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In pyridine. bis(2,2’-bipyridine)iron(lI) (Fe(bpy)$+) aaivatcs hydrogen peroxide for the cllicient and selective catalytic dchydrogcnation (oxidation) 
of vcratryl ulcohol (model-substrate monomer for lignin; 3,4-(MeO)lPhCH,0H). Scvcral other complexes (Fe”(OPPh,):‘, Fe”(02bpy)iW, 
Fe”( MeCN):‘, Fc”(PA)~. Fe’%&) are effective catalysts for the dehydroynation of vcratryl alcohol and benzyl alcohol, but their selectivity (relative 
reactivity with 3,4-(McO)zPhCH20H vs. PhCH20H) is less than 111~6.1 ratio that isobserved for theoptimized Fe”(bpy)~/H,OJpyridine(py)system. 
The reactivitics have been determined for several other mcthoxybcnzyl 3lc0l1ols that arc model substrates for lignin (e.g., 4-MeOPhCH20H and 

(MeO),PhCH,OH). 
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1, 1NTRODUCTION 

Lignin, the Earth’s second most abundant plant 
product (after cellulose), is composed primarily of phen- 
ylpropanoid monomeric units that are interconnected 
by a complex array of stable carbon-carbon and car- 
bon-oxygen bonds [1,2]. Although it represents a vast 
renewable resource of organic carbon [3], relatively few 
microorganisms can degrade lignin and its complex 
methoxy-aromatic components: the most efficient are 
the lilamentous wood-rotting fungi, particularly the 
white-rot fungi (e.g. Pltarwrocltaete clwyssporiurn) [4- 
6]. The latter contains a heme protein (lignin peroxi- 
dase, LP) [7-l 0] that activates H20, for the degradation 
of lignin. 

Most LP model studies have used iron- and manga- 
nese-porphyrin complexes with alkyl hydroperoxide, 
sodium hypochlorite, potassium monopersulfate, or 
molecular oxygen and an electron source [19-261. A 
thiol-mediated manganese peroxidase system oxidizes 
veratryl alcohol (3,4-(Me0)2PhCH,0H), anisyl alcohol 
(4-MeOPhCH20H), and benzyl alcohol (PhCHzOH) 
(common model substrates for lignin degradation mod- 
eling to yield the corresponding aldehydes and coupled 
dimers) [24]. With LP, veratryl alcohol is readily dehy- 
drogenated (oxidized) to its aldehyde, but benzyl alco- 
hol is unreactive [9,18]. 

The heme of LP is in the high-spin Fe(III) state and 
the fifth ligand of the pcntacoordinate iron center is a 
histidine residue [ll-131. During a catalytic cycle LP 
activates HzO, in a manner that is similar to that for 
horseradish peroxidase (HRP) to give a compound I 
intermediate [(Por+a)Fe”‘- -01. The degradation of lignin 
is believed to be initiated by LP compound I via the 
removal of an electron from one of the polymer’s 
methoxylated aromatic rings to form a reactive cation 
radical center that undergoes spontaneous degradation 
reactions [14-171. The latter include cleavage of the 
arylpropane side chains (C,-Cp cleavage), ether-bond 
cleavage, aromatic-ring opening, hydroxylation, 
demethoxylation, oxidation of benzylic alcohols, for- 
mation of phenols and quinones, and carboxylic acid 
formation [9,14-191. 

Here we report the development of an efficient and 
selective model system for LP. The combination of hy- 
drogen peroxide (H,O,) with bis(2,2’-bipyridinc)iron(Il) 
(and related iron complexes) in a pyridine (py)-contain- 
ing solvent produces a reactive intermediate that dehy- 
drogenates 3,4-(MeO),PhCH,OH to give its aldehyde 
with 86% efficiency (with respect to H202), but is only 
21% efficient in its reactivity with PhCH:OH, This se- 
lectivity closely parallels that of LP with these substrates 
[9,181. 

2. EXPERIMENTAL 

The reaction products were separated and idcntificd with a Hewlett- 
Packard 5880A Series gas chromatograph equipped with P HP-1 cap- 
illary column (cross-linked methyl silicone gum phase, I:! m x 0.2 mm 
i.d.) and by gas chromatography-mass spectrometry (Hewlcu-Pack- 
ard 5790A Series gas chromatogmph with a mass-selective detector). 

2.2. Clrctnicafs arrd rragms 
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Table I 

Relative reactivities for ML,/100 mM HzO&olvcnt systems for the dchydragenation of 0.8 M 3,4-(McO),PhCH,OH and 0.8 M PhCH,OH’ 

Catalyst/solvent Concentration (mM) Yield of RCH(O) (mM, ?rS %) 

3/I-(MeO),PhCH(O) PhCH(0) Ratio 

Fe”(bpy)i+/py I 6-l 39 
IPY 20 90” 20 1:: 
IPY 100 86 21 4.1 
Ipy (200 mM HIOz) 100 134’ 22 6.1 
/M&N 5 21 29 0.1 

Fe”(OPPh&+/py I 70 34 2.1 
IPY 20 57 I5 3.8 
/M&N 5 27 27 1.0 

Fe”(MrCn):‘/py 5 58 22 2.6 
/M&N 5 IG 31 0.5 

Fe”(PA),/(py),HOAc 5 63 46 1.4 
I(PY)zHOA~ 5 50 29 1.7 

Fe”‘Cl,lpy 
: 

63 21 2.3 
IPY 67 24 2.8 
/PY 20 55 I6 3.4 

bpy. pyridinc; py, pyridinc; M&N, acctonitrile; HOAc, acetic acid 
“Substrate and metal complex were combined in 7 ml of solvent, followed by the addition of 48 ,uI of 17.3 M I-I,02 to give 100 mM HzO,, Results 
are the mean of duplicate or triplicate analyses. 

“Plus 35 mM 3.4-(Me0)2PhC(0)OCH,Ph(OMe),-3,4; the prcscncc of 100 mM HCIO,, results in 107 mM RCH(0) and 7 mM 3,4- 
(McQ2PhC(0)OCH,Ph(OMe)r3.4. 

‘Plus 13 mM 3,4-(McO)lPhC(0)OCH~Pl~(OMc)z-3,4. 

(MeCN, 0.004% H:O), and pyridine (py. 0.014% I-&O), were used as 
solvents. High-purity argon gas was used to de-aerate the solutions. 
2,2’-Bipyridine (bpy, 99+%) was obtained from Aldrich; hydrogen 
peroxide (50% H20) from Fisher; [err-butyl hydroperoxidc (55 M in 
2,2,4-trimcthylpcntane) from Aldrich: and perchloric acid (A.C.S. re- 
agent, 70%) from Mallinckrodt. The organic substrates included: 3,4- 
dimuthoxybcnzyl alcohol (veratryl alcohol, Aldrich, 9G%), 4. 
mcthoxybcnzyl alcohol @-anisyl alcohol, Aldrich, 98%), benzyl alco- 
hol (Aldrich, 99+%). 2.methoxybenzyl alcohol (o-anisyl alcohol, 
Aldrich, 99%), 3-methoxybcnzyl alcohol (Aldrich, 98%), 2,3&tri- 
methoxybcnzyl alcohol (Aldrich, 90%). and 3,4,5-trimethoxybenzyl 
nlcohol (Aldrich, 97%). 

The Fe”(bpy): complex was prepared in situ by mixing 
[Fe”(McCN)&CIO.& in MaCN with stoichiometric ratios of bpy. 

2.3. Mdiods 
The investigations of Hz01 activation by Fe”(bpy):’ used solutions 

that contained 0.8 M substrate and 20 mM metal complex in 7 ml of 
py. Hydrogen peroxide (50% wt/wt in I-1,0) was injected to give 100 
mM HzOz. After 4-C) h with constant stirring at room temperature (22 

?Z 2°C) under anaerobic conditions, samples of the reaction solutions 
were injected into a capillary column gas chromatograph for analysis. 
Product species \verc characterized by GC-MS. 

3. RESULTS 

The product yields from the activation of hydrogen 
peroxide by iron complexes for reaction with 3,4- 
(MeO)?PhCH?OH and PhCH?OH in three solvent ma- 
trices are summarized in Table I. The presence of py in 
the solvent increases the yield of 3,4-(McO),PhCH(O) 
and diminishes the yield of PhCH(O), and thereby en- 
hances the selectivity for reaction with 3,4- 
(Me0)2PhCHzOH. The Fe”‘C13 complex in py produces 
a high yield of 3,4-(MeO),PhCH(O) (67 mM) and mod- 
erate selectivity (ratio, 2.8). The Fe”(PA), and 
Fe”(DPA)i- complexes in 4:1 py/HOAc are efficient cat- 

(BWor*‘3F&=O 

(Compound I) 

* W-(M~)$hCH,CJH b 3,4-(Mc0,,Ph*CH20H i- (B)(l?or)F&O 

/ 

(Compound II) 

2 Hz0 
3,4-(MeO),Ph’(OH)CH,OH + HaO* 

Equation I 

166 
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(bpyg Fe’* + HOOH MeCN-w kbpy% Fe”OOH -I- H30+] 
1 

c-C6Hl lOH I- F&bp y )p 

2 Hz0 
Equation 2. 

(Por)Fcm(B)* 

(LP) 

HOOH 

[ 

I 
0 @3,F@+Z0H + H,O+ 

I I 
la (LP-0) 

I 

3,4-fMeO)$KH,OH 
3,4dMeO@‘hCH(O, 

+ cPor1l%‘?B)* 

.(D)& = 0 2H20 

I 
ctti-I, 

Equation 3. 

alysts (yield of 3,4-(McO)?PhCH(O); 63 mM), but have 
limited selectivity (ratio, 1.4). In MeCN the complexes 
produce reactive intermediates from HIOz that exhibit 
a reversal of selectivity (i.e. they are more reactive with 
PhCH?OH than 3,4-(Me0)2PhCH20H). 

Variation of the catalyst/solvent systems indicates 
that 20 mM Fe”(bpy)y in pyridine is highly eff’cient, 
with a selectivity ratio of 4.5 (Table I). If the Fe”(bpy)$ 
concentration is increased to 100 mM, the production 
of the secondary product: 

3,4-(Me0)1PlXH(0)+3,4-(MeO)~PhCH~OH % 3,4- 
(Me0)2PhC(0)OCH,Ph(OMe)~-3,4+H~0 

is suppressed and the selectivity ratio is 4.1. The IO0 
mM Fe”(bpy)$+/200 mM HzOz system has the highest 
selectivity (ratio, 6. l), but 13 mM 3,4-(Me0)4- 
PhC(0)OCH7Ph(OMe)l-3,4 is produced. The addition 
of protons to the pyridine solvent increases the reaction 
efficiency (107 mM 3,4-(MeO)lPhCH(0) produced) and 
suppresses ester formation. 

4. DISCUSSION 

Most investigators believe that Co’npound 1 
[(B)(Por+*)Fe”=O] of lignin peroxidase is the primary 
reactant with veratryl alcohol via electron transfer [ 14 
173 (Eqn, 1). This mechanism is consistent with the rel- 
ative ease of oxidation and reactivity of 3,4- 
(MeO),PhCH20H (E$i-1.65 V vs. NHE) and 
PhCH20H (Et&-224 V) [27]. However, the dominant 
product for the LP/veratryl alcohol system is 3,4- 
(MeO),PhCH(O), which also is the case for the present 
ML,/H+O,/py systems (Table I). Initial production of an 
aryl cation radical (Eqn. 1) should lead to a more di- 
verse array of products, and the MLX/HzOz systems of 
Table 1 do not have the thermodynamic driving force 
(one-electron oxidation potential) to remove an electron 

from veratryl alcohol. Hence, the results of Table I must 
be due to another reaction path and reactive intermedi- 
ate. 

A recent study [28] of hydrocarbon hydroxylation by 
ML,/H20, systems (analogous to those of Table 1) pro- 
vides compelling evidence that the initial activation step 
is a base-induced nucleophilic addition of H+ to the 
electrophilic metal center (Eqn. 2). Species 1 1s able to 
abstract a hydrogen atom from c-C6HII (AHDUE, 96 kcal 
. mol-‘), but not from ethane (dHDDE, 100 kcal * mol”). 
When the substrate is PhCH, species 1 is 30-times more 
likely to add a hydroxyl group to the aromatic ring than 
to abstract a hydrogen atom from the methyl group. 
These considerations, and the product profiles and rela- 
tive reactivities of the Fe”L,/H20z systems with 3,4- 
(Me0)2PhCH,0H and PhCI&OH (Table I), prompt us 
to propose reaction pathways for the transformation of 
the substrates to their aldehydes (Scheme 1). 

Scheme 1 is consistent with the greater reactivity of 
electron-rich 3,4-(MeO)zPhCH20 relative to that of 
PhCHzOH. Such enhanced electron density in the aro- 
matic ring will favor electrophilic addition by a hy- 
droxyl radical (HO’) from species 1. Furthermore, 

(~PY$T@” + K’C’H ” + l(bpy@c”oo~ .t- py~ 

l I 
3PcMeOI$hCH~OH J 

Kbpy%Yd”OH * 3,C~MeO),P~~OH)cH#i] 

9 
2 Hz0 

(bpy&?’ I- 3,~(MeO)$hCH(O) 

Scheme I. 

167 
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(HO.) addition to the aromatic ring in preference to 
abstraction of a benzylic hydrogen atom is consistent 
with the observed reactivity of PhCH3 with various spe- 
cies 1 [28]. All of which prompts us to suggest that LP 
activates HzO1 for the selective dehydrogenation of 3,4- 
(MeOH)2PhCHzOH via a pathway that is analogous to 
that of Scheme 1 (Eqn. 3). 

The combination of LP and HzOz must initially form 
a precursor to its compound I (LP-I), which should have 
the form and reactivity of species 1 (Scheme 1). The 
formation of this precursor (la. Eqn. 3) (sometimes 
referred to as compound 0 (LP-0)) for pcroxidases has 
been discussed in terms of mechanism [29] and structure 
[30]. Species la, which will be more reactive with elec- 
tron-rich veratryl alcohol than with PhCH?OH, reacts 
with the substrate via LP-O/dehydrogenation (Scheme 1 
and Eqn. 3) and does not form compound I. 

In summary, Fe”(bpy)p (and related iron(U) com- 
plexes) activates H?O? in py-containing solutions to de- 
hydrogenate veratryl alcohol with an efficiency (SO- 
100%) and selectivity that closely parallels that of LP. 
The most reasonable pathway involves electrophilic ad- 
dition of an (HO.) group from the reactive intermediate 
((bpy),‘Fc”OOH+pyI-IS, species 1) to the C-l carbon of 
the aromatic ring (Scheme I). This 
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