Adducts of AHQ and acylated milled wood lignin at 10°C have been
reported.26

A particularly attractive feature of the adduct theory for AHQ
induced delignification is its similarity to the mechanism pro-
posed for hydrosulfide promoted delignification of wood. Here, it

1s believed that SH adds to C, of a lignin M [Eq. (5)] and then
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assists in a cleavage of the Cg-aryl ether bond by a neighboring
group displacement step [Eq. (6)].7

CH,0
E{o ; .I*;
- V! ]
Lignin QM+ SH (—5)’ _j--s—CH CH CH,
HO™
—
(6) + O / \
OCH, OCH,
o- o-
8 9~ 10

ELECTRON TRANSFER MECHANISM THEORY

Could a B~aryl ether fragmentation reaction, such as that out-
lined by Eq. (3) and (4), proceed without the production of an ad-
duct intermediate? Scheme 1 offers a mechanism of fragmentation
in which AHQ‘2 and AHQ: (anthrahydroquinone dianion and radical
anion) act as carriers in the transfer of electrons from carbo-
hydrates to lignin; no adducts are involved. The soluble electron
transfer catalysts AHQ‘2 and AHQ: are mediating a reaction between
two insoluble polymers; analogous chemistry 1is known in biological

systems.2/
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]
—C—OAr
C —?—OA!
CH -CH
AHQ"? " —_ AHQ® + vi
o 0.
1
~C-0Ar ‘ﬁ’
‘CH CH
—_— + ArO- (8)
o- o.
ArO- + AHQ™? — ArO™ » AHQ* 9)

2AHQ* ¢+ RCHO + 30H™ -——» 2AHQ< + RCOj + 2M,0 (10)

{Carbohydrate)
—C—OAr ~c¢”
1
&H &n
+ 30H- + RCHO ——> + A m
0
O+ Reoy ¢+ 2m0
SCHEME 1

The recent organic chemical literature 1s abundant in examples
of reactions which were hitherto thought to be ionic nucleophilic
substitutions (Syl or Sy2) but have aow been shown in certain cases
to be single electron transfer reactions. Some of these examples
will be presented here in an attempt to define the scope of SET
reactions and theilr applicability to pulping chemistry.

Electron spin resonance (ESR) studies have shown that some Aldol
and Claisen condensation reactions proceed via SET mechanisms.27,28

For example, radical pairs of the type 13 are formed prior to pro-
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duction of products 14 during the aldol condensation reactions of
1la or 11b with 12¢, 12d or 12e.28 The intensity of the ESR
signal, which is proportional to the level of radicals produced,

was the greatest for the most hindered, slow-reacting partners.

L4 R’
e 9 1 9 4
- .
Mo—(lz-—-C—CHR + Ph—C R o= Ea.,c-—c—cnnj“}n-g le
Me /,
- R
R 13
n 12
a R=H a, R"'=R'=H l
) b, R'=Me, R*=H H*{ -H:0
b, R=Me
c. R =R =Me
Ph

Mo,C—PZ—CR =C
r* R
14

Ashby and coworkers have also observed radicals in the reac-
tions outlined in Eq. (12)-(16).30 Most of the reactions where
SET mechanisms have been observed involve the production of rela-
tively stable radicals such as trityl radicals (Ph3C-) and ben-
zophenone radical anionsi(thé-O‘). Analogous, simpler systems
probably would react via standard substitution mechanisms or react
so rapidly by radical pathways that detection of radical inter-
mediates would be difficult.

A characteristic of SET reactions 1is their insensitivity to
steric bulk at the reaction site and on the nucleophile. For
example, Scheme 2 outlines one of the many examples generated by
Kornblum and coworkers and shows the initiation [Eq. (17)] and
propagation steps [Eq. (18)-(20)] for the coupling of two hindered

reactants, 15 and 16, in a series of electron transfer reactions

MH 2 H :
PhCBr —b[?h,CBE} [M}z] — E’h,Cw Br + M-H’]

12)
MH = AlH,, MgH,, HMgC/, HMgBr I—» Ph,CH + M-Br
B,H,. LiAlH, NaAln,
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o :
Ph,C=0 + Me,CHOLI —> E’"’c -o] [M.,cuov.ﬂ —> Ph,CHOLi + Me,C20  (13)
. ou
- + .
Ph,C20 + Ry;NLi —> Eh,c=€] [n,m.ﬂ —» Ph,C—NR, (14)
PhC =0 + BuSLI —» [Ph,(:—o; ] > Ph,G—OLi + BuS" {15)
BuS/Ll
PhCHO + NaOH —» EhCHCﬂ— —»  PhCO; + PhCH,0H (18)

which lead to product 18.3] Russell and coworkers have shown that
similar mechanisms operate for many substitution reactions of hin-
dered aliphatic nitro compounds.32

In summary, SET reactions appear to be the favored mechanism
for the reactions of highly hindered substances which can also
form relatively stable radical intermediates. The generality of
SET mechanisms in nonhindered systems 1s less clear, although
examples are known.30e, 33-35 The examples cited here also point
out that SET reactions can proceed without radical initiators.

A quinonemethide, which is nonaromatic, would appear to be a
good substrate for electron transfer reactions, since acceptance
of an electron gives an extensively resonance stabilized, aromatic
QM; species, Anthrahydroquinone radical anion, AHQ;, should also
be an excellent partner in electron transfer reactions, since not
only is AHQ; extensively resonance stabilized but 1its oxidized
and reduced forms, AQ and AHQ‘Z, also have good stability. In the
accompanying article,36 we demonstrate that (a) SET reactions
between (Ms and AHQ; occur and (b) appropriately substituted B-aryl
ether QM; compounds fragment, as indicated in Eq. (8).

Besides the plausibilty of the reactions outlined in Scheme 1,
the arguments for SET mechanism operating during pulping are
extensive., Radicals in general37 and AHQ; in particulat38‘40
have been observed during pulping. We have observed two cases
where AHQ"2 appears to participate in SET reactions. Ome example
13 the reduction of adductg by AHQ'2 at 100°C in aqueous alkali.25

The other is the promotion of benzaldehyde Cannizzaro reactiomns by
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'\[“ hldo Na®
Me—C—Ct Me—C—Ct
?O,Et tI:o2 Et
+ M.—?GN-" —> + Mo—(I:' m
CO,Et CO,Et
NO, NO,
15 16~ 15" 16-
hlllo
Me—C:
15° - + NacCt (18}
NO,
17
Me

Mo,c—é (CO.E),
7R Ne' 9)
NO,

8
18*+15 —s 18 + 15" (20)

SCHEME 2

AQ and AMS (anthraquinone monosulfonate) .4l The benzaldehyde
Cannizzaro reaction [Eq. (16)] has been shown to involve radical

intermediates,30e

The reduction potentials for the two steps AQ — AHQ; —_
AHQ'Z are identical in wate:r;l7 thus one molecule of AQ (in its
AHQ™? form) should be capable of initiating two QM —> ()1; conver-
sions. This could explain the "square-root dose relationship”
found for AQ pulping;[‘2 an adduct mechanism cannot. A "linear-
dose relationship” is observed#3 for SH—, and nucleophilic substi-~
tution mechanisms have been suggested [Eq. (5) and (6)].
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If steric hindrance to reaction were to play a significant
role during delignification, the SET mechanism would be favored.
Electron transfer reactions across distances of 10 A and greater
have been reported to occur at astonishing fast rates.44 In
contrast, an adduct mechanism requires two relatively flat
substrates to assume a specific geometry for the production of
roughly a 1.5 A bond between Cg of AHQ™2 and Cyof a QM. After
bonding, C, contains two bulky substituents, one of which 1is the
quaternary substituted Cg carbon. Any group on'CB (typically a
CHy0H group in lignin) would seriously impair adduct formation
through a strong gauche strain interaction with the Cg carbon, as
shown :

The fact that adducts from quinonemethides &, 19, and 20 have
been prepared and characterized,45 confirms that some hindered
structures are possible. A careful examination of the procedures
used in the hindered adduct syntheses reveals that a two phase water-
organic or single phase organic solvent system is needed for good
yields.45 Even then, the adduct yield from Q4 20 is only 16%Z. The
low yield can be attributed in part to decomposition of the hindered

adduct (or SET reactions of the QM prior to adduct reaction).

CH,0 CH,0 CH,0
R\ CH, CH,\
<|:H—o \(‘:H—O (,:H—O
CH CHOH CcHcl
OCH, OCH;, OCH,
o] OH OAc
4 R=H
19, R=CH, 21 22

20, R = CH,0H

We have observed poor adduct yields with an g-methyl or an a-
ethyl QM or QM 4 and no adduct yield from QM 19 (prepared via 21 —>

22 —> 19) when conducting the preparations in homogeneous aqueous
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alkaline systems.24’46 The poor ylelds could be attributed to base
induced fragmentation of the adducts and/or base addition to or
proton abstraction from the QMs to give undesireable by-products.
We suspect that hydroxide ions can complete fairly sucessfully
with AHQ ions in bondimg reactions with hindered quinonemechide,
such as the ones above and with lignin itself.

Except for possible negative effects due to solubj.lit:y,[‘7 the
size and shape of a pulping catalyst seem to have little iafluence
on the effectiveness of the catalyst. Some fairly hindered cata-
lysts, such as the rosindones,48 and metal porphyrins,49 are as
efficient as AQ at low concentrations in delignifying wood and/or
f ragmenting models. This observation is contrary to what one
would expect with an adduct mechanism. Many of the known pulping
catalysts, such as AQ, phenazine,so fluorenone,51 and metal
poy:phyr:ins,l‘9 would be very suitable electron transfer catalysts,

Poppius and Brunow claim that anthrone causes g-aryl ether
cleavage of lignin model 21 by a pathway not involving an adduct

32 A logical explanation of their results is that

intermediate,
anthranol anions transfer electrons to QM 19 intermediates to give
fragmentation of the QM and anthranol radicals. Coupling of the
radicals, followed by enolization, then gives dianthranol, an
observed by-product.

Previous studies have not established that lignin QM-AHQ

adducts are on the reaction pathways of fragmentation. For

example, the conversioa of adduct 5 to AQ and phenols 6 and 7 has
been interpreted in terms of a set of electron shifts as shown in
Eq. (4);17 analogous fragmentation reactions are known,33  How-
ever, since adduct formation reactions are reve:sible,25 warming
an adduct 1in alkali will give AHQ'2 and a M [1.e., the reverse of
Eq. (3)] which may then react by a SET mechanism to give the

observed products,

CONCLUSIONS
The lifetimes of the intermediates in both the proposed adduct
mechanism and SET mechanism should be extremely short at the high

temperatures used in AQ pulping systems. How do we differentiate
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a momentary bonding - fragmentation mechanism from an electron
transfer mechanism? We are attempting to tackle this difficult
problem. We feel that the mechanisms by which AHQ accelerates pulp-
ing rates are not settled, Electron transfer mechanisms offer an
attractive alternative to the generally accepted adduct mechanisms.

What difference does it make if the mechanism of AHQ deligni-
fication 1s adduct or electron transfer? A definitive distinction
may lead to ilmprovements in present pulping systems and the devel-
opment of new systems. We will know (a) whether to promote adduct
reactions (or SET reactions) or discourage them and (b) whether to
develop new pulping catalysts which will be good nucleophiles or
good SET reagents.
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