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C H E M I S T R Y

Self-supported hydrogenolysis of aromatic  
ethers to arenes
Qinglei Meng1*, Jiang Yan1,2, Huizhen Liu1,2,3, Chunjun Chen1,2, Shaopeng Li1,2, Xiaojun Shen1,2, 
Jinliang Song1, Lirong Zheng4, Buxing Han1,2,3,4*

Arenes are widely used chemicals and essential components in liquid fuels, which are currently produced from 
fossil feedstocks. Here, we proposed the self-supported hydrogenolysis (SSH) of aromatic ethers to produce 
arenes using the hydrogen source within the reactants, and it was found that RuW alloy nanoparticles were very 
efficient catalyst for the reactions. This route is very attractive and distinguished from the reported studies on the 
cleavage of the CAr─O bonds. The unique feature of this methodology is that exogenous hydrogen or other reduc-
tant is not required, and hydrogenation of aromatic rings could be avoided completely. The selectivities to arenes 
could reach >99.9% at complete conversion of the ethers. Moreover, lignin could also be transformed into arenes 
efficiently over the RuW alloy catalyst. The mechanism studies showed that the neighboring Ru and W species in 
the RuW alloy nanoparticles worked synergistically to accelerate the SSH reaction.

INTRODUCTION
Utilization of biomass as raw materials to produce useful chemicals 
and fuels can liberate us from the reliance on fossil resources and 
can also be considered as recycling of CO2 by combination of photo-
synthesis and chemical methods (1, 2). With the robust aryl carbon─ 
oxygen bond (CAr─O) built and functionalized, aromatic ethers are 
ubiquitous in the natural world (3). Lignin, a major component of 
lignocellulosic biomass, is the most abundant aromatic ether in na-
ture and is thus the most obvious and promising renewable source 
of the aromatic building blocks on which the chemical industry can 
heavily rely (4–6). Besides, small-molecule aromatic ethers, such as 
methoxytoluene/dimethoxytoluene (7, 8), di-/trimethoxybenzene 
(9, 10), methyleugenol (11), and asarone (12), also existed in various 
plants but with far less quantities than lignin. With a benzene ring as 
its main structural characteristic, biomass-derived aromatic ethers 
can be potentially used to produce industrially relevant aromatic 
bulk and fine chemicals (13), which are currently obtained from 
fossil resources (14, 15). However, the highly complex molecular 
structure of the aromatic ethers, combined with their highly recal-
citrant and stable chemical natures, has so far hampered many efforts 
to increase their values (16). Although different transformation 
methods, such as hydrogenation reduction (17–19), oxidation (20–22), 
hydrolysis/acidolysis (23, 24), and cross-coupling (25, 26), have 
produced encouraging results, their products have still been widely 
distributed and overfunctionalized. Currently, a very limited num-
ber of high-purity industrial chemicals can be obtained from the 
aromatic ethers, especially from lignin, which has a high molecular 
weight and is rich in CAr─O bonds with high energies and low 
reactivities (27–29).

By experience, hydrodeoxygenation (HDO), which has been 
proved efficient in the cleavage of CAr─O bonds with hydrogen 
present, should be the convenient and feasible pathway to convert 
biomass to commodity chemicals with narrow distribution, such as 
aromatic hydrocarbons, which can be industrially used as the in-
dustrial raw materials (30) and transport fuels (31). However, in the 
conventional HDO reactions, the concomitant hydrogenation of 
the aromatic ring cannot be avoided completely (17, 32), although 
high selectively can be reached (Fig. 1A). Lee et al. (33) conducted 
vapor-phase HDO of anisole over Mo2C catalysts at lower tempera-
tures and ambient hydrogen pressure, which made a remarkable 
progress in traditional HDO, giving benzene selectivity more than 
90%. Besides, transition-metal complexes combined with equivalent 
strong hydride reductant, such as 1,1,3,3-tetramethyldisiloxane, 
could also efficiently catalyze the cleavage of CAr─O bonds, with 
high aromaticity retained. However, this route required expensive 
reductant, and air and water-free conditions, which weaken the in-
dustrial feasibility (34). There exist some challenges in CAr─O bond 
cleavage chemistry, such as realization of full aromaticity produc-
tion without saturation of the aromatic ring, establishment of atom-
economical and feasible strategies (35), and achievement of high 
aromaticity in the transformation of complex reactants. In this 
regard, much effort is still needed to develop novel strategies, which 
is crucial for designing many previously unidentified catalytic reac-
tions (3) and is also a key step in the valorization of biomass resources.

Here, we report the work on self-supported hydrogenolysis 
(SSH) strategy for the transformation of CAr─O bonds in aromatic 
ethers to produce arene as the single product (Fig. 1B). It was found 
that different aromatic ethers including lignin could be transformed into 
arenes over the highly efficient RuW alloy catalyst without any exog-
enous hydrogen or other reductant input, and the selectivity could 
be >99.9% (no by-product could be detected). The unique feature 
of this methodology is that the hydrogen within the reactants is 
used as the hydrogen source, and the exogenous hydrogen or other 
reductant is not required in the SSH reaction. Moreover, the side 
reaction, such as hydrogenation of the aromatic ring, can be avoided 
completely. As far as we know, there is no related report with regard 
to the SSH chemistry.
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RESULTS
We used anisole to screen the catalytic system for SSH reaction of 
aromatic ethers because it has only one methoxy group (O─CH3) 
that simplifies the experimental study. Table 1 presents the results 
of the anisole transformation under different conditions using var-
ious catalysts. As expected, the conversion of anisole did not occur 
without the catalyst or when only SiO2 (fig. S1) was used (Table 1, 
entry 1). Monometallic catalysts, such as Ru, Pt, Pd, and Ni, were 
also prepared and used (Table 1, entries 2 to 5) because they are 
commonly used catalysts for hydrogenation and hydrogenolysis re-
actions (25, 36, 37). However, anisole was completely unreactive 
under Ar atmosphere over the above monometallic catalysts. It has 
been reported that tungsten (W) usually serves as a promoter in a 
bifunctional catalyst, which is more effective in cleavage of the 
CAr─O bond than the corresponding monometallic counterparts 
(38). In an attempt to yield benzene from anisole via the SSH method, 
a series of W-containing bimetallic catalysts were prepared and their 
catalytic performances for promoting the reaction were studied 
(Table 1, entries 6 to 9). It can be found that the selectivity to ben-
zene could be >99.9% at 96.9% conversion of anisole over the RuW/
SiO2 catalyst under Ar atmosphere in 4.5 hours (Table 1, entry 6, 
and fig. S2A), and according to the 1H nuclear magnetic resonance 
(NMR) analysis of the aqueous phase (fig. S2B), there was no water-
soluble product. Hydrogen and CO2 were the main gaseous products 
(fig. S2C). The anisole could be completely converted in 5 hours 
with a turnover number of 38, and the selectivity remained to be 
>99.9% (Table 1, entry 7). The catalytic activities and selectivities of 
benzene were both much lower over PtW/SiO2 and PdW/SiO2 cat-
alysts (Table 1, entries 8 and 9). When the NiW/SiO2 catalyst was 
used, the reaction did not occur under the same conditions (Table 1, 
entry 10). In addition, the conversion of anisole over the mechanical 
mixture of the Ru/SiO2 and W/SiO2 catalyst (Ru-W/SiO2; Table 1, 
entry 11) was much lower than that over the RuW/SiO2 catalyst 

(Table 1, entry 7), although the selectivity of benzene was also very 
high, indicating that the Ru and W components in the catalyst mix-
ture did not cooperate well.

For comparison, the transformation of anisole over the bimetallic 
catalysts was also studied under H2 atmosphere. Significant hydro-
genation of the benzene ring occurred during the reactions over all the 
above catalysts at different anisole conversions (Table 1, entries 12 
to 15). Moreover, the benzene ring was hydrogenated completely 
over the monometallic Ru/SiO2 catalyst, and cyclohexane and me-
thoxycyclohexane were generated under similar anisole conversion 
(Table 1, entry 16). The results indicate that the above bimetallic and 
monometallic catalysts were all prone to hydrogenating the aromatic 
ring with exogenous hydrogen in both the traditional HDO or hy-
drogenolysis deoxygenation route. Nevertheless, anisole was com-
pletely unreactive under Ar or H2 atmosphere over the monometallic 
W/SiO2 catalyst (Table 1, entries 17 and 18). Moreover, the trans-
formation of anisole was also studied in different solvent systems 
(table S1). The results indicated that water was the best among the 
tested solvents for the SSH reaction. One of the reasons may be that 
water can form hydrogen bonds with the O atom in anisole, which 
was beneficial for the SSH reaction (39). The solvent effect is very 
interesting but needs to be studied further. In addition, it is known 
that the solubility of a hydrophobic compound in water increases 
with increasing temperature (40). Thus, at our experimental tem-
perature, the solubility of anisole in water is high enough for effi-
cient reaction.

According to the control experiments summarized in Table 1, 
monometallic catalysts were not active for the transformation of 
anisole without exogenous hydrogen (Table 1, entries 2 to 5 and 
17), whereas anisole could be converted into benzene selectively 
and efficiently over the bimetallic RuW catalyst (Table 1, entries 6 
and 7), indicating that both Ru and W components were necessary 
for the reaction, and they cooperated very well for the SSH reaction. 

Fig. 1. Strategies used for the transformation of aromatic ethers. 
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Therefore, to get insight into the cooperation of Ru and W species, 
we conducted systematic characterizations of the RuW/SiO2 catalyst. 
A typical x-ray diffraction (XRD) pattern of the as-synthesized 
RuW/SiO2 is presented in Fig. 2A. As compared with the standard 
pattern of RuW alloy, the positions of the diffraction peaks of the 
RuW/SiO2 catalyst were well defined, indicating the alloy structure 
of the RuW nanoparticles (NPs), rather than mixed phases of Ru 
and W species. Figure 2B shows the transmission electron micros-
copy (TEM) images of the RuW NPs supported on the amorphous 
SiO2 (fig. S1). The RuW NPs were well dispersed with particle size 
in the range of 1.0 to 4.0 nm. The high-resolution TEM (HRTEM) 
image of the RuW NPs in Fig. 2C shows a lattice fringe spacing of 
0.208 nm. The catalyst was further characterized by elemental map-
ping and linear scan energy-dispersive x-ray spectroscopy (EDS). 
The elemental mapping gives a direct view of the homogeneous dis-
tribution of Ru and W atoms in each NP (fig. S3, A to C). The EDS 
line scan across a RuW alloy NP with a particle size of 3.5 nm 
(Fig. 2C) also demonstrates that Ru and W atoms are well alloyed, 
as shown in Fig. 2D. Moreover, the electronic structure of the Ru 

and W species was characterized by x-ray photoelectron spectros-
copy (XPS). The XPS peaks that appeared at 461.76 eV (Fig. 2E) and 
31.91 eV (Fig. 2F) correspond to the metallic Ru 3p and W 4f orbitals 
of the Ru and W species in the RuW/SiO2 catalyst (41). Evidently, 
the Ru 3p binding energy in the RuW/SiO2 catalyst showed a negative 
shift compared to Ru/SiO2 (Fig. 2E). Meanwhile, an opposite ten-
dency was observed for the W 4f orbital peak, which shifted to higher 
binding energy than that of the W/SiO2 catalyst. It should be as-
cribed to the higher electronegativity of Ru that results in the elec-
tron transfer from W to Ru, indicating the well-alloyed structure of 
Ru and W species in the RuW/SiO2 catalyst (42). To further study 
the crystal structure of RuW alloy NPs and confirm the atomic site 
assignment, the Rietveld refinement analysis was carried out using 
XRD data of the as-synthesized RuW/SiO2 catalyst (Fig. 2G). The 
refinement revealed that the RuW alloy was the only crystal phase 
and the random occupancies of Ru and W atoms in the crystal 
structure are estimated to be 20.4 and 79.6%, which basically corre-
spond to the reference RuW alloy (Fig. 2A). To further identify the 
structure of the RuW alloy, we also conducted x-ray absorption 

Table 1. Results for the transformation of anisole over supported metal catalysts at different conditions. 

Entry
Catalytic system* T

(hours)
Conversion 

(%)
Selectivity (%) Yield of 

1 (%)Catalyst† Gas 1 2 3 4 5 6

1‡ – Ar 4.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

2 Ru/SiO2 Ar 4.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

3 Pt/SiO2 Ar 4.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

4 Pd/SiO2 Ar 4.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

5 Ni/SiO2 Ar 4.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

6 RuW/SiO2 Ar 4.5 96.6 >99.9 0.0 0.0 0.0 0.0 0.0 96.5

7§ RuW/SiO2 Ar 5.0 100 >99.9 0.0 0.0 0.0 0.0 0.0 >99.9

8 PtW/SiO2 Ar 4.5 28.8 80.2 0.0 19.8 0.0 0.0 0.0 23.1

9 PdW/SiO2 Ar 4.5 20.5 73.7 0.0 17.0 9.3 0.0 0.0 15.1

10 NiW/SiO2 Ar 4.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

11|| Ru-W/SiO2 Ar 5.0 9.8 >99.9 0.0 0.0 0.0 0.0 0.0 9.8

12 RuW/SiO2 H2 4.5 96.5 78.8 21.2 0.0 0.0 0.0 0.0 76.0

13 PtW/SiO2 H2 4.5 96.8 11.8 31.2 0.0 3.2 19.5 34.3 11.8

14 NiW/SiO2 H2 4.5 25.6 31.8 18.2 0.0 9.1 15.5 25.4 8.1

15 PdW/SiO2 H2 4.5 97.0 0.0 67.7 0.0 0.5 21.1 10.7 0.0

16 Ru/SiO2 H2 1.0 95.9 0.0 42.0 0.0 0.0 4.6 53.4 0.0

17 W/SiO2 Ar 4.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

18 W/SiO2 H2 4.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

 *Reaction results are the averages of three experiments conducted in parallel. Anisole (1.0 mmol), H2O (5.0 ml), 175°C, 0.5 MPa Ar, or 1.0 MPa H2, 800 rpm. †Ru/SiO2 
(3.5 wt %), Pt/SiO2, Pd/SiO2, Ni/SiO2, 20 wt % W/SiO2 (the content of metal is based on SiO2 and determined by ICP); RuW/SiO2, PtW/SiO2, PdW/SiO2, NiW/SiO2 
(3.5 wt % Ru, Pt, Pd, and Ni metals, 20 wt % W, the content of metal is based on SiO2 and determined by ICP).     ‡Without catalyst, or only SiO2 was 
used.     §Turnover number (TON) = 38; TON is expressed in mole of anisole converted per mole of ruthenium.     ||Mechanical mixture of Ru/SiO2 (3.5 wt % 
Ru) and W/SiO2 (20 wt % W) catalysts is denoted as Ru-W/SiO2 catalyst.
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Fig. 2. Characterization of RuW/SiO2 catalyst. (A) XRD patterns of RuW/SiO2 [3.5 weight % (wt %) Ru, 20 wt % W] catalyst (red), W/SiO2 (20 wt % W) catalyst (pink), Ru/SiO2 
(3.5 wt % Ru) catalyst (blue), and amorphous SiO2 (black). Standard pattern of RuW alloy from [International Centre For Diffraction Data Portable Document Format (ICDD PDF)] 
card (65-6705 for RuW) is shown at the bottom. (B) TEM image of RuW/SiO2 catalyst (inset: RuW alloy particle size distribution of RuW/SiO2 catalyst). (C) HRTEM image of 
RuW/SiO2 catalyst. (D) HRTEM EDS line scan profiles of W (black) and Ru (red) in the RuW/SiO2 catalyst recorded along the arrow shown in the HRTEM image (C), XPS 
spectra for Ru 3p region (E), and W 4f region (F). (G) Rietveld refinement of RuW/SiO2 catalyst (3.5 wt % Ru, 20 wt % W) using XRD pattern in (A) (inset: crystal structure of 
RuW alloy NPs). White circle marks (○) represent the observed intensities, and the red solid line is Rietveld-fit profile. The difference plot (blue) is shown at the bottom. The 
olive tick marks indicate the positions of the Bragg reflections as obtained in the Rietveld refinement. The RuW alloy parameters are as follows: space group Im-3m, 
a = b = c = 3.1609 Å. Rp = 7.60% and Rwp = 9.32%. (H) Fourier-transformed (FT) EXAFS k2-weighted (k) function spectra of RuW/SiO2 (3.5 wt % Ru, 20 wt % W) catalyst, 
references, and corresponding EXAFS R-space fitting curve for RuW/SiO2.
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near-edge structure (XANES) and extended x-ray absorption fine 
structure (EXAFS) characterizations. The Ru K-edge XANES curves 
(fig. S4A) showed that the energy absorption threshold value is 
slightly lower than that of the Ru foil, which was consistent with 
XPS data (Fig. 2E), despite the fact that the shift tendency to higher 
threshold value was inconspicuous for W L3-edge (fig. S4B). The 
corresponding Fourier-transformed EXAFS curves (Fig. 2H and fig. 
S4C) exhibited main peaks associated with Ru-Ru, Ru-W, and 
W-W scatterings (43, 44). Quantitative EXAFS curve fitting was 
also carried out, and the corresponding fitting parameters are listed 
in table S2. The coordination number of Ru-W was 3.2, and its cor-
responding mean bond length was 2.88 Å, proving that Ru and W 
atoms were alloyed in the RuW/SiO2 catalyst. The local coordination 
essentially fit the expected bimetallic RuW alloy formation. The W-Ru 
scatterings were not observed, which should be due to the high W/Ru 
molar ratio in the catalyst (fig. S4C).

Density functional theory (DFT) studies were performed to get 
more insight into the mechanism of the SSH reaction over the RuW 
catalyst. The calculated energy profile is shown in Fig. 3 and fig. S5, 
and the detailed optimized geometry structures are summarized 
in fig. S5B. Two main reaction pathways for the SSH reaction of 
anisole to benzene were considered in our calculations: In path I, 
the aliphatic C─H (CAl─H) bond is first activated to produce a 
*C6H5OCH2+*H intermediate (IM1a, Fig. 3) followed by the hydrog-
enolysis of the CAr─O bond in *C6H5OCH2 to generate benzene and 
formaldehyde (path I, inset in Fig. 3, green dashed lines). Path II 
involves initial cleavage of the CAr─O bond to a *C6H5+*OCH3 inter-
mediate (IM1b, fig. S5A) followed by the activation and dissociation 

of the CAl─H bond in *OCH3 to formaldehyde and benzene (path 
II, inset in Fig. 3, red dashed lines). As shown in Fig. 3, the energy 
barriers for the dissociation of the CAl─H bond in paths I and II are 
0.31 and 0.29 eV, respectively. The barriers for cleavage of the 
CAr─O bond in paths I and II are 0.59 and 0.87 eV, respectively. 
Thus, the rate-determining step of the SSH reaction on the RuW 
catalyst is the cleavage of the CAr─O bond in both paths. It can be 
known from the results that SSH of anisole preferred path I because 
the energy barrier for the rate-determining step of this path (0.59 eV) 
was much lower than that of path II (0.87 eV). The generation of 
formaldehyde was proved from the SSH of anisole (fig. S6A), further 
supporting the pathway. However, during the reaction at 175°C, the 
generated formaldehyde decomposed into hydrogen and CO2 as the main 
products (45), which could be observed in the gas chromatography 
(GC) traces of the gaseous sample (fig. S2C). In addition, an isotope 
labeling test of anisole-(methyl-d3) (PhOCD3) in H2O was conducted 
(fig. S6B), and the molecular weight of benzene was shown as 79, 
confirming that the hydrogen in the SSH reaction was from the methoxy 
group, rather than the water. Moreover, the molecular weight was 
78 when the transformation of anisole was performed in deuterium 
oxide (D2O) (fig. S6C), which again proved that D in D2O was not 
incorporated in the benzene. This further indicates that the hydrogenolysis 
of the CAr─O bond proceeded with the negatively charged hydrogen 
(fig. S6D) from the CAl─H bond in path I (Fig. 3), but not with the 
water-derived H proton.

The above reaction mechanism is further supported by the trans-
formation of phenol (table S3, entry 1), and other substrates in 
which the hydrogen atoms in the methoxy group of anisole are 

Fig. 3. Proposed mechanism for SSH reaction of anisole on RuW/SiO2 catalyst. The inset shows the calculated profiles in electron volts. DFT optimized geometries of 
the structures of the initial state (IS) of anisole, final state (FS) of products, intermediates (IM), and transition states (TS) of the key elementary steps are shown in the reaction 
cycle (side view). The reaction cycle corresponds to the energy profile of path I, which is shown by the green dashed lines in the inset. The red dashed lines present the 
energy profile of path II specifically shown in fig. S5A.
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replaced by CH3 partially or completely (table S3, entries 2 to 5). It can 
be found that, without exogenous reductant, the reaction of phenol 
did not occur, whereas anisole could be singly transformed into 
benzene (table S3, entries 1 and 2), indicating that aliphatic H could 
be the reductant for the cleavage of the CAr─O bond. The yields of 
benzene decreased (table S3, entries 3 to 5) when more hydrogen in 
the methoxy group is replaced by CH3. In particular, the yield of ben-
zene approached zero when all the hydrogen atoms were replaced 
(table S3, entry 5). The results further indicate that the aliphatic H 
in methoxy group was the hydrogen source for the SSH reaction, 
and the original aliphatic C─O (CAl─O) bond was transformed into 
the CAl═O bond (table S3, entry 4). By comparison, with exogenous 
hydrogen in the catalytic system, the CAr─O bond was cleaved with 
a direct hydrogenolysis mechanism, and methanol was generated 
(table S3, entry 6) (46). However, under the same H2 pressure, the 
hydrogenolysis of CAr─O bond in phenol was evidently more diffi-
cult than that in anisole (table S3, entries 6 and 7), confirming that 
the bond dissociation energy of the phenolic CAr─OH bond is higher 
than that of the ether CAr─OCH3 bond (47). Consequently, the SSH 
reaction should be the coupling of effective activation of the CAl─H 
bond and the highly efficient hydrogenolysis of the CAr─O bond, 
rather than the path with phenol as the intermediate.

As shown in the above path, the Ru and W atoms in the RuW 
catalyst demonstrated excellent synergy for the SSH reaction of 
anisole to benzene (fig. S5B). It is the synergism that confers the 
catalyst with outstanding activation of the CAl─H bond in the me-
thoxy group of anisole to support the hydrogenolysis of the CAr─O 
bond without exogenous reductant, which has also been confirmed 
by the unworkable SSH route over the monometallic Ru and W cat-
alysts (Table 1, entries 2 and 17). Thus, with optimized Ru and W 
contents, the RuW/SiO2 catalyst could have superior performance 
for the SSH reaction, affording full conversion of anisole to benzene 
at 175°C in 5.0 hours (fig. S7, A to D) with extremely high selectivity. 
Meanwhile, the RuW/SiO2 catalyst exhibited excellent stability in 
the reaction, which was confirmed by reusing the catalyst (fig. S7E) 
and characterizations of the catalyst before and after the reaction by 
XRD (fig. S7F) and TEM techniques (fig. S7, G and H).

We also studied the SSH reaction of aromatic ether molecules 
with more methoxy or other functional groups over the RuW/SiO2 
catalyst. Figure 4 gives the optimized reaction conditions and the 
yields of corresponding desired aromatic products for various sub-
strates. Dimethoxybenzenes (Fig. 4, conditions A1) could be con-
verted to benzene, and their yields were >99.9%. Upon complete 
conversion of trimethoxylbenzene (Fig. 4, conditions A2), SSH 
chemistry produced 99.0% yield of benzene. 4-Methylanisole 
(Fig. 4, conditions B1) and 3,5-dimethoxytoluene (Fig. 4, condi-
tions B2) could be transformed into toluene with a yield of >99.9%. 
In addition, the catalytic system could also efficiently catalyze the 
SSH reactions of methyleugenol (Fig. 4, conditions C1) and asarone 
(Fig. 4, conditions C2), which are allyl and multiple methoxyl 
group–substituted benzene derivatives to propylbenzene, and the 
yields could reach above 99.0%. It could be found that the double 
bond in the allyl group was saturated in the meantime, and the hy-
drogen was also derived from the methoxy groups. The generation 
of corresponding single arenes suggested the versatility of this 
methodology. To further study the catalytic performance of the 
SSH strategy, lignin-derived phenolic monomers, such as 2-methoxy-
4-propylphenol (Fig. 4, conditions D1) and 2,6-dimethoxy-4-
propylphenol (Fig. 4, conditions D2), were also used as the aromatic 

ether model compounds with phenolic OH group (25, 28). Both of them 
could be converted with propylbenzene as the single product, indicating 
that the SSH strategy could be applicable to the aromatic ethers with 
phenolic OH, and the effect of the electronegativity derived from 
the adjacent hydroxyl group on the reaction was not considerable.

We also studied the more challenging transformation of the kraft 
lignin (table S4), which is abundant in methoxylated phenylpropane 
structures with high molecular weight (5, 13, 28). The kraft lignin and 
the recovered residual solid were characterized by two-dimensional 
(2D) heteronuclear single-quantum coherence (HSQC) NMR tech-
niques, and the spectra are shown in fig. S8. Taking into account that 
the reactivity of the methoxy group and -aryl ether linkages (-O-4) 
in lignin is the aim of the present work, the kraft lignin with less unre-
solved or unassigned signals was selected and used (28, 48). It can be 
found that arenes were the main products from the transformation 
of the lignin (fig. S9A), and the product was dominated by propyl-
benzene with a yield of 8.5% (Fig. 5). In addition, benzene, toluene, 
and ethylbenzene were also produced with yields of 1.2, 0.6, and 0.9%, 
respectively. For comparison, the reaction of the kraft lignin was also 
performed without the RuW/SiO2 catalyst under the same conditions, 
which could not yield the low–molecular weight products (fig. S9B).

As displayed in fig. S8, the signals of the methoxy group [at 
56.0/3.70 parts per million (ppm), colored with yellow] and -aryl 
ether linkage with phenylpropane structure (at 71.0/4.70, 83.5/4.30, 
and 60.0/3.40 ppm, colored with blue) in the side-chain region (25) 
decreased markedly after the reaction, suggesting the consumption 
of the methoxy group and -aryl ether linkages to propylbenzene 
over the RuW/SiO2 catalyst. In addition, the side-chain signals for 
resinol and phenylcoumaran also disappeared, which was probably 
due to the condensation (or repolymerization) of the side-chain 
carbon atoms with the adjacent aromatic/oligomer C atoms (28, 29). 
The transformation of lignin always involves different reactions be-
cause of its complex structure (13, 25), but the SSH reaction in this 
work is the crucial reaction in the lignin transformation. Under 
such catalytic strategy, the etheric and phenolic CAr─O bonds were 
cleaved efficiently, and arenes were generated. The detailed reaction 
mechanism needs to be studied further.

DISCUSSION
In summary, we developed an SSH strategy for the transformation 
of aromatic ethers into arenes. The RuW alloy catalyst in this work 
can catalyze the SSH reaction efficiently because it can abstract 
the hydrogen from the activated CAl─H bond within the ethers and 
cleave the CAr─O bond via hydrogenolysis efficiently. The experi-
mental results and DFT calculations confirmed that the neighboring 
Ru and W species in the RuW catalyst worked synergistically to 
accelerate the SSH reaction. The unique feature of SSH strategy is 
that exogenous hydrogen or other reductant is not required and 
hydrogenation of the aromatic ring could be avoided completely. 
The present SSH strategy also features simple operation conditions 
and is versatile for a wide range of aromatic ethers, such as ethers 
containing different functional groups, and lignin. For the reac-
tion of an aromatic ether, arene selectivity can reach >99.9% at 
full conversion. For the transformation of lignin, propylbenzene 
is the dominant product with a yield of 8.5%. This work opens an 
advanced approach for the transformation of the CAr─O bond. We 
believe that the hydrogen-free and highly efficient methodology has 
great application potential to produce arenes from renewable biomass 
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resources, and the scientific discovery is instructive for the explo-
ration of some other new reactions.

MATERIALS AND METHODS
Materials
Anisole (99.0%), phenetole (98.0%), cyclohexanol (99.0%), biphenyl 
(99.0%), phenol (99.0%), benzene (99.0%), 4-methylanisole (99%), 

4-a l ly lanisole  (98.0%),  3 ,5-dimethoxytoluene (98.0%), 
1,3,5-trimethoxybenzene (99%), 1,2,4-trimethoxybenzene (98%), 
1,2,3-trimethoxybenzene (98+%), n-propylbenzene (98.0%), ruthenium 
chloride hydrate (99.9%), palladium nitrate hydrate (99.8%), chloro-
platinic acid hexahydrate (99.9%), ruthenium (IV) oxide (99.9%), 
tungsten (VI) oxide (99.9%), amorphous silicon oxide, formaldehyde 
(37%), tert-butanol (99.5%), isopropyl alcohol (99.5%), and tetra
hydrofuran (99.8%) were purchased from Alfa Aesar. tert-Butyl 
phenyl ether (98.0%) was obtained from Adamas Reagent Co. Ltd. 
Isopropoxybenzene (97.0%) and asarone (98+%) were purchased from 
Ark Pharm. 1,2-Dimethoxybenzene (99%), 1,3-dimethoxybenzene 
(99%), 1,4-dimethoxybenzene (99%), and methoxycyclohexane (98%) 
were provided by TCI (Shanghai) Development Co. Ltd. 4-Allyl-1, 
2-dimethoxybenzene (99.0%), 2-methoxy-4-propylphenol (99%), 
and kraft lignin were purchased from Sigma-Aldrich Inc. Acetaldehyde 
(99.5%) and D2O [100.0 atomic % (at %) D] were purchased from 
Acros Organics. 2,6-Dimethoxy-4-propylphenol (95%) was pur-
chased from J&K Scientific Ltd. Ammonium metatungstate (AMT) 
hydrate (99.9+% W) was provided by Strem Chemicals. Methyl 
sulfoxide-d6 [D, 99.9%, 0.03% (v/v) tetramethylsilane (TMS)] was 
purchased from Cambridge Isotope Laboratories Inc. Toluene (99.5%) and 
ethylbenzene (98.5%) were obtained from Sinopharm Chemical Reagent 
Co. Ltd. Anisole-(methyl-d3) (99 at % D) was obtained from Beijing 
InnoChem Science & Technology Co. Ltd. Hydrochloric acid (37% 
in water), methanol (99.9%), ethanol (99.9%), ethyl acetate (99.5%), 
dichloromethane (99.5%), cyclohexanone (99.5%), cyclohexane (99.5%), 
acetone (99.5%), and n-hexane (95.0%) were obtained from the 

Fig. 4. Transformation of biomass-derived substrates to arenes. The general reaction scheme is shown at the top. The chemical structure colored with red is removed, and 
the chemical structure colored with green is the SSH product. Yields of products provided are at full conversion of substrates, as averages of three experiments conducted in 
parallel. Reaction conditions: Substrate (1.0 mmol), H2O (5.0 ml), 0.5 MPa Ar, 800 rpm. (A) Condition A1: RuW/SiO2 catalyst (100 mg, 3.5 wt % Ru, 20 wt % W), 195°C, 12 hours; 
condition A2: RuW/SiO2 catalyst (110 mg, 4.0 wt % Ru, 30 wt % W), 210°C, 20 hours. (B) Condition B1: RuW/SiO2 catalyst (90 mg, 3.5 wt % Ru, 20 wt % W), 180°C, 10 hours; con-
dition B2: RuW/SiO2 catalyst (110 mg, 3.5 wt % Ru, 20 wt % W), 200°C, 16 hours. (C) Condition C1: RuW/SiO2 catalyst (130 mg, 4.0 wt % Ru, 30 wt % W), 230°C, 24 hours; condition 
C2: RuW/SiO2 catalyst (140 mg, 4.0 wt % Ru, 30 wt % W), 240°C, 24 hours. (D) Condition D1: RuW/SiO2 catalyst (110 mg, 3.5 wt % Ru, 20 wt % W), 210°C, 14 hours; condition 
D2: RuW/SiO2 catalyst (120 mg, 3.5 wt % Ru, 20 wt % W), 220°C, 18 hours.

Fig. 5. Transformation of kraft lignin to arenes over RuW/SiO2 catalysts. Reac-
tion conditions: kraft lignin (0.5 g), RuW/SiO2 catalyst (0.2 g, 5.0 wt % Ru, 40 wt % W), 
water (7.0 ml), 0.5 MPa Ar, 280°C, 24 hours, 800 rpm.
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Beijing Chemical Company. Nitrogen (>99.99%), argon (>99.99%), 
hydrogen/argon (H2 10%, 99.99%), and hydrogen (>99.99%) were 
provided by Beijing Analytic Instrument Company.

Catalyst preparation
Supported RuW/SiO2 catalysts were prepared by commonly used 
wet impregnation method. In a typical preparation, amorphous 
SiO2 was dried at 120°C overnight before the impregnation. AMT 
(1.23 g) and RuCl3·xH2O] (0.39 g) were dissolved in 10 ml of 
deionized water. Then, the precursor solution containing AMT and 
Ru3+ ion was successively added dropwise to 60 ml of deionized 
water with 2 g of amorphous SiO2 at room temperature. The obtained 
mixture was vigorously stirred for 48 hours, evaporated, and dried 
at 473 K for 16 hours in an oven. The as-prepared samples were re-
duced in a continuous 10% H2/Ar flow, from room temperature to 
400°C at 5°C min−1 and then to 900°C at 1°C min−1, and maintained 
at 900°C for 1 hour. After being cooled to room temperature under 
Ar atmosphere, the reduced catalysts were exposed to 1% O2/Ar at-
mosphere for 1 hour to form a passivation layer to prohibit against 
bulk oxidation before exposure to air. The passivated catalysts were 
kept under an inert atmosphere before testing and characterizations, 
and denoted as RuW/SiO2. For comparison, supported Ru/SiO2, 
W/SiO2, and other catalysts were prepared by the same procedures 
for preparing the RuW/SiO2 catalyst.

Catalyst characterization
The catalysts were characterized by N2 adsorption-desorption, 
XRD, XPS, XAFS, TEM, HRTEM, and inductively coupled plasma 
atomic emission spectroscopy (ICP-AES) techniques. N2 adsorption-
desorption of the samples was measured using a Micromeritics 
TriStar II 3020 system at liquid nitrogen temperature. The sample 
was degassed at 300°C under vacuum for 24 hours before analysis. 
The specific surface areas were calculated by using the Brunauer-
Emmett-Teller model. The pore size distribution of the sample was 
calculated using the Barrett-Joyner-Halenda pore size model. 
XRD measurements were conducted on an x-ray diffractometer 
(D/MAX-RC, Japan) operated at 40 kV and 200 mA with Cu K 
( = 0.154 nm) radiation. Rietveld refinements were performed ap-
plying the TOPAS program (49) for the measured XRD profile of 
the RuW/SiO2 catalyst. The XPS measurements were carried out on 
an ESCALAB 220i-XL spectrometer at a pressure of ~3 × 10−9 mbar 
(1 mbar = 100 Pa) using Al K as the excitation source (h = 1486.6 eV) 
and operated at 15 kV and 20 mA. The XAFS spectra (Cu K-edge) 
were collected at 1W1B station in Beijing Synchrotron Radiation 
Facility (BSRF). The storage rings of BSRF were operated at 2.5 GeV 
with a maximum current of 250 mA. Using Si (111) double-crystal 
monochromator, the data collection was carried out in transmis-
sion mode using ionization chamber. All spectra were collected in 
ambient conditions. The acquired EXAFS data were processed ac-
cording to the standard procedures using the ATHENA module 
implemented in the IFEFFIT software packages. The k3-weighted 
EXAFS spectra were obtained by subtracting the post-edge back-
ground from the overall absorption and then normalizing with re-
spect to the edge-jump step. Subsequently, k3-weighted (k) data of 
Cu K-edge were Fourier-transformed to real (R) space using a han-
ning windows (dk = 1.0 Å−1) to separate the EXAFS contributions 
from different coordination shells. To obtain the quantitative struc-
tural parameters around central atoms, least-squares curve parameter 
fitting was performed using the ARTEMIS module of IFEFFIT soft-

ware packages (50). TEM and HRTEM images were obtained using 
a JEOL-2011F electron microscope operating at 200 kV. Before 
measurement, the catalyst was ground, suspended in ethanol, and 
dispersed by ultrasonic treatment. The obtained dispersion was 
transferred to a copper grid–supported carbon film. The contents of 
supported metals on the catalysts were determined by ICP.

Catalytic performance
The reaction was carried out in a Teflon-lined stainless steel reactor 
of 20 ml with a magnetic stirrer. In a typical experiment, a suitable 
amount of reactant, catalyst, and solvent were loaded into the reac-
tor. The reactor was sealed, purged with Ar gas three times to 
remove the air at room temperature, and subsequently charged with 
0.5 MPa desired gas. Then, the reactor was placed in a furnace at 
the reaction temperature, and the reactor reached the desired reaction 
temperature within 20 min. After that, the stirrer was started with a 
stirring speed of 800 rpm, and the reaction time was recorded. After the 
reaction, the reactor was placed in ice water and the gas was released 
passing through ethyl acetate and then collected in a gas bag that was 
purged with Ar for five times. The gaseous sample was analyzed using a 
GC (Agilent 4890D) equipped with a thermal conductivity detector 
(TCD) detector and a packed column (carbon molecular sieve TDX-01, 
1 m in length and 3 mm in diameter) using argon as the carrier gas. 
The liquid reaction mixture in the reactor was transferred into a 
centrifuge tube. Then, the reactor was washed with the ethyl acetate 
used for the gas filtration, which was finally combined with the re-
action mixture. After centrifugation, the catalyst was separated 
from the reaction mixture. The quantitative analysis of the liquid 
products in the organic phase was conducted using a GC (Agilent 
6820) equipped with a flame ionization detector and HP-5ms/
HP-INNOWax capillary columns (0.25 mm in diameter, 30 m in 
length). Identification of the products and reactant was performed 
using a gas chromatography–mass spectrometry system [Agilent 
5977A, HP-5ms capillary column (0.25 mm in diameter and 30 m 
in length)] as well as by comparing the retention time to respective 
standards in GC traces. Biphenyl was used as the internal standard 
with a quantity of 40 mg to determine the conversions of substrates, 
selectivities, and yields of the products. Identification of the products 
in the aqueous phase was conducted by 1H NMR analysis on a 
Bruker Avance III 400 HD with D2O as the solvent. The carbon 
balance for the transformation of the aromatic ethers was com-
posed of Caromatics and Cmethoxyl balances, which were given relative 
to the aromatic and methoxyl-derived products, respectively (51). 
The Caromatics and Cmethoxyl balances for the transformation of 
small-molecule aromatic ethers were better than 99 and 98%, re-
spectively. Mass balance for the lignin transformation was calculated 
using Eq. 1 (52). After the reaction, solid and liquid were separated by 
centrifugation, and the mass of the solid recovered was nearly the 
same as that of the catalyst charged. For the lignin transformation, 
internal standard (biphenyl for the organic phase) was used to de-
termine the yields of the detectable products. After the recovery of 
the catalyst, the liquid reaction mixtures were subjected to the rotavap 
to remove the solvents and the volatile products. Then, the recovered 
residual solid was dried in a vacuum oven at 50°C overnight. For the 
transformation of lignin catalyzed by RuW/SiO2, the mass balance 
was 90 ± 5%. The structure of the kraft lignin and the recovered re-
sidual solid were analyzed by 2D HSQC NMR spectroscopy (Bruker 
Avance III 600 HD), as described from other researchers (53). Or-
ganic elemental analysis (C, H, N, and S) was carried out using the 
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classical total oxidation method on Flash EA 1112 with an Elementar 
system model (vario MICRO cube). The contents of inorganic ele-
ments in the lignin were determined by ICP-AES (Vista-MPX).

	​ Mass balance  = ​  
Detectable products + residual solid

   ─────────────────────  Lignin charged  ​ × 100%​	(1)

Recycling of the catalyst
The reusability of the RuW/SiO2 catalyst was tested for the anisole 
transformation in water. After the reaction, the reaction mixture 
was centrifuged and analyzed using a GC. The solid RuW/SiO2 cat-
alyst was recovered and successively washed with ethanol (5 × 10 ml) 
and water (5 × 10 ml). Then, the RuW/SiO2 catalyst was reused di-
rectly for the next run.

Computational methodology
DFT calculation was carried out using the Vienna Ab initio Simula-
tion Package (VASP) (54). The spin-polarized projector augmented 
wave method (55), Perdew-Burke-Ernzerhof (PBE) (56), and elec-
tron exchange-correlation function of the generalized gradient ap-
proximation (57) were used. The kinetic energy cutoff for the wave 
function expanded in the plane-wave basis was set to 400 eV. To 
optimize the structures, the calculation was performed until the 
maximum force upon each relaxed atom was less than 0.05 eV/Å. 
The vacuum height was set to 15 Å to eliminate the interaction between 
neighboring slabs. The spin-polarized calculations were carried out with 
the DFT (PBE)–D3 (Becke-Jonson) scheme (58) as implemented in 
VASP. Default values of the dispersion coefficient (C6) and the vdW 
radii (R0) parameters given by Grimme et al. (58) were used.

The adsorption energy (Eads) was calculated as follows:

	​​ E​ ads​​  =  − (​E​ total​​ − ​E​ substrate​​ − ​E​ gas‐phase adsorbate​​)​	

where Etotal is the calculated total energy of the adsorption system, 
Esubstrate is the energy of the clean substrate, and Egas-phase adsorbate is 
the energy of the gas-phase molecule.

To study the mechanism of anisole dissociation on RuW surfaces, 
we used the following models: A 3 × 3 surface cell was used to con-
struct a four-layer RuW (110) slab, and the top three layers of the 
RuW (110) slab were allowed to relax. The Brillouin zone integra-
tion was performed along with a 2 × 2 × 1 Monkhorst-Pack grid for 
the different surface slabs.
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hydrogenolysis.
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of RuW/SiO2 catalyst.
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