
synchrotron or inverse Compton emission from
the jet already observed in the radio band (23).
Unfortunately, current knowledge of the jet at
radio wavelengths does not allow discriminating
between the two processes.

To have such a clear polarimetric signal, the
magnetic field has to be coherent over a large
fraction of the emission site (5). Such a coherent
magnetic-field structure may indicate a jet origin
for the gamma rays above 400 keV (24). In addi-
tion, because the gamma rays emitted in BH x-ray
binaries are generally thought to be emitted close
to the BH horizon (7, 25), and because the syn-
chrotron photons we observed in the hard tail are
too energetic to be effectively self-Comptonized,
these observations might be evidence that the jet
structure is formed in the BH vicinity, possibly
in the Compton corona itself. Another possibil-
ity is that the gamma rays are produced in the
initial acceleration region in the jet, as observed
at higher energies by the Fermi Large Area Tel-
escope from the microquasar Cygnus X-3 (26).

The spectrum observed above 400 keV is
consistent with a power law of photon index 1.6 T
0.2. This means that this spectrum, if due to syn-
chrotron or inverse Compton emission, is caused
by electrons whose energy distribution is also a
power law with an index p of 2.2 T 0.4 (27),
consistent with the canonical value for shock-
accelerated particles p = 2. Synchrotron radiation
at MeV energies implies also that the electron
energy, for a magnetic field of 10 mG, which is
reasonable for this kind of system (28), would
be around a few TeV (27, 29). Inverse Compton
scattering of photons off these high-energy TeV
electrons, whose lifetime due to synchrotron en-
ergy loss is about 1 month (27), could also be the
origin of the TeV photons detected from Cygnus
X-1 with the Major Atmospheric Gamma-ray
Imaging Cerenkov telescope experiment (30) and
possibly also the gamma rays claimed by Astro-
rivelatore Gamma ad Immagini Leggero/Light
Imager for Gamma-Ray Astrophysics (31).

The position angle (PA) of the electric vec-
tor, which gives the direction of the electric field
lines projected onto the sky, is 140° T 15°. This
is at least 100° away from the compact radio jet,
which is observed at a PA of 21° to 24° (32). Such
deviations between the electric field vector and
jet direction are also found in other jet sources,
such as Active Galactic Nuclei (33) or the galac-
tic source SS433 (34).

References and Notes
1. R. A. Sunyaev, J. Trümper, Nature 279, 506 (1979).
2. M. Gierliński et al., Mon. Not. R. Astron. Soc. 288,

958 (1997).
3. A. M. Stirling et al., Mon. Not. R. Astron. Soc. 327,

1273 (2001).
4. R. P. Fender et al., Mon. Not. R. Astron. Soc. 369,

603 (2006).
5. E. Gallo, R. P. Fender, G. G. Pooley, Mon. Not. R. Astron.

Soc. 344, 60 (2003).
6. W. Cui et al., Astrophys. J. 474, L57 (1997).
7. T. Di Salvo, C. Done, P. T. Życki, L. Burderi, N. R. Robba,

Astrophys. J. 547, 1024 (2001).
8. K. Ebisawa, Y. Ueda, H. Inoue, Y. Tanaka, N. E. White,

Astrophys. J. 467, 419 (1996).

9. M. L. McConnell et al., Astrophys. J. 572, 984 (2002).
10. M. Cadolle Bel et al., Astron. Astrophys. 446, 591 (2006).
11. P. Massey, K. E. Johnson, K. Degioia-Eastwood,

Astrophys. J. 454, 151 (1995).
12. D. R. Gies, C. T. Bolton, Astrophys. J. 304, 371 (1986).
13. M. Bałucińska-Church, T. Belloni, M. J. Church,

G. Hasinger, Astron. Astrophys. 302, L5 (1995).
14. G. Vedrenne et al., Astron. Astrophys. 411, L63 (2003).
15. P. Ubertini et al., Astron. Astrophys. 411, L131 (2003).
16. C. Winkler et al., Astron. Astrophys. 411, L1 (2003).
17. F. Lei, A. J. Dean, G. L. Hills, Space Sci. Rev. 82,

309 (1997).
18. M. Forot, P. Laurent, F. Lebrun, O. Limousin, Astrophys. J.

668, 1259 (2007).
19. M. Forot, P. Laurent, I. A. Grenier, C. Gouiffès, F. Lebrun,

Astrophys. J. 688, L29 (2008).
20. D. Götz, P. Laurent, F. Lebrun, F. Daigne, Ž. Bošnjak,

Astrophys. J. 695, L208 (2009).
21. In brief, a Compton polarimeter uses the polarization

dependency of the differential cross section for Compton
scattering, where linearly polarized photons scatter
preferentially perpendicularly to the incident polarization
vector. By examining the scatter-angle azimuthal
distribution of the detected photons, a sinusoidal signal
is obtained from which the PA and the Pf with respect to
a 100% polarized source can be derived. Gamma-ray
polarization measurements are particularly difficult, the
main difficulty being the exclusion of systematic/detector
effects in the azimuthal Compton events distribution. To
exclude these systematic effects, we followed the process
detailed in (19). We only considered events that
interacted once in the upper CdTe crystal layer, Integral
Soft Gamma-Ray Imager (sensitive in the 15- to
1000-keV band), and once in the lower CsI layer,
Pixelated CsI Telescope (sensitive in the 200-keV to
10-MeV band), and whose reconstructed energy was in
the 250- to 2000-keV energy range. These events
were automatically selected on board through a time
coincidence algorithm. The maximal allowed time window
was set to 3.8 ms during our observations, which span
between 2003 and 2009, for a total exposure of more than
5 million seconds, which is ~58 days.

22. R. A. Sunyaev, L. Titarchuk, Astrophys. J. 143,
374 (1985).

23. R. P. Fender, T. Belloni, E. Gallo, Mon. Not. R. Astron.
Soc. 355, 1105 (2004).

24. J. F. Hawley, Astrophys. Space Sci. 320, 107 (2009).
25. J. B. Dove, J. Wilms, M. Maisack, M. C. Begelman,

Astrophys. J. 487, 759 (1997).
26. A. A. Abdo et al.; Fermi LAT Collaboration, Science

326, 1512 (2009).
27. V. L. Ginzburg, S. I. Syrovatskii, Annu. Rev. Astron.

Astrophys. 3, 297 (1965).
28. L. F. Rodriguez, I. F. Mirabel, Astrophys. J. 511, 398 (1999).
29. In the inverse Compton case, electrons will be of much

lower energies.
30. J. Albert et al., Astrophys. J. 665, L51 (2007).
31. S. Sabatini et al., Astrophys. J. 712, L10 (2010).
32. This compact radio jet PA value is slightly time

dependent (3).
33. M. L. Lister, D. C. Homan, Astron. J. 130, 1389 (2005).
34. M. C. Begelman, A. R. King, J. E. Pringle, Mon. Not. R.

Astron. Soc. 370, 399 (2006).
Acknowledgments: ISGRI has been realized and maintained

in flight by CEA-Saclay/IRFU with the support of Centre
National d’Etudes Spatiales. Based on observations with
INTEGRAL, a European Space Agency (ESA) project with
instruments and science data center funded by ESA
member states (especially the Principal Investigator
countries: Denmark, France, Germany, Italy, Switzerland,
and Spain), Czech Republic and Poland, and with the
participation of Russia and the United States. We
acknowledge partial funding from the European Com-
mission under contract ITN 215212 “Black Hole
Universe” and from the Bundesministerium für Wirtschaft
und Technologie under Deutsches Zentrum für Luft-
und Raumfahrt grant 50 OR 1007. K.P. acknowledges
support by NASA’s INTEGRAL Guest Observer grants
NNX08AE84G, NNX08AY24G, and NX09AT28G. We thank
S. Corbel for useful comments.

23 November 2010; accepted 3 March 2011
Published online 24 March 2011;
10.1126/science.1200848

Selective, Nickel-Catalyzed
Hydrogenolysis of Aryl Ethers
Alexey G. Sergeev and John F. Hartwig*

Selective hydrogenolysis of the aromatic carbon-oxygen (C-O) bonds in aryl ethers is an unsolved
synthetic problem important for the generation of fuels and chemical feedstocks from biomass and for
the liquefaction of coal. Currently, the hydrogenolysis of aromatic C-O bonds requires heterogeneous
catalysts that operate at high temperature and pressure and lead to a mixture of products from
competing hydrogenolysis of aliphatic C-O bonds and hydrogenation of the arene. Here, we report
hydrogenolyses of aromatic C-O bonds in alkyl aryl and diaryl ethers that form exclusively arenes and alcohols.
This process is catalyzed by a soluble nickel carbene complex under just 1 bar of hydrogen at temperatures
of 80 to 120°C; the relative reactivity of ether substrates scale as Ar-OAr>>Ar-OMe>ArCH2-OMe (Ar, Aryl; Me,
Methyl). Hydrogenolysis of lignin model compounds highlights the potential of this approach
for the conversion of refractory aryl ether biopolymers to hydrocarbons.

Selective hydrogenolysis of aromatic carbon-
oxygen (C-O) bonds (scission by reaction
with hydrogen to form CH and OH bonds

in their place) is challenging because of the
strength and stability of these linkages (1); yet,
this process is important for the conversion of
oxygen-rich lignocellulosic plant biomass to de-

oxygenated fuels and commercial chemicals (2–5).
Whereas the exclusively aliphatic C-O bonds in
cellulose can be cleaved with hydrolysis and
dehydration (3), the aromatic C-O bonds in lignin
cannot undergo these processes and have re-
sisted selective cleavage by hydrogen (2, 4). In
addition, brown coal’s polymeric network con-
tains aromatic C-O bonds inherited from ligno-
cellulosic biomass, and the liquefaction of these
bonds could facilitate the liquification of this car-
bon source and its conversion to arene feedstocks
(6). A general, mild method for reductive cleav-
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age of unactivated aromatic C-O bonds would
furthermore expand the utility of alkoxy and ar-
yloxy substituents as removable directing groups
(7) that can influence synthetic transformations
of aromatic systems.

In contrast to hydrogenolysis of benzyl ethers,
which proceeds selectively under mild conditions
over heterogeneous catalysts (8), the cleavage of
C-O bonds in aryl ethers requires high temper-
atures and pressures (over 250°C and 30 bar)
and occurs with poor selectivities (1, 2); typical
product mixtures include saturated cyclic hydro-
carbons and cycloalkanols from hydrogenation of
the arene rings and concurrent aliphatic C-O bond
cleavage (1, 2, 9–12). This arene reduction wastes
hydrogen and renders the reaction less useful for
producing aromatic feedstocks (2, 4). Alternative
methods for the cleavage of aryl ethers that avoid
this side reaction require stoichiometric alkali
metals (13) or electrocatalytic hydrogenolysis (14),
both of which are expensive and difficult to con-
duct on a large scale. Here, we report the selec-
tive, reductive cleavage of various aromatic C-O
bonds with hydrogen catalyzed by a single sol-
uble nickel catalyst under mild conditions (15).
Hydrogenolysis with this catalyst proceeds with-
out concurrent arene ring hydrogenation and re-
duction of aliphatic C-O bonds.

To realize a selective hydrogenolysis of ar-
omatic C-O bonds, we envisioned a reaction that
involves insertion of a discrete transition metal
complex into the aromatic C-O bond and reac-
tion of the resulting intermediate with hydro-
gen to yield arene and alcohol. We anticipated
that the low reactivity of homogeneous catalysts
toward hydrogenation of aromatic rings (16)
would prevent competitive formation of cyclo-
alkanes and cycloalkanols from such a process.
Nickel complexes known to activate aromatic
C-O bonds in the presence of aliphatic C-O bonds
(17–21) were the starting point for our catalyst
development.

Catalytic reactions involving aromatic C-O
bond cleavage with nickel complexes were first
reported by Wenkert for cross-coupling of aryl
ethers with Grignard reagents to form biaryl com-
pounds (17, 18). This reactivity has been devel-
oped further in recent years with less aggressive
carbon nucleophiles and improved catalysts (19–21).
However, the extension of such reactivity to the
hydrogenolysis of C-O bonds is challenging be-
cause hydrogen is less reactive than main group
carbon nucleophiles, and the hydrogenolysis or
hydrogenation of typically unreactive moieties
can lead to reduction of the catalyst itself to form

heterogeneous systems (22) that are less selective
than their homogeneous counterparts. Indeed, our
initial attempts to conduct the hydrogenolysis of
aryl C-O bonds in diphenyl ether at 120°C under
1 bar of hydrogen with 20 mole percent (mol %)
of the nickel catalyst generated from Ni(COD)2
(COD, 1,5-cyclooctadiene) and PCy3 (Cy, cyclo-
hexyl), which was used previously for cross-
couplings (19–21), led to very low conversion of
the ether (~1%) (fig. S1) (23). Cyclohexane and
cyclohexenewere formed under these conditions,
implying that cleavage of the C-P bond in the
phosphine ligand to form these products leads to
decomposition of the catalyst (24).

Thus, we evaluated a series of nickel catalysts
containing N-heterocyclic carbenes (NHCs) as
the dative ligands. N-Heterocyclic carbenes typ-
ically bind late-transition metal centers more tight-
ly than do phosphines (25, 26) and lack labile
P-C bonds. The strongermetal-ligand bondswould
discourage formation of heterogeneous nickel.
We initially tested nickel-NHC catalysts for the
reduction of the C-O bond of diphenyl ether in
the presence of the hydride donors, DIBALH
(diisobutylaluminum hydride), LiAl(OtBu)3H,

and Et3SiH in place of H2 because of the con-
venience of evaluating catalysts for reactions with
liquid and solid reagents. These reactions were
conducted with the combination of a nickel(0)
precursor, Ni(COD)2 or Ni(acac)2 (acac, acetyl-
acetonate), and an NHC ligand formed in situ
through deprotonation of the corresponding salt
NHC⋅HX with a base (NaOtBu) (table S1). We
found that high yields of the products from
aromatic C-O bond cleavage were obtained with
Ni(COD)2 as the source of nickel, SIPr⋅HCl (fig. 1)
as ligand precursor, and the aluminum hydrides
DIBALH and LiAl(OtBu)3H (2.5 equiv.) as re-
ducing agents in the presence of an excess of
NaOtBu (2.5 equiv.) as a base in toluene (tables
S1 and S2). These initial studies showed that the
single Ni(0)–NHC system, in tandem with either
aluminum hydrides or silane-reducing agents,
catalyzes the reductive cleavage of the aromatic
C-O bonds of unactivated aryl ethers in diaryl
ethers and alkyl aryl ethers, as well as the benzylic
C-O bonds in benzyl aryl ethers and benzyl alkyl
ethers (table S2) (27).

Having identified Ni(0)–NHC complexes as
unusually active catalysts for the cleavage of a

SIPr HCl

N N

iPriPr

iPriPr
Cl

Fig. 1. A N-Heterocyclic carbene ligand precursor
used in the study.

Table 1. Hydrogenolysis of diaryl ethers. The reactions were conducted in closed glass reaction vessels
filled with hydrogen at 1 bar gauge pressure at 24°C. After the time listed, no further changes in
conversion were observed. The yields of arenes and phenols formed by the bond cleavage shown were
measured with gas chromatography after acidification and aqueous work up.

*Anisole (65%) and benzene (23%). †3-Methoxyphenol (83%) and phenol (3%). ‡Trifluoromethylbenzene (64%)
and toluene (23%); benzene (4%) as a side product. §Trifluoromethylbenzene (68%) and toluene (19%). ‖Anisole
(4%) as a side product. ¶Phenol (17%) as a side product.

O

+ H2

R1 R1

NaOtBu, m-xylene,

R2

+

R2

HO

(1 bar)

5-20% Ni(COD)2,

Entry Diaryl ether Ni, mol% T, °C Time, h Arene, % Phenol, %

O1

2
3

20

10

5

120

120

120

16

32

32

99

82

59

99

87

54

4 20 120 16 96 99
OMe Me

5 20 120 16 88* 86†
OMeO OMe

O

Me Me

6 20 120 48 97 99

O

tBu tBu

7 20 120 48 72 73

O

F3C

8 10 100 16 87§ 99

O

F3C

9 10 100 16 87II 92

10-40% SIPr·HCl

OMe

Conversion, %

100

87

59

100

94

100

74

100

100

O
10 20 120 16 88¶ 80#

OMe

100

O11 20 120 32 85 8585

MeMe

Temp, Time
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range of aryl and benzyl ethers with main group
hydride donors, we explored the use of hydrogen—
a cheaper, cleaner, and milder reagent—for the
reduction of aryl ethers (tables S3 and S4). In-
deed, the combination of Ni(COD)2 and SIPr⋅HCl
(20 mol %) as catalyst and NaOtBu (2.5 equiv.)
as base effected the selective hydrogenolysis of
various diaryl ethers with only 1 bar pressure of H2

inm-xylene to give the corresponding arenes and
phenols in good to excellent yields (Table 1). The
scope of the reaction encompasses both electron-
rich and electron-poor diaryl ethers. Hydrogen-
olysis occurred faster with unsubstituted diphenyl
ether and diaryl ethers bearing an electron-
withdrawing trifluoromethyl group (Table 1, en-
tries 1, 2, 8, and 9) than with diaryl ethers bearing
electron-donating alkyl or methoxy substituents.
Reactions with the less reactive diaryl ethers re-
quired substantial catalyst loadings (20%) but
occurred to high conversions (Table 1, entries 4
to 7). Unsymmetrical diaryl ethers were cleaved
preferentially at the C-O bond adjacent to the
more electron-poor aryl ring, as shown in Table
1, entries 8 to 10. The sterically hindered sub-

strate di-2-tolyl ether also underwent hydrogen-
olysis to give toluene and o-cresol in 85% yields
(Table 1, entry 11). No detectable products from
hydrogenation of the arene ring were observed in
any of the experiments. As noted earlier, this
complete selectivity for reduction of the C-O
bonds over the aryl p-bonds contrasts with that
for hydrogenation of aryl ethers over heteroge-
neous catalysts, which typically leads to a mixture
of arenes, cycloalkanes, phenols, and cycloalkanols
(1, 2, 9–12).

The nickel catalyst is also active under com-
parable conditions for the selective hydrogen-
olysis of aryl alkyl ethers to form arenes and
aliphatic alcohols (Table 2). For example, the
hydrogenolyses of 1-methoxynaphthalene, 2-
alkoxynaphthalenes, and 4-alkoxybiphenyls under
1 bar of H2 in m-xylene at 120°C led to the cor-
responding arenes in 59 to 95% yields in the
presence of 20mol% of Ni(COD)2 and SIPr⋅HCl
as catalyst and NaOtBu as a base (Table 2). In
these cases, at least 95% of the consumed aryl
ether was converted to the corresponding arene.
The amount of aliphatic alcohol formed from

reactions of aryl n-hexyl ethers was quantified
after conversion to the trimethylsilyl ether, and n-
hexanol was shown to be formed in high yield
(Table 2, entries 1 and 6).Hydrogenolyses of 1- and
2-methoxynaphthalene proceeded to full con-
version to form the arene in nearly quantitative
99 and 98% yields in the presence of the Lewis
acid AlMe3 at 100°C and 80°C, respectively (Table
2, entries 3 and 5); no considerable improvement
in the yield of arene, however, was observed
for the hydrogenolysis of 4-methoxybiphenyl
in the presence of the Lewis acid (Table 2,
entry 8). In no case did we observe any pro-
ducts from aliphatic C-O bond cleavage; pro-
ducts of arene hydrogenationwere, again, detected
only in trace amounts (<2%). In contrast, the hy-
drogenolysis of 2-methoxynaphthalene over Raney
Nickel has been shown previously to form 1,2,3,4-
tetrahydronaphthalene and 6-methoxy-1,2,3,4-
tetrahydronaphthalene under acidic and basic
conditions, respectively (12).

The Ni-SIPr system also catalyzed the hy-
drogenolysis of benzyl aryl ethers under 1 bar of
H2 inm-xylene at 120°C (Table 3, entry 1). In con-
trast, benzyl alkyl ethers such as 4-tert-butylbenzyl
methyl ether and a-ethylbenzyl methyl ether
were completely resistant to hydrogenolysis
under conditions that led to the cleavage of diaryl
and benzyl alkyl ethers (120°C, 16 hours), as
shown in Table 3, entries 2 and 4. These results
are intriguing because such benzyl alkyl ethers
are known to be labile toward hydrogenolysis at
the C-O bonds in the presence of heterogeneous
catalysts (8). Alkyl benzyl ether can nevertheless
be cleaved in excellent yields in the presence of
the Ni-SIPr system and 1 equiv. of AlMe3 as an
additive at 120°C (Table 3, entries 3 and 5) (28).

The broad substrate scope of hydrogenolysis
by the Ni-SIPr system prompted us to estimate
the relative rates for cleavage of diaryl, alkyl aryl,
and benzyl alkyl ethers by conducting competition
experiments in which two substrates are present
in the same vessel, allowing further comparisons
to typical heterogeneous catalysts. Consistent
with the reactivity of the different ethers in sep-
arate reactions, diphenyl ether was cleaved in
complete preference to a benzyl alkyl ether under
1 bar of hydrogen in m-xylene with 20 mol % of
the Ni-SIPr catalyst and NaOtBu as base. Quan-
titative yields of benzene and phenol were ob-
served after 16 hours at 120°C (Fig. 2B). Likewise,
reduction of the aromatic C-O bond in an alkyl
aryl ether occurred in the presence of the benzylic
C-O bond in an alkyl benzyl ether in the presence
or absence of AlMe3 (Fig. 2C). Again, these rel-
ative rates contrast sharply with those of hetero-
geneous systems that cleave benzylic C-O bonds
faster than aromatic C-O bonds (29). Lastly, hy-
drogenolysis of diphenyl ether occurred prefer-
entially over hydrogenolysis of 4-tert-butylphenyl
methyl ether (100:5) (Fig. 2D), leading to the
overall relative reactivities shown in Fig. 2A.

To probe whether the Ni-NHC system reacts
as a homogeneous catalyst or generates a het-
erogeneous catalyst that reacts with unusual se-

Table 3. Hydrogenolysis of benzyl ethers.

*nq, not quantified. †32 hours.

R3
H2

(1 bar)

+
NaOtBu, m-xylene,

+

R1

40 mol% SIPr·HCl
R2OH

OPh

tBu

R1

OMe

tBu

OMe

Et

OR2

R3
20 mol% Ni(COD)2,

120 ºC, 16h

Entry Alkyl Benzyl Ether Additive Arene, % R2OH, %

1 - 99 93

(1 equiv.)

- 0

99

0

nq*AlMe3

2

3

- 0

96†

0

nqAlMe3

4

5

Ni, mol%

10

20

20

20

20

Conversion, %

100

1

100

0

100

Table 2. Hydrogenolysis of alkyl aryl ethers.

*nq, not quantified.

OAlk
+

20% Ni(COD)2, 
40% SIPr·HCl

H2

R R

NaOtBu, m-xylene,
(1 bar)

Ph

OAlk

+ AlkOH

Entry Alkyl Aryl Ether Additive Arene, %

2
3

- 89
98

OAlk

AlMe3

(1 equiv.)

OMe

- 72

99AlMe3

4

5

- 85

59-
6

7

T, °C

120
80

120

100

120

120

Temp, 16 h

Conversion, %

89
100

72

100

85

60

Alk = Methyl

Alk = Methyl

1 95-120 100Alk = nHexyl

65AlMe38 100 65

Alk = Methyl

Alk = Methyl

Alk = nHexyl

AlkOH, %

nq*
nq

nq

nq

85

nq

98

nq

Time, h

16
16

16

16

32

32

16

32
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lectivity, we conducted the hydrogenolysis of
diphenyl ether and 2-methoxynaphthalene in the
presence of a 300-fold excess of mercury with
respect to the catalyst. No decrease in conversion
or product yields was observed (23). Although
such data are suggestive, rather than fully con-
clusive, of the homogeneity versus heterogeneity

of the catalyst, the absence of poisoning by mer-
cury is consistent with our proposal that the
distinct selectivities result from the action of a
homogeneous catalyst (22).

Having identified a catalyst for the reductive
cleavage of simple diaryl ethers, we tested the
ability of this system to catalyze the hydrogenol-

ysis of an oligomeric aryl ether. Hydrogenolysis
of the oligomeric phenylene oxide containing
eight aromatic C-O bonds (Fig. 3A) in the pres-
ence of 10 mol % of the catalyst per C-O bond
under 1 bar of hydrogen at 120°C in m-xylene
resulted in complete depolymerization to give
benzene, phenol, and resorcinol in good total
yield.

Lastly, we studied the hydrogenolysis of
various aromatic and benzylic C-O bonds that
constitute roughly 75% of all the intermonomer
linkages in lignin, one of the most stable bio-
polymers in nature (Fig. 3, B to D) (2, 5). Cleav-
age of each of these ether linkages with a single
catalyst would illustrate the potential to conduct
the catalytic depolymerization and valorization of
lignin to form aromatic products (4). The diaryl
ether models of one of the most recalcitrant lignin
linkages, the 4-O-5 linkage, were cleaved under
1 bar of hydrogen at 120°C in m-xylene to yield
anisole, benzene, and phenols in moderate yields
in the presence of 20 mol % of the catalyst gen-
erated from Ni(COD)2 and SIPr⋅HCl (Fig. 3B).
Hydrogenolysis of the a-O-4 lignin model com-
pound proceeded with just 5 mol % of the Ni-SIPr
catalyst at 80°C under 1 bar of hydrogen to afford
3,4-dimethoxytoluene and 2-methoxyphenol in
nearly quantitative yields (Fig. 3C). In agreement
with previous results, cleavage of the b-O-4 mod-
el under the basic conditions of our system pro-
ceeded without catalyst to give guaiacol in 89%
yield (Fig. 3D) (30).

Available data do not allow one to distinguish
between several possible mechanisms for the
nickel-catalyzed hydrogenolysis of aryl ethers,
but several mechanisms can be envisioned. The
nickel center that cleaves the aromatic C-O bond
could be a nickel hydride, a neutral nickel(0)
complex, or an anionic nickelate species. The fa-
vorable effect of the strong base in the hydro-
genolysis could lead to the formation of anionic
nickel complexes that are more active for the
cleavage of the C-O bonds or for activation of
coordinated dihydrogen. Although these mecha-
nistic issues are yet to be resolved, and turnover
numbers of the catalyst must be improved, the
results from this work have demonstrated that
the selective cleavage of aromatic C-O bonds in
the presence of other C-O bonds can be conducted
without reduction of the arene units by using a
widely available metal and the cheap, mild, and
atom-economical reductant hydrogen.
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methyl ether; (C) 2-methoxynaphthalene in the presence of 4-tert-butylbenzyl methyl ether; and (D)
diphenyl ether in the presence of 4-tert-butylanisole.
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High-Performance Electrocatalysts
for Oxygen Reduction Derived
from Polyaniline, Iron, and Cobalt
Gang Wu,1 Karren L. More,2 Christina M. Johnston,1 Piotr Zelenay1*

The prohibitive cost of platinum for catalyzing the cathodic oxygen reduction reaction (ORR)
has hampered the widespread use of polymer electrolyte fuel cells. We describe a family of
non–precious metal catalysts that approach the performance of platinum-based systems at a
cost sustainable for high-power fuel cell applications, possibly including automotive power. The
approach uses polyaniline as a precursor to a carbon-nitrogen template for high-temperature
synthesis of catalysts incorporating iron and cobalt. The most active materials in the group catalyze
the ORR at potentials within ~60 millivolts of that delivered by state-of-the-art carbon-supported
platinum, combining their high activity with remarkable performance stability for non–precious
metal catalysts (700 hours at a fuel cell voltage of 0.4 volts) as well as excellent four-electron
selectivity (hydrogen peroxide yield <1.0%).

Thanks to the high energy yield and low
environmental impact of hydrogen oxida-
tion, the polymer electrolyte fuel cell (PEFC)

represents one of the most promising energy
conversion technologies available today. Of the
many possible applications, ranging from sub-watt
remote sensors to residential power generators in
excess of 100 kW, automotive transportation is
especially attractive. PEFCs promise major im-
provements over gasoline combustion, including
better overall fuel efficiency and reduction in emis-
sions (including CO2). The spectacular progress
in fuel cell technology notwithstanding, a large-

scale market introduction of fuel cell–powered
vehicles continues to face various challenges, such
as the lack of hydrogen infrastructure and the
technical issues associated with PEFC perform-
ance and durability under the operating condi-
tions of an automotive power plant. The high cost
of producing PEFCs represents the most formi-
dable challenge and has driven much of the ap-
plied and fundamental fuel cell research in recent
years.

According to the latest cost analysis, the fuel
cell—more precisely, the fuel cell stack—is re-
sponsible for more than 50% of the PEFC pow-
er system cost (1, 2). Although a state-of-the-art
PEFC stack uses several high-priced components,
the catalysts are by far the most expensive con-
stituent, accounting for more than half of the
stack cost. Because catalysts at both the fuel cell
anode and cathode are based on platinum (Pt) or
platinum alloys, their cost is directly linked to the

price of Pt in the volatile and highly monopolized
precious metal market. The precious metal cat-
alyst is the only fuel cell stack component that
will not benefit from economies of scale, and an
increase in the demand for fuel cell power sys-
tems is bound to drive up the already high price
of Pt, about $1830 per troy ounce at present
($2280 per troy ounce at its maximum in March
2008) (3). Thus, PEFCs are in need of efficient,
durable, and inexpensive alternatives to Pt and
Pt-based catalysts.

Ideally, Pt should be replaced at both fuel cell
electrodes; however, its substitution at the cath-
ode with a non–precious metal catalyst would
have comparatively greater impact, because the
slow oxygen reduction reaction (ORR) at this
electrode requires much more Pt than the faster
hydrogen oxidation at the anode. As a conse-
quence, the development of non–precious metal
catalysts with high ORR activity has recently
become a major focus of PEFC research (4–8).
The Pt replacement candidates that have attracted
the most attention have been synthesized by heat-
ing precursors comprising nitrogen, carbon, and
geologically abundant transition metals, iron and
cobalt (M = Co and/or Fe) in particular (9–14).
Although the nature of the active ORR catalytic
sites in such N-M-C catalysts continues to be at
the center of an ongoing debate (6, 7, 10, 15),
there is no doubt that the ORR performance of
N-M-C catalysts strongly depends on the type of
nitrogen and transition-metal precursors used, heat
treatment temperature, carbon support morphol-
ogy, and synthesis conditions.

We recently initiated a research effort to develop
non–precious metal catalysts that combine high
ORR activity with good performance stability, orig-
inally concentrating on materials obtained with-
out heat treatment. The polypyrrole (PPy)-Co-C
system prepared this way showed respectable per-
formance durability for a non–precious metal
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CorreCtions & CLarifiCations

www.sciencemag.org    sCiEnCE    erratum post date    11 June 2011 

Erratum
Reports: “Selective, nickel-catalyzed hydrogenolysis of aryl ethers” by A. G. Sergeev and 
J. F. Hartwig (22 April, p. 439). There were two errors introduced during proofs. The third 
sentence of the first paragraph should read, “In addition, brown coal’s polymeric network 
contains aromatic C-O bonds inherited from lignocellulosic biomass, and the hydrogenoly-
sis of these bonds could facilitate the liquefaction of this carbon source and its conversion 
to arene feedstocks (6).” The last sentence of the last paragraph should read, “Although 
these mechanistic issues have yet to be resolved, and turnover numbers of the catalyst 
must be improved, the results from this work have demonstrated that the selective cleav-
age of aromatic C-O bonds in the presence of aliphatic C-O bonds can be conducted with-
out reduction of the arene units by using a widely available metal and the cheap, mild, and 
atom-economical reductant hydrogen.”
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