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ABSTRACT.

Herein, we propose a heterogeneous Ru/C catalyst modified by Br atoms for the
selective direct cleavage of C-O bonds in diphenyl ether without hydrogenation of
aromatic rings reaching the yield of benzene and phenol as high as 90.3 %.
Characterization of the catalyst indicates selective poisoning by Br of terrace sites over
Ru nanoparticles, which are active in the hydrogenation of aromatic rings, while the
defect sites on the edges and corners of ruthenium nanoparticles remain available for
selective C-O bond cleavage. Moreover, these defect sites exhibit very higher intrinsic
activity in the C-O bond cleavage due to the electron withdrawal from Ru by
electronegative Br atoms. The elaborated strategy has been applied for
depolymerization of lignin. The ruthenium catalysts promoted with bromine exhibited
enhanced monomer yield and increased selectivity to mono-aromatics (97.3% vs 46.2%)
in comparison with initial Ru.

KEYWORDS. Heterogeneous catalysis; Selective poisoning; Electronic effect;

Diphenyl ether; Lignin.

1. Introduction

Renewable energy and chemicals produced from biomass are attracting more and more
interest in both academic and industrial communities . Lignocellulose is the most

abundant biomass in nature. Hemicellulose and cellulose are formed by hundreds or



thousands sugar units, while lignin is a complex organic polymer constituted from
aromatic rings, which are cross-linked via C-C and ether bonds (21, Production of mono-
aromatics from lignin is highly desirable due to the wide application of mono-aromatics
as solvents, polymers, dyes, pharmaceuticals etc. 1. Most of aromatic rings in lignin
are linked by phenolic ether bonds, such as B-O-4, a-O-4, and 4-O-5 linkages, in which
4-0O-5 is the most stable and robust [, Selective cleavage of aryl ether bonds in lignin
to produce mono-aromatics is a major challenge in sustainable chemistry.

Due to the complexity and variability of real lignin biomass, diphenyl ether (DPE, 4-
O-5 linkages model compound) has been widely used as a lignin model compound for
the investigation of the C-O bond cleavage in lignin !, Homogeneous molecular
catalysts and heterogeneous metal catalysts have been reported for cleavage of aryl
ethers [¢1. However, homogeneous catalyst suffers from separation problems and high
cost. Thus, solid heterogeneous catalyst with high stability and recyclability seem to be
a more preferred option for lignin conversion [/,

Numerous heterogeneous catalysts have been reported for the DPE cleavage 4 6¢1,
among them, supported metal catalysts appear the most active and selective for this
reaction . However, cleavage of aryl ethers over metal catalysts at elevated
temperature and high H» pressure always causes hydrogenation of aromatic rings in the
valuable mono-aromatic products with high consumption of expensive hydrogen 181,
Specifically, the conversion of DPE over metal catalysts under reductive conditions
involves several reaction pathways [6% 64101 The first one is direct hydrogenolysis of

the C-O bonds with the production of equivalent amounts of phenol (PhOH) and



benzene (Bez). The second path is hydrogenation of the aromatic rings to
cyclohexyloxybenzene (CHOBez), cyclohexanol (CHOH), cyclohexane (CHE) and
cyclohexyl ether (CHOCH) products. Direct hydrogenolysis of C-O bonds is
thermodynamically more favorable than aromatic rings hydrogenation in the first step
(-69.62 kJ/mol and -45.44 kJ/mol, respectively). The activation barrier for C-O bonds
cleavage is however, very high (314 kJ/mol) ¥, This results in mostly kinetic control
of the selectivity of the DPE conversion.

Wang et al. have systemically studied the cleavage of C-O bonds in DPE over Ni, Pd,
Ru and Pt catalysts ' and discovered that both hydrogenation of aromatic rings and
hydrogenolysis of C-O bonds proceed in parallel. The main products of DPE
hydrogenation at high conversion are CHE and CHOH with only trace amounts of
monoaromatic products. Hydrogenation of aromatic rings is inevitable during the
conversion of DPE. Bimetallic systems have been extensively studied by Zhang et al.
[121 " A series of highly efficient Ni-based catalysts have been developed for the
hydrogenolysis of lignin to aromatics in the aqueous phase. However, it is still a
challenging task to perform selective hydrogenolysis of C-O bonds in 4-O-5 model
compounds (e.g., DPE) with the inhibition of aromatic ring hydrogenation.

One of the existing methods for preventing the hydrogenation of aromatic rings is the
addition of homogeneous base additives % 3. Hartwig et al. reported a strategy for
the hydrogenolysis of aryl ethers using homogenous and heterogeneous nickel catalysts
in the presence of NaOrBu as a base additive (¢ %!, Bez and PhOH were produced

from DPE without further hydrogenation under mild reaction conditions. However, the



use of base additives suffers from the separation, purification problems and waste
utilization. Thus, there is still a challenge for selective cleavage of C-O bonds in DPE
without hydrogenation of the aromatic rings.

Hydrogenolysis and hydrogenation happen simultaneously during the catalytic
conversion of DPE over metal nanoparticles [ 84 %I These two reactions take place
over different active sites. Hydrogenolysis of C-O bonds is favored on the edge and
corner sites [, while hydrogenation of aromatic rings proceeds over the continuous
sites on the terrace (Figure 1) 1> 14151 Tn order to prevent the hydrogenation of
aromatic rings, selective poisoning of the terrace sites could be considered as a possible
strategy !, Simon et al. reported that furfural transformation could be directed by
control of the availability of specific active sites over Pd nanoparticles by selective

poisoning with organic thiols 6"

. Bulk organic ligands restrict the adsorption of
furfural on terrace sites, while edge and corner sites have been less affected. Although
the selectivity of furfural conversion could be tuned by this strategy, the strong
poisoning with sulfur caused the loss of activity of the Pd catalysts. Therefore, up to
now, selective poisoning of specific active sites on metal nanoparticles without loss of
activity is still a challenge.

According to our previous work, supported Pd catalysts modified by iodine and
bromine exhibited extremely selective reductive etherification and hydrodeoxygenation
of biomass-derived furan compounds !!”1. The hydrogenation of aromatic rings has been

significantly suppressed over Pd-I and Pd-Br catalysts. Those preliminary results have

allowed us putting forward a Ru-Br catalyst for selective catalytic conversion of DPE



under H> with high selectivity to mono-aromatic products (Bez and PhOH) and
enhanced activity for the C-O bonds cleavage. Characterizations and model reactions
indicate that both selective poisoning and electronic effects contribute to the enhanced
performance of the catalyst. The developed Ru-Br catalyst is highly efficient for the
production of PhOH and Bez from DPE with an overall yield of mono-aromatics up to

90.3% under mild conditions (120°C & 5 bar of Hy).

2. Results and discussion

2.1. Catalytic conversion of DPE over Ru/C and Br-Ru/C

First of all, the conversion of DPE has been screened over Pd/C, Pt/C, and Ru/C
catalysts at 120 °C and 5 bar of H» in methanol as a solvent. Ru is the most active
catalyst in comparison with Pd and Pt for the cleavage of C-O bonds in DPE, which is
consistent with the literature (Table 1, Entry 1-3) 8 8% 181 At the same time, Ru/C
provides the highest selectivity to monomers (79.2%) in comparison with Pd/C (5.8%).
In agreement with previous reports °“!, the monomer products over Ru/C are CHE
(40.3%), CHOH (38.9%) and CHOCH (19.1%), indicating high hydrogenation ability

of Ru/C for aromatic rings (Figure 1).

To prevent the hydrogenation of aromatic rings and to increase the selectivity to
valuable aromatic products, Ru/C has been pretreated with the halogens such as Cl, Br
and I, via the hydrogenolysis of their corresponding halogenated benzene compounds

at reductive conditions. Our previous work "7 has reported that modification of Pd



nanoparticles by Br and I could suppress the hydrogenation of aromatic rings. However,
after modification with I, the prepared I-Ru/C catalyst was almost inactive in
conversion of DPE (0.8%) indicating total poisoning of Ru surface (Table 1, Entry 6).
Although CI-Ru/C has higher activity for DPE transformation, the selectivity to Bez
and PhOH was still low (8.9 & 9.7%, respectively, Table 1, Entry 4). Most
interestingly, Br-Ru/C catalyst exhibited a significant promotion effect in comparison
with Cl-Ru/C for the Bez and PhOH production (Table 1, Entry 5). The selectivity to
the monomer products over Br-Ru/C increased from 79.2 to 98% in comparison with
parent Ru/C. The main monomer products over Br-Ru/C are Bez (44.7%) and PhOH
(45.6%). It means that the presence of Br almost totally suppressed the hydrogenation
of aromatic rings. It is worth noting that the conversion of DPE over Br-Ru/C catalyst
is still comparable to Ru/C. It has been reported earlier !!! that the strength of the
interaction between noble metals and halogens decreases in the row I > Br > Cl due to
the covalent nature of this bond and stronger interaction with the more polarizable
(larger) halogen atoms. This trend was also recently observed for Pd nanoparticles [Ref.
Dan Wu] Thus, the strong effect of Br could be attributed to the intermediate strength

of interaction with Ru and selective bromine adsorption on the terrace sites.

It was suspected that pretreatment of Ru/C by bromobenzene could proceed through
oxidative addition of bromobenzene with surface Ru atoms by the modification of Ru
surface by Br atoms and release of benzene (Figure S1, SI) 2. To investigate the role
of Br source in the generation of selective catalyst, Ru/C has been pretreated by various

Br sources. First, Ru/C has been pretreated by the RuBr3 salt. The prepared RuBr3-Ru/C
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catalyst shows lower conversion than Br-Ru/C and still high selectivity to Bez and
PhOH (73.4%, Table 1, Entry 7). This indicates that the Ru-Br species on the Ru
surface are responsible for the promotion of catalytic performance. Notably, pure RuBr3
salt has no activity for DPE conversion (Table 1, Entry 8). It suggests that both Ru-Br
species and metallic Ru are needed for the conversion of DPE to Bez and PhOH. Ru/C
catalyst pretreated by HBr has also been prepared (Table 1, Entry 9). HBr-Ru/C
catalyst shows high DPE conversion (95.2%) but lower mono-aromatics selectivity
(39.8%) in comparison with Br-Ru/C. This result indicates that HBr cannot effectively
modify the Ru surface most probably because of lower reactivity between HBr and
noble metal Ru. It is worth noting that in the presence of the HBr in the reagents, the
conversion of DPE significantly decreased over Ru/C, which could be ascribed to the

competitive adsorption of HBr with reactants on the catalyst (Tablel, Entry 10) 7,

To evaluate the effect of support, Ru nanoparticles supported on SiO; and Al,O3 have
been pretreated by bromobenzene and subjected to hydrogenation of DPE. The parent
Ru/Si0; and Ru/Al>O3 catalysts demonstrate lower conversion of DPE in comparison
with Ru/C (Table 1, Entry 11 & 13). This decline of activity could be ascribed to the
lower metal dispersions in the Ru/SiO> and Ru/Al,Os catalysts (Table S1 & Figure S2,
SI) 2! It has been reported earlier that hydrogenolysis of C-O bonds is a structure-
sensitive reaction !4 %] The defect sites localized on the edges and corners are
responsible for the C-O bond cleavage. The highly dispersed Ru nanoparticles on
carbon support have a higher fraction of edge and corner sites than Ru supported over

SiO2 and Al>Os leading to higher catalytic activity (Table 1, Entry 3, 11 & 13). The
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conversion of DPE decreased from 47.4 on Ru/SiOz to 18.6% over Br-Ru/SiO», and
decreased from 49.3 on Ru/Al,O3 to 14.9 % over Br-Ru/Al>O3 (Table 1, Entry 12 &
14). At the same time, Ru/C demonstrates almost the same activity after Br deposition
with total change of the product distribution by suppression of aromatic rings

hydrogenation activity (Table S2, ST).

The most efficient catalyst for the DPE conversion, Br-Ru/C has been used for further
catalytic tests. Figure 2 shows the evolution of DPE conversion and product selectivity
over the Ru/C and Br-Ru/C catalysts in time. Hydrogenation of DPE over the initial
Ru/C catalyst yields Bez, PhOH and CHOBez as the main products at the initial time
in agreement with the literature 8% 8> 18221 However, at longer reaction time, the
selectivity to Bez and PhOH continuously decreases and the selectivity to CHE, CHOH,
and CHOCH increases. Notably, the selectivity to CHOBez increases from 23.4 to 30.7 %
at the beginning of the reaction with a subsequent decrease. This is due to the secondary
hydrogenation and hydrogenolysis of CHOBez. The final products over initial Ru/C at

high conversions are CHE (40.3%), CHO (38.9%) and CHOCH (19.1%).

Interestingly, the Br-Ru/C catalyst demonstrates a different reaction pathway. The
reaction proceeds with the generation of Bez and PhOH as main products reaching the
selectivity of 44.7% and 45.6% at high conversion, respectively. The hydrogenation of
aromatic rings has been suppressed during the whole reaction time. Notably, the total
yield of mono-aromatic products (Bez and PhOH) was 90.3 % over the Br-Ru/C
catalyst in comparison to 0% over the initial Ru/C catalyst at full conversion. A small

amount of etherification products (< 2%) such as methoxycyclohexane and anisole
9



were observed over both Ru/C and Br-Ru/C due to the reaction with methanol as a
solvent. This reaction requires acid sites. The low selectivity to ether products indicates
the absence of acid sites over both Ru/C and Br-Ru/C catalysts [, According to our
previous reports, Pd-I and Pd-Br could generate in-situ Brgnsted acid sites by
heterolytic dissociation of H>!!'”!. However, different to Pd-I and Pd-Br, pyridine (Py)-
FTIR studies (Figure S3, SI) have demonstrated that no Brgnsted acid sites were
generated over Ru-Br in the presence of Hz. Thus, hydrogenation of aromatic rings and
hydrogenolysis of C-O bonds proceed simultaneously over Ru/C, while mainly
hydrogenolysis of C-O bonds takes place over Br-Ru/C. Although the hydrogenation
of aromatic rings was suppressed over Br-Ru/C, the DPE conversion over the catalyst
did not decrease.

The stability of the Br-Ru/C catalyst has been confirmed by the catalytic test of DPE
conversion at 120 °C under 5 bar of H» in three consecutive cycles with intermediate
separation of the catalyst and products (Figure 3). The catalyst demonstrates almost
comparable activity in the DPE conversion for 3 cycles (Figure 3a). At the same time,
the selectivity to Bez and PhOH remained high and close to 50 %, confirming the high
stability of the Ru-Br catalyst (Figure 3b). The leaching of Br in the solution during
catalysis has been also checked by the addition of AgNO3 and has shown the absence
of Br™ in the solution (Figure S4, SI).

In order to provide further insights into the modification of ruthenium catalysts with

bromine, we calculated the activity normalized by total number of metal surface sites
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(TOF) on the basis of the CO adsorption for total DPE conversion, hydrogenation and
hydrogenolysis (Table 2).

Table 2 shows that TOF for overall DPE conversion was only very slightly higher for
Ru/C compared to the Ru/SiO: sample, while TOFs for hydrogenation and
hydrogenolysis were very different. Indeed, smaller Ru nanoparticles on carbon exhibit
a higher hydrogenolysis TOF, since they contain a higher fraction of defect sites such
as corners and edges, while larger nanoparticles with a larger fraction of terrace sites
over silica show higher TOF in the hydrogenation of aromatics.

The bromine deposition on both carbon and silica supported ruthenium catalysts results
on the one hand, in a dramatic decrease in TOF for the DPE hydrogenation, which is
probably due to selective steric blocking of the terrace sites. On the other hand, TOF
for hydrogenolysis has increased after the bromine deposition. The enhancement of
hydrogenolysis after the modification with bromine is an interplay of electronic and
steric effects. The hydrogenolysis seems to take place over defects sites such as corners
and edges of the ruthenium nanoparticles. These sites remain available for the reaction
after the bromine deposition, though their intrinsic activity has changed. Both CO-FTIR
and XPS show electron withdrawal from Ru metal sites in carbon and silica supported
catalysts by the bromine species and generation of positively charged Ru nanoparticles.
While the steric effect due to the selective blocking of Ru terraces sites is responsible
for the drop of the DPE hydrogenation rate, the electronic effects arising from the

electron transfer from Ru to the bromine species could explain an increase in intrinsic
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activity of Ru surface sites for the hydrogenolysis of the electron-rich C-O bonds on

both carbon and silica-supported catalysts (Table 2).”

2.2. Characterization

The role of Br in the modification of the catalytic performance of Ru has been studied
using different characterization tools. First of all, the Ru-Br catalyst was subjected to
STEM-EDS analysis to determine the localization of Br. Obviously, the Br signal has
the same position as Ru, confirming that the pretreatment with bromobenzene leads to
the preferential localization of the Br atoms over the Ru nanoparticles (Figure 4).

The amount of Br in the Ru-Br catalyst supported on C and SiO> were analyzed by XRF
analysis (Table 3). An obvious correlation has been observed between metal dispersion,
measured by the CO adsorption and amount of Br. According to the CO-chemisorption,
the average particle size of Ru in Ru/SiO; is around 15.6 nm with Ru dispersion of 6.7 %
in comparison with 1.9 nm nanoparticles with dispersion of 45 % in Ru/C (Table 3). At
the same time, Br-Ru/C contains 1.0 wt. % of Br and Br-Ru/SiO; contains 0.23 wt. %
of Br. Moreover, the elemental analysis for the used Br-Ru/C and Br-Ru/Si0; catalysts
demonstrated no loss of Br, confirming the stability of Ru-Br catalyst (Table S3, SI).
Notably, taking into account the amount of Br and surface Ru atoms, the ratio of Br to
the Ru surface atoms is 56% on Br-Ru/C and 88% on Br-Ru/Si0;. Higher Br coverage
over Br-Ru/Si0; suggests that most of Ru surface sites are occupied by the Br atoms.

The Br adsorption therefore, can occur on the terrace sites of the Ru nanoparticles.

12



FTIR spectroscopy of CO adsorption has been used further to confirm the localization
of Br (Figure 5). The Ru/SiO, catalyst has the band at 1998 cm™ assigned to CO
linearly adsorbed on the defect sites of edges and corners of Ru nanoparticle 15!, The
intensive band at 1877 cm'! is related to CO adsorption on the multiple terrace Ru sites
(231 The modification of Ru by Br leads to the complete disappearance of the peak at
1877 cm™'. At the same time, the linear bonded CO peak shifts to a higher frequency
from 1998 to 2006 cm’!. The disappearance of the multiple-bonded CO could be
explained by the selective deposition of Br atoms on the Ru nanoparticle terraces. The
blue shift of the peak related to CO adsorption on edges and corners could be explained
by the withdrawal of electrons from Ru to Br with the generation of the positively
charged Ru nanoparticles *. Moreover, an additional small peak at 2072 cm™ could
be assigned to the CO adsorption on the Ru-Br species with highly electron-deficient
Ru sites 17 21 Thus, FTIR spectroscopy confirms our earlier assumptions about
selective poisoning of terrace sites of Ru nanoparticles by Br.

XPS analysis was carried out to determine the electronic state of Br and Ru in the Br-
Ru/C catalyst. Figure 6 shows the Ru 3p and Br 3d spectra of Br-Ru/C catalyst before
and after reaction in comparison with the spectra of initial Ru/C. The Ru 3p spectrum
displays 3p3/2 and 3p1/2 components with 22.2 eV spin-orbit splitting ?°!. As shown
in Figure 6a, initial Ru/C has a major peak with BE (Ru 3p3/2) at 461.6 eV attributed
to metallic Ru® with a small contribution of oxidized Ru** (RuO.) ?”!. A minor shift of
Ru 3p peaks of metallic Ru to higher BE for Br-Ru/C catalysts (both before and after
reaction) can be attributed to the interaction of Ru with Br and electron withdrawal

13



effect from Ru to Br 2!, Interestingly, a new Ru species with BE at 462.5 eV was
detected in Br-Ru/C (both before and after reaction) similar to RuBr3; (463.0 eV) and
can be assigned to the Ru-Br species.

Br 3d spectra of the considered Ru-Br samples are shown in Figure 6b, demonstrating
3d5/2 and 3d3/2 spin-orbit doublets with 1.04 eV splitting ?°!. The Br-Ru/C catalyst
(both before and after reaction) has the Br 3d5/2 peak with BE=68.3 eV, which is lower
in comparison with Br ions in RuBr; at 68.5 eV. It indicates the more negatively
charging Br species in Ru-Br catalyst in comparison with RuBrs. It is worth noting that
Br-Ru/C after reaction shows similar Ru 3p and Br 3d spectra suggesting high stability
of the Ru-Br catalyst.

Thus, XPS also indicates the electronic withdrawal of electrons from Ru to Br. It has
been reported that the electronic properties of metal nanoparticles can affect their
reactivity towards different functional groups*°!. For example, the negatively charged
Pd nanoparticles modified with phosphine ligands show higher affinity for electronic
deficiency molecules such as nitrobenzene but lower affinity for electronic rich groups
such as benzyl aldehydes, comparing with the non-modified counterparts 2%,

The localization and coordination state of Br on Ru nanoparticles was further checked
by synchrotron-based extended X-ray adsorption fine structure spectroscopy (EXAFS)
and X-ray adsorption near-edge structure spectroscopy (XANES). The K absorption-
edge of Ru in Br-Ru/C (both before and after reaction) shifts toward higher energy
compared with the initial Ru/C catalyst (Figure 7a). This phenomenon further reveals

that the Ru atoms in Br-Ru/C get more positively charged than that in initial Ru/C
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confirming the electronic withdrawal from Ru to Br. The Ru K-edge EXAFS spectra
fits of Br-Ru/C exhibit mainly Ru-Ru bonds characteristic for metal nanoparticles and
significant the presence of Ru-Br bonding (Figure 7b & Figure S5, Table S4, SI). This
can be related to a smaller fraction of Ru-Br bonds in comparison to Ru-Ru in Br-Ru/C.
This is due to a 5 times higher concentration of Ru, weaker scattering from Br in
comparison to Ru and a large disorder in Ru-Br bonds presenting on the surface. Br K-
edge EXAFS clearly indicates only Br-Ru in the local structure of Br in Br-Ru/C,
confirming the modification of Ru surface by Br atoms (Figure 7 ¢ & d).

It is worth noting that the coordination state of Br in Ru-Br catalyst is different in
comparison with RuBrs3. As it is indicated in Figure 7¢ & d, the XANES and EXAFS
of Br K-edges show different features for Br-Ru/C and RuBr3. According to Br K edge
EXAFS fit (Figure S6 & Table S5, SI) the Br-Ru bonds in Ru-Br/C catalyst are by ca.
0.05 A longer in comparison with those bonds in RuBr3, which could be explained by
Br localization over Ru nanoparticle. The selective coordination of Br on the terraces
contributes to the suppression of aromatic rings hydrogenation in DPE conversion.
Moreover, the Br-Ru/C catalyst after reaction shows quite similar spectra to fresh one,
suggesting the high stability of Ru-Br bonds.

According to the characterization, we can conclude that the modification of Ru
nanoparticles with bromobenzene leads to the selective deposition of Br atoms on the
terrace sites of Ru nanoparticles with an electronic withdraw from Ru to Br. Selective
poisoning of the Ru terrace sites with Br suppresses aromatic ring hydrogenation with
the efficient production of mono-aromatic products from DPE.

15



2.3. Model reactions

To support these conclusions, additional model reactions have been performed over the
Ru/C and Br-Ru/C catalysts. These model experiments include hydrogenation of Bez,
biphenyl, PhOH and hydrogenolysis of benzyl alcohol. These model reactions aim to
demonstrate different activity patterns of the Ru/C and Br-Ru/C catalysts in aromatic
ring hydrogenation and C-O bonds hydrogenolysis. Figure 8 shows higher activity of
Ru/C catalyst for hydrogenation of aromatic rings in Bez, PhOH and biphenyl
molecules, compared to the Br-Ru/C catalyst. It confirms that the selective poisoning
of Ru nanoparticles with Br has dramatically suppressed the hydrogenation of aromatic
rings. At the same time, a higher activity for the C-O bond hydrogenolysis in benzyl
alcohol to toluene has been observed over the Br-Ru/C catalyst. Thus, the model
reactions confirm that the high selectivity to Bez and PhOH in DPE conversion over
Ru-Br catalyst derives from the suppression of aromatic rings hydrogenation and
enhancement of C-O bonds hydrogenolysis. This promotion effect can be assigned to
the synergy of selective poisoning of the terrace sites by Br and electron withdrawal
from Ru nanoparticles to Br. Both these phenomena make the Br-Ru/C catalyst
outstanding for mono-aromatic production from DPE in the absence of base additives

(Table S6, SI).

2.4. Conversion of Lignin over Ru-Br catalyst

Furthermore, real lignin has been used as a substrate to confirm the higher activity and

selectivity of the Br-Ru/C catalyst for the C-O bond hydrogenolysis. The cleavage of
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lignin has been performed at 180 °C under 5 bar of H> pressure. These are relatively
mild conditions in comparison with the literature (Table S7, SI). As it is shown in
Figure 9, no reaction takes place without a catalyst. In the presence of the catalyst,
mostly seven monomers were detected in the reaction mixture (Figure 9). The product
yield and selectivity to these seven monomer products have been calculated by using
cyclohexanol as an internal standard. The yield of monomers over initial Ru/C is 11.6
wt.% with the selectivity to mono-aromatics of 46.1 wt.%. The main product of the
reaction is cyclohexane (53.5 wt.%) due to the higher rate of aromatic ring
hydrogenation over non-promoted Ru. Surprisingly, Br-Ru/C shows significantly
higher yield of monomers (26.2 wt.%) in comparison with Ru/C with the selectivity to
the mono-aromatic products reaching 97.3 wt.%. The high activity and higher
selectivity to monoaromatic monomer of Br-Ru/C confirms our finding that the
positively charged Ru nanoparticles have higher activity for the C-O bonds cleavage.
Higher selectivity to mono-aromatic products demonstrates that indeed, selective
poisoning of Ru nanoparticles by Br effectively suppresses the aromatic ring
hydrogenation. The enhanced productivity of mono-aromatics from lignin opens
perspectives for industrial applications of the ruthenium catalysts promoted with

bromine for selective deoxygenation of numerous oxygenates (Table S7, SI).

3. Conclusion

In this work, the Ru catalysts promoted with bromine were developed for selective

deoxygenation reactions. The Ru-Br catalysts exhibited higher activity and selectivity
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for cleavage of diphenyl ether to benzene and phenol. Characterization using a
combination of methods has provided insights into the modification of the catalyst
structure after the promotion with bromine. First, we found that the Br atoms were
selectively deposited on the terrace sites preventing the aromatic rings hydrogenation.
The cleavage of the C-O bond occurs on corner and edge surface sites over Ru
nanoparticles. Second, the electronic withdrawal from Ru to Br results in positive
charging of the bared-Ru sites on edges and corners. The positively charged Ru exhibits
higher activity for the hydrogenolysis of electron-rich C-O bonds. The elaborated
strategy has been applied for selective production of monoaromatic monomers from
lignin under mild reactions conditions. Numerous perspectives for selective
deoxygenation of various oxygenates, including complex organic polymers have been

unveiled.
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Figure 2. Evolution of conversion of DPE and selectivity to various products over (a)
Ru/C, and (b) Br-Ru/C catalysts. Reaction conditions: 50 mg catalyst, 100 mg DPE, 5

g methanol, 120°C, 5 bar Ho>.
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Figure 3. Stability test of Br-Ru/C catalyst (a) conversion of DPE; (b) selectivity to

different products.
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Figure 4. TEM-EDS analysis (a) STEM image, (b & c) corresponding EDS elemental

maps of Br-Ru/SiO: catalyst.
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Figure 6. XPS analysis of (a) Ru 3p and (b) Br 3d core level spectra of Ru/C, Br-

Ru/C, Br-Ru/C after reaction and RuBrs3 reference.
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Figure 8. Model reactions of hydrogenation of Bez, biphenyl, benzyl alcohol, and
PhOH over Ru/C and Br-Ru/C catalysts, respectively. Reaction conditions: Benzyl
alcohol hydrogenolysis: 15 mg catalyst, 200 mg benzyl alcohol, 5 g methanol, 80°C, 5
bar H>, 30 min, Biphenyl hydrogenation: 50 mg catalyst, 200 mg biphenyl, 5 g methanol,
1200C, 5 bar H>, 1 h; Bez hydrogenation: 50 mg catalyst, 200 mg biphenyl, 5 g
methanol, 120°C, 5 bar Hz, 1 h; PhOH hydrogenation: 50 mg catalyst, 200 mg benzyl

alcohol, 5 g methanol, 80°C, 5 bar H>, 30 min.
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Figure 9. Conversion of lignin to aromatics over Ru/C and Br-Ru/C catalyst. Reaction

conditions: 100 mg of lignin, 100 mg of catalyst, 5 g methanol, 5 bar of Hz, 180°C, 6h.
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Table 1. Catalytic conversion of DPE over various catalysts. Reaction conditions: 100

mg DPE, 50 mg catalyst, 5 g methanol, 120°C. 5 bar Hz, 6 h.

4-0-5 model linkages

SReR

DPE

Ether bonds

Hydrogen01y51s

Pheny] rings

Hydrogendtlon

O O
Phenol Benzene
(PhOH) (Bez)

SA

(Cyclohexyloxy)benzene ~

V

Hydrogenation

0 OH
Deep g O/

Cyclohexanone Cyclohexanol
(CHO) (CHOH)

O O

Cyclohexane Cyclohexyl ether

(CHOBez) (CHE) (CHOCH)
Conv. Selectivity (%)
Entry Cat.
(%)
Bez CHE CHOH PhOH CHOCH CHOBez Oth.? Ar.” Mono.¢
Screen of metals and halogens

1 Pd/C 584 19 1.8 1.7 0.4 5 848 44 23 5.8
2 Pt/C 33 0 0 0 0 0 988 1.2 00 0
3 Ru/C 100 0 403 389 0 19.1 0.2 15 00 792
4 CI-Ru/C 100 89 356 319 97 12.5 0.4 1 186  86.1
5 Br-Ru/C 998 447 51 26 456 0 0 2 903 98

6 I-Ru/C 08 - - - - § - - - .
7  RuBrs-Rw/C 57.1 27 238 12 464 0 1.5 0.1 734 984

8 RuBr; 05 - - - - - - - - -
9 HBr-RwC 952 216 272 289 182 0.5 1.8 1.8 39.8 959
10 RwC+HBr 262 463 1.1 03 492 0 0.2 29 955 969
11 RuwSiO, 474 51 235 208 46 4.2 395 23 97 54
12 Br-RuSiO, 186 484 1 14 476 0 09 07 960 984
13 RwALOs 493 5.1 314 368 59 2 18.8 0 11.0 792
14 Br-RuwALO; 149 346 152 0 47.4 0 0.9 1.9 820 972

2 Other products include ether and acetal products such as methoxycyclohexane, anisole,

(dimethoxymethyl)cyclohexane, and (dimethoxymethyl)benzene.

® Sum selectivity to mono-aromatics includes benzene and phenol.

¢ Sum selectivity to monomers includes benzene, cyclohexane, phenol, and cyclohexanol.
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Table 2. TOF numbers of DPE over Ru/C and Ru/SiO> both before and after Br

modification
Catalyst Conversion Metal TOF (min) 4
(%)? dispersion?
(%) DPE Hydrogenolysis Hydrogenation
(/)

Ru/C 11.8 45 1.24 0.87 0.77
Br-Ru/C 13.8 45 1.42 1.40 0.01
Ru/SiO; 14.4 6.7 0.85 0.06 0.94

Br-Ru/SiO; f 18.6 6.7 0.18 0.18 0.01

2 Reaction conditions: 100 mg DPE, 50 mg catalyst, 5 g methanol, 120°C. 5 bar H», 5 min.

® Ru dispersion was determined by CO-chemisorption.

4 Turnover frequency (TOF) was calculated based on metal dispersion, Br-Ru/C has the same metal
dispersion as initial Ru/C.

¢Reaction conditions: 100 mg DPE, 50 mg Ru/SiO,, 5 g methanol, 120°C. 5 bar H,, 60 min.

fReaction conditions: 100 mg DPE, 50 mg Br-Ru/SiO,, 5 g methanol, 120°C. 5 bar H,, 360 min.
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Table 3. Summary of the results obtained from the characterizations of Ru and Ru-Br
supported on C and SiO>.

Element analysis (wt. %) ® Br amount Surface Ru® Br Coverage °
Catalyst
Ru Br (mmol/g) (mmol/g) (%)
Ru/C 4.9 0 0 0.223 -
Br-Ru/C 4.9 1.0 0.125 0.223 56
Ru/SiO» 4.7 0 0 0.033 -
Br-Ru/SiO» 4.7 0.23 0.029 0.033 88

@ The amount of Br and Ru were determined by XRF analysis, Ru content in Ru/C was provided by the suppliers.
® The amount of surface Ru was calculated from the CO-chemisorption, Ru dispersion over Ru/C is 45%, and 6.7%
over Ru/SiOs.

¢ Br coverage was calculated by divided Br amount by surface Ru.
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Graphical abstract: A brominated supported Ru catalyst has been developed for the
cleavage of C-O linkages in aryl ethers in biomass-derived lignin compounds without
hydrogenation of the aromatic rings. Both selective poisoning of terrace sites and
electronic promotion of defect sites contribute to the catalytic performance. A high
yield reaching 90.3 % to monoaromatics from diphenyl ether have been observed under

mild reaction conditions.
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