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Abstract

Aryl substitutedN-hydroxyphthalimides (NHPIs) have been tested as mediators in the laccase-promoted oxidation of non-phenolic
monomeric and dimeric lignin model compounds and in the delignification of kraft pulp samples. In the oxidation of the model com-
pounds a significant increase in the product yields was observed upon increasing the electron donating properties of the NHPI ring substituent.
Product yields also increased, but to a smaller extent, by increasing the electron donating properties of the aromatic substituent in the lignin
models. These results suggest the contribution to the overall reactivity of both the oxidation of the aryl substituted NH\Rbtoythadical
(X-PINO) by laccase and the hydrogen atom transfer step from the substrate to the X-PINO, with a major contribution of the former process.
When applied to the delignification of kraft pulps again the mediation efficiency increased by increasing the electron donating properties of
the NHPI aryl substituent, the best mediators being 4-Me-NHPI and 4-MeO-NHPI. Thus, the use of non-phenolic lignin model compounds
in the oxidation promoted by the laccase/X-NHPI system is well suited to mimic the behaviour of the lignin polymer.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction selective degradation of lignin and its removal from the car-
bohydrate component of wood is a key process in the pulp and
The use of molecular oxygen in catalytic oxidation sys- paperindustry3,4]. The replacement of conventional pollut-
tems is a major challenge in organic chemistry; as a matter ofing chlorine-based procedures for the industrial preparation
fact O, is the only economically and environmentally feasi- of paper is necessary for the protection of the environment
ble oxidant for large-scale processifij. The development  [5]. Recently, particular attention has been given to the pos-
of molecular oxygen-based catalytic systems has a particularsibility of degrading lignin by fungi, which would represent
relevance in the context of the oxidative degradation of lignin. a process with low environmental impact and energy con-
This process s of fundamental importance because it can consumption[6,7]. Most of the basidiomycetes that cause white
vert lignin into low molecular weight aromatic compounds, rot of wood produce laccases as ligninolytic enzymes. Lac-
thus making this polymer a renewable source for the indus- cases (EC 1.10.3.2) are multi-copper oxidases that catalyze
trial preparation of a number of chemic§®$. Moreover, the the direct oxidation of electron-rich aromatic substrates, like
phenols and anilines, with the concomitant reduction gf O
to water[8,9]. In the presence of appropriate low molecular
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by a relatively high redox potentifl 0—12]
Several good mediators have been found that share
the structural feature of being XDH derivatives: The effect of the NHPIs aryl substituents on the me-
1-hydroxybenzotriazole  (HBT), violuric  acid, N- diation efficiency has been evaluated both in the oxida-

hydroxyacetanilide, andN-hydroxyphthalimide (NHPI)  tion of non-phenolic lignin model compounds (primary
[13-15] Previous studies have indicated that these com- and secondary benzylic alcohols7) and in the deligni-
pounds are oxidised by the type 1 (T1) Cu center of laccasefication of kraft softwood pulps. Benzyl alcoho?)(and
to the correspondindy-oxyl radicals {ox), which are the  4-trifluoromethylbenzyl alcohol 3), that are not proper
active species in the oxidation of the substr&@eHeme 1 lignin model compounds, have been included in the list of
[16-19] substrates in order to investigate the electronic effect of
Among the N-OH mediators NHPI is of particular inter- ~ the aromatic substituent on the mediation efficiency. Sec-
est in consideration of the fact that this compound, in com- ondary benzylic alcohol$-7 differ in the steric require-
bination with molecular oxygen and metal salt co-catalysts ments of thea-substituent group. It has to be noted that
like Co(OAc) or Co(acac), is able to efficiently catalyze =~ compound, 1-(3,4-dimethoxyphenyl)-2-phenoxyethanol, is
the oxidation of a large variety of organic compounds under & dimeric non-phenolic lignin model containing @&O-
mild conditions at moderate oxygen pressure and tempera-4 aryl linkage, which is the most abundant in ligr{Bi.
ture[20]. Also in this case th&l-oxyl radical, phthalimide-

N-oxyl (PINO), is considered to be the active oxidant. CHOH CH(OHR

2 Y=H 5 R=CH;

0 3 Y =4-CF; 6 R=C(CH;),
4 Y =3,4-(CH;0), OCH; 7 R=CH,0CgH;

N—O" Y OCH;

\
0
PINO . .
2. Results and discussion
Even though the NHPI/&Co(ll) is an efficient catalytic The oxidations of lignin models were carried out for 15 h

system, it requires the use of an organic solM@of. The under oxygen (filled balloon) by adding 20 units of puri-
laccase/NHPI/@system represents instead a convenient way fied laccase fronframetes villosdviz. Poliporus pinsituy
of carrying out oxidation processes, like those involved inthe 10pumol of the mediator and 3@mol of the substrate at
degradation of lignin or environmental pollutants, in water room temperature to 6 mL of a stirred buffered water solu-
[15,18] tion (0.1 M sodium citrate, pH 5.0 containing 25% of dioxane
The laccase/NHPI system has been applied with someas cosolvent) purged withJor 30 min before the addition
success in the delignification of kraft pulp samples, how- of the reagents. The oxidation of primary benzylic alcohols
ever, the mediation efficiency was significantly lower 2-4 with all the mediators tested leads to the formation of
than that observed with another classical mediator, 1-the corresponding aromatic aldehydes as the only reaction
hydroxybenzotriazol§l7]. In this context, we have consid- products. The yields of the aldehydes, referred to the initial
ered worthwhile to investigate the possibility of increasing amount of the substrate, were determined by GC analysis and
the mediation efficiency by the introduction of aryl sub- are reported ifable 1
stituents in the NHPI. To this purpose we have synthe-  The oxidation of secondary benzylic alcoh&s7 with
sised several aryl substituted NHRlaE1h) containing ei- all the mediators tested leads to the formation of the cor-
ther electron withdrawing (4-MeOCO, 3-F) or electron do- responding aromatic ketones as the only reaction products.
nating groups (3-Me, 4-Me, 4-MeO, 3-MeO, 3,6-(MeD) The yields of the ketones, referred to the initial amount of
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Table 1
Yields of aromatic aldehydes in the oxidation of ring substituted benzyl
alcohols2—4 by the laccase/X-NHPI/©system3d

Mediator Substrates
2 3 4

la 1.8+0.1 0.5+0.1 6.2+ 0.2
1b 25+0.1 1.2+0.1 9.4+0.3
1c 11.6+0.5 7.4+0.3 31+1

1d 13.5+0.5 14.6+:0.5 43+ 2

le 22+1 22+1 50+ 2

1f 30+1 27+ 1 68+ 2

19 14.2+0.6 12.8£0.5 28+1

1h 7.24+0.3 3.0+£0.2 18.2+0.8

a At room temperature in 0.1 M sodium citrate buffered solution, pH 5.0,
with 25% dioxane as cosolvent. Reaction time 15h. The yields (%) are
referred to the initial amount of substrate. Average of three determinations.

Table 2
Yields of aromatic ketones in the oxidation of secondary benzylic alcohols
5-7 by the laccase/X-NHPI/@system8

Mediator Substrates
5 6 7

la 2.0+0.1 0.2+0.1 1.0+0.1
1b 2.8+0.1 1.5+0.1 3.1+0.1
1c 13.1+0.5 8.3+0.3 15.6+0.5
1d 18.6+0.6 12.74+0.5 22+1

le 20+1 18.6+ 0.5 43+ 2

1f 37+1 29+ 1 44+ 2

19 12.0+0.5 12.8£0.5 36+ 1

1h 4.64+0.2 9.7+0.3 23+1

a At room temperature in 0.1 M sodium citrate buffered solution, pH 5.0,
with 25% dioxane as cosolvent. Reaction time 15h. The yields (%) are
referred to the initial amount of substrate. Average of three determinations.

the substrate, were determined by GC &HINMR analysis
and are reported ifiable 2 A good material balance (>95%)
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fect on the catalytic efficiency in the oxidation of all the
lignin models, the reactivity increasing as the electron do-
nating properties of the aryl substituent increase. Accord-
ingly, the reaction yields are negligible or very small with
NHPIs substituted with the electron withdrawing groups 4-
CH3OCO and 3-F, while 4-MeO-NHPI appears to be a very
efficient mediator, the aldehydes and ketones yields being up
to four times higher than those obtained with unsubstituted
NHPI. It is interesting to note that in several cases yields in
excess of 100%, calculated versus the molar amount of the
mediator and implying an oxidation process with turnover,
were obtained.The mechanism proposed in the literature for
the NHPI mediated oxidation of benzylic alcohols by laccase
[15,18]is reported irscheme 2The oxidation of X-NHPI by
laccase leads to tid-oxyl radical (X-PINO) (path a) that can
abstract a benzylic hydrogen atom from the substrate (path
b) regenerating the X-NHPI and leading to arhydroxyl
benzyl radical. Reaction of the latter species withé€ads to

the formation of thex-hydroxyperoxyl radical (path c) from
which the carbonyl product is formed by release of hydroper-
oxyl radical HOO (path d)[21].

The occurrence of an electron transfer (ET) mechanism
from the substrate to the X-PINO can be excluded on the
basis of the absence of theGCg bond cleavage product,
3,4-dimethoxybenzaldehyde, in the oxidation of both 1-(3,4-
dimethoxyphenyl)-2,2-dimethyl-1-propandb)([15,22—24]
and the dimeric lignin model compourfd25].

On the basis of the mechanism reporte&aheme 2the
overall reactivity should depend on the ease of the oxidation
of X-NHPI by laccase (path a) as well as on the reactivity of
the X-PINO (path b). The former process should be favoured
by electron donor X-substituents that lower the mediator re-
dox potential and increase the rate of paf@&.

The influence of the NHPI aryl substituents on the re-

was observed in all the experiments. In the absence of thedox potential has been determined, in this study, in aque-
mediator or the enzyme no products have been observed imus buffered solution (pH 5.0) by cyclic voltammetry. In

significant amounts (<0.1%).
From the data reported ifables 1 and 2ve can observe
that the NHPI aryl substituent exerts a very significant ef-

@ Laccase /O,
N-OH — >
X a
N

0]

Fig. 1, as an example, is reported the cyclic voltammogram
of NHPI. TheEy; value, determined a&fa+ Epc)/2 for the
one-electron reversible wave, is 1.08 V versus NHE.
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Scheme 2. Mechanism of oxidation of benzyl alcohols promoted by the laccase/X-NHyBt@ms.
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Fig. 1. Cyclic voltammogram of NHPI (0.50 mM) in 50 mM sodium cit-
rate buffer solution, pH 5.0 containing LiC4J0.12 M) as the supporting
electrolyte. Voltage sweep rate 200 mv¥s

In Table 3are reported th&; /2 values of aryl substituted
NHPIs. A similar effect of the NHPI aryl substituents on the
E1/2was observedin CECN inthe presence of collidingy 2
values were found to correlate linearly with the Hamnaett
constants of the substituent, a more positivealue (a more
electron withdrawing substituent) corresponding to a higher
E12[27].

An opposite electronic effect should be exerted by the
NHPI aryl substituent in the hydrogen atom abstraction from
the benzylic alcohol by the X-PINGSgcheme 2path b). In
fact, this process should be favoured by electron withdraw-
ing substituents that increase theldbond dissociation en-
thalpies of X-NHPI1428].

The significantincrease in the NHPIs mediation efficiency

observed with the electron donating substituent would seem

to indicate that the effect of the NHPI aryl substituent on

step a is stronger than that on step b, even though a mino
role of the latter can be envisaged (vide infra). The oppo-
site electronic effect of the NHPI aryl substituents has been
observed in the oxidation of benzylic alcohols with molecu-

lar oxygen and Co(OAg)in CH3CN. In that case, the HAT

Table 3
Redox potentials of aryl substituté#hydroxyphthalimides determined in
aqueous buffered solution by cyclic voltammetry

Mediator Eq0?
la 1.13
1b 1.12
1c 1.08
1d 1.06
le 1.06
1f 1.04
1g 1.05
1h 1.04

8 E1/2 (V vs. NHE) were determined by cyclic voltammetry in 50 mM
sodium citrate buffer solution, pH 5.0, containing LiGIQ0.12 M)
as the supporting electrolyte. [X-NHPI]=0.50 mM. Voltage sweep rate
200mv/st.
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Fig. 2. Polar transition state for the HAT from the benzylic alcohol to the
X-PINO.

from the substrate to the PINO played the major kinetic
role[28,29]

It is interesting to note that a decrease of only 90 mV
of the redox potential on going from 4-GBCO-NHPI
(E°=1.13V versus NHE) to 4-MeO-NHPE{ =1.04 V ver-
sus NHE) resulted in a remarkable increase of the car-
bonyl product yields. The maximum effect is observed with
the least reactive substraGewhere the yields of 1-(3,4-
dimethoxyphenyl)-2,2-dimethyl-1-propanone increase from
0.2% with 1a to 29% with 1f. The lowest effect was in-
stead observed with the most reactive substfatehere
the yields of veratraldehyde increase from 6.2 to 68%.
Such a result, however, is not too surprising if we consider
that in the laccase promoted oxidation of aryl substituted
N-hydroxyacetanilides and other mediators containing the
—N(OH)- moiety a difference of less than 100 mV in the
mediator redox potentials resulted in a variation of almost
two orders of magnitude ikt [26].

The data inTables 1 and 2lso show that NHPIs with
similar redox potentials can give rise to significantly differ-
ent product yields. Thuslf, 1g and 1h have very similar
redox potential E° =1.04-1.05V versus NHE), howevef
is by far the most efficient mediator. The same consideration
can be done fold and 1e which are characterized by the
same redox potentiaE( =1.06 V versus NHE), but different
reaction yields1d is always less efficient thalke). Looking
at the structure of these mediators, it can be noted that the less
efficient systems are characterized by the presence of a sub-
stituent in the 3-position. Tentatively, it might be suggested
that this structural feature causes a lower enzyme affinity
for the 3-substituted NHPIs as compared to the 4-substituted
ones.

Passing to consider the effect of the benzyl alcohols struc-
ture on the reaction efficiency, it can be noted that with all the
mediators the carbonyl product yields decrease in the order
4>2>3thatis as we move from electron donatidytp elec-
tron withdrawing substituent8). This trend is in accordance
with a partial contribution of the hydrogen atom transfer step,
from the substrate to X-PINO, to the overall reaction rate. The
higher yields of carbonyl products observed by increasing the
electron donating properties of the ring substituent in the ben-
zylic alcohol can be rationalized by the stabilization of the
transition state of the hydrogen atom transfer which has a
polar characterHig. 2) [28—30]

The reaction is also sensitive to the steric bulkiness of
the alcohola-substituent that evidently makes more diffi-
cult the approach of the H atom abstracting species X-PINO
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to the benzylic €H bond. Accordingly, the reactivity of
3,4-dimethoxybenzyl alcohoHj is much higher than that
of the dimethoxylated secondary alcohdss{). Moreover,
the yields of 1-(3,4-dimethoxyphenyl)ethanone in the oxi-
dation of 5 and of 1-(3,4-dimethoxyphenyl)-2-phenoxy-1-
ethanone in the oxidation af are higher than those of 1-
(3,4-dimethoxyphenyl)-2,2-dimethyl-1-propanone in the ox-
idation of 6.

The effect of the NHPIs aryl substituents on the mediation
efficiency in the delignification of wood pulp has been deter-
mined by treating samples of post-oxygen delignified soft-
wood kraft pulps (kappa number =16, viscosity =987 ml/g)
with the laccase/mediator system in sodium citrate buffer (pH
5) at 50°C for 20 h. The enzymatic treatment was followed
by a further oxygen delignification stage in alkaline condi-
tions (NaOH 1.2%) at 100C and 0.7 MPa oxygen pressure

for 80 min. The results have been compared with those ob-

tained in a blank experiment carried out with laccase, in the

absence of the mediator, and with those obtained using the

laccase/1-hydroxybenzotriazole system. The effect of medi-
ators on the extent of delignification was inferred from the
delignification degree (DDB1], defined as:

DD = (Ko — K7)/Ko

whereKg is the kappa number of the starting pulp, #dhe
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Table 4

Delignification degree (DD %) and viscosity after the laccase/mediator or
laccase/mediator plusZalkali treatment of post-oxygen delignified soft-
wood kraft pulps (initial kappa number: 16, initial viscosity: 987 ml/g) em-
ploying no mediator, X-NHPIs and HBT

Mediator DD (%) Viscosity (ml/g)
Laccase Laccase+ Laccase Laccase +
O2/OH~ O,/0OH~

No mediator B+0.1 375+0.3 970+ 10 940+ 10
1b 9.4+0.1 377+0.3 970+ 10 940+ 10
1c 1554+0.2 425+0.4 970+ 10 940+ 10
le 212+0.2 481+0.5 950+ 10 920+ 10
1f 200+0.2 4754+0.5 950+ 10 920+ 10
HBT 256+0.2 502+0.5 940+ 10 910+ 10

of the blank experiment), all the mediators induce a signifi-
cant delignification of the pulps (DD ranging between 15.5
and 21.2% after the treatment with the laccase/X-NHPIs sys-
tem and between 42.5 and 48.1% with the laccase/X-NHPIs
plus the Q/alkali stage) leaving almost unaltered the cel-
lulose fibers (after the treatment with the laccase/X-NHPIs
system more than 95 and 92% of the original pulp viscosity is
retained before and after theflkali stage). It is interesting

to note that the reduction of the kappa number in the final
oxygen stage after the laccase/X-NHPIs treatmamt £ 4)

was higher than that observed when the same oxygen stage

kappa number after the treatment with the laccase/mediatorwas applied to reference oxydelignified pulp samples pos-
system or with the laccase/mediator plus théalkali stage. sessing the same kappa number of the samples obtained after
The effect of mediators on the selectivity was evaluated by the laccase mediator treatmentsk~ 2.5). Thus, the lac-

the viscosity parameter since the lower is this value after the case/mediator treatment induced a chemical modification of
laccase/mediator treatment, the more extensive degradatiorthe pulps that has a beneficial effect in the following oxidative
of the carbohydrates has occurred. degradation step.

The results, together with that obtained from a pulp treated
without mediator (blank), are reported Trable 4and dis-
played inFig. 3 (DD) andFig. 4 (viscosity).Figs. 3 and 4

The presence of electron donating aryl substituents has
a positive effect on the efficiency of pulp delignifica-
tion. The DD increases from 15.5% for NHPI to 21.2

clearly show that, with the exclusion of 3-F-NHPI (same DD and 20.0% for 4-Me-NHPI and 4-MeO-NHPI, respec-
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Fig. 3. Delignification degree after the laccase/mediator or laccase/mediator galkal treatment of post-oxygen delignified softwood kraft pulps (initial
kappa number: 16) employing no mediator, X-NHPIs and HBT.
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Fig. 4. Viscosity after the laccase/mediator or laccase/mediator pleskali treatment of post-oxygen delignified softwood kraft pulps (initial viscosity:
987 ml/g) employing no mediator, X-NHPIs and HBT.

tively. The same substituents effect is observed after the efficiency was displayed by the NHPIs containing electron
Oo/alkali stage. These results differ from those obtained donating aryl substituents. Possible applications of NHPI
in the delignification of kraft pulp samples promoted by substituted with electron donating groups in combination
the laccase/1-hydroxybenzotriazoles system where a net dewith laccase, either for synthetic purposes or for the ox-
crease of the mediation efficiency was observed by the in- idative delignification of wood pulps, are thus worth to be
troduction of either electron donating or withdrawing aryl considered.
substituent$17].

Despite the positive effect of electron donating NHPI aryl
substituents on the mediation efficiency, this effectis not suf- 4 Experimental
ficient to obtain a delignification degree higher than that ob-
served with HBT (25.6 and 50.2%, respectively, before and 4.1. |nstrumentation
after the Q/alkali stage), even though the latter mediator in-

duced a slightly higher loss of viscosityeble 4. 'H NMR spectra were recorded on a Bruker AC300P spec-
On the other side, the similar effects of the NHPIs aryl trometer in CDCJ. GC-MS analyses were performed on a
substituents on the mediation efficiency observed by us in yp5g90 GC (OV1 capillary column, 12 m0.2 mm) cou-
the oxidation of both non-phenolic lignin model compounds pled with a HP5970 MSD. GC analyses were carried out on
andinthe delignification of softwood kraft pulps demonstrate 3 \arian 3400 GC (OV1 capillary column, 25%0.2 mm).
that, in our series of structurally related mediators, the use of yy_vis measurements were performed on a Perkin-Elmer
simple non-phenoalic lignin model compounds is well suited | ambda 18 spectrophotometer. Cyclic voltammetry measure-
to mimic the behaviour of the lignin polymer in enzymatic ments were carried out using an Amel 5000 potentiostat,
oxidative degradation studies. the cell was fitted with a glassy carbon working electrode
(83 mm) in combination with an aqueous SCE reference
electrode.

3. Conclusions
4.2. Substrates and reagents

The introduction of electron donating substituents in the
aromatic ring ofN-hydroxyphthalimide has a beneficial ef- Benzylic alcohols 2-5) and N-hydroxyphthalimide
fect in the yields of the oxidation products of non-phenolic (1c) are commercially available and were used as received
lignin model compounds promoted by laccase. This result without further purification. 1-(3,4-Dimethoxyphenyl)-2,2-
can be rationalized considering that the major contribution dimethyl-1-propanol € and 1-(3,4-dimethoxyphenyl)-2-
to the overall reaction rate is given by the oxidation of the phenoxyethanol @) were prepared according to a previ-
aryl substituted NHPI to thél-oxyl radical (X-PINO) by ously described procedufg2,23,25] 4-Methoxycarbonyl-
laccase. 4-MeO-NHPI appears to be the most efficient me- N-hydroxyphthalimide1a), 3-fluoroN-hydroxyphthalimide
diator with all the lignin models. When applied to the delig- (1b), 3-methylN-hydroxyphthalimide 1d), 4-methylN-
nification of wood pulp samples again the higher mediation hydroxyphthalimide 1€), 4-methoxyN-hydroxyphtha-
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limide (1f) and 3-methoxyN-hydroxyphthalimide 1g) kappa number and viscosity according to standards approved
were synthesised as described in the literati#g,30] by the Scandinavian pulp, paper and board testing commit-
3,4-DimethoxyN-hydroxyphthalimide 1h) was synthe- tee. The repeatability (coefficient of variation) for both the
sised by reacting 3,6-dimethoxyphthalic anhydride with kappa number (SCAN-C 1:00) and the viscosity (SCAN-CM
NH20H, in anhydrous pyridind32]. For the synthesis  15:99)is 1.0%. The enzymatic treatment was followed by a
of 3,6-dimethoxyphthalic anhydride 1,4-dimethoxy-1,3- further oxygen delignification stage in alkaline conditions
cyclohexadiene was reacted with dimethyl acetylenedi- (NaOH=1.2%) at 100C and 0.7 MPa oxygen pressure for
carboxylate to give dimethyl 3,6-dimethoxyphthal§®3] 80 min, kappa number and viscosity were determined with
which was heated for 2h under reflux in methanol/water the same methods applied after the laccase/mediator treat-
with KOH to give 3,6-dimethoxyphthalic aci{B4]. 3,6- ment.

Dimethoxyphthalic anhydride was then obtained by reaction

of 3,6-dimethoxyphthalic acid with acetic anhydrigg2].

Physical properties are identical to those reported in the Acknowledgement

literature[35]. Laccase from a strain oF. villosa (viz. P.

pinsitu§ (Novo Nordisk Biotech) was employed. It was This work was carried out into the framework of the EU
purified by ion-exchange chromatography on Q-Sepharoseproject ‘Towards Efficient Oxygen Delignification’ (Contract
by elution with phosphate buffef36] and its activity No. QLK5-CT-1999-01277). We also thank Prof. Enrico Ba-
(9000 U/ml) was determined spectrophotometrically by the ciocchi for helpful discussion.

standard reaction with ABT7].
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